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This book is an attempt to provide students who study immunology in colleges
and unmiversities, as well as everyome who wants to refresh, deepen, and systematize
their knowledge of immunelogy, with an outline of an up-to-date immunology
course. Its focus is on cellular and moelecular mechanisms of immune responses.
The author considers this book o be an attempt to supplement such excellent
comprehensive immunology textbooks as Cellwlar and Molecudar Immmology (by
ALK, Abbas, A H. Lichtman, and 1.8, Pober, W.B. Saunders Co., Philadelphia ef
al., Fourth edition, 2000), Kuby Immnmology (by R.A. Goldsby, T.J. Kindt, and
B.A. Osborne, W.H. Freemun and Co., New York, Fourth edition, 2000), and
others. Throughout the book. the author used a question-and-answer format
{which 18 so characteristic for Schawm’s Outlines), based on real questions that
real students — both undergraduate and graduate — ask, and real answers that real
immunology professors, including the author himself, try to give.

T am grateful to a large number of people who helped me during the conception
and the writing of this book. I will mention but a few. John Welborn, my colleague
and friend in the Department of Biclogical Sciences of the College of Arts and
Sciences at Mississippd State University, Mississipp State, MS, was first 1o suggest
that I might write the book, and graciously served as a go-between the publishers
and me at the stage of its conception. Glenn Mott, the Editor of the McGraw-Hill
Professional Book Group, New York, NY; Jennifer Chong and Maureen Walker,
of the same company provided me with imvaluable guidance and advice during the
course of the writing. Tracy Sanchez Ambrose of TypeMaster Inc., Choudrant,
LA, proofread and edited a number of chapters and gave me a tremendous
encouragement during the writing, making me believe that 1 can write and sup-
porting me with her steadfast friendship and humor. Jeff Rudis helped me with a
competent and sound advice in word processing and file management. Maureen
Allen and her associates of Kevword Publishing Services. Barking, UK, were
extremely collegnl and efficient during the final preparation of the manuscript
for printing. My colleagues at the Department of Biological Sciences and, of
course, my students deserve my warmest acknowledgment for being patient and
forgiving at the times when I was somewhat overwhelmed with the work on this
book at the expense of my responsihilities at school. Last but in no way least, I.am
very much mdebted and thankful to my family members - to my wife Lesya,
daughter Maryana, and to my mother, Ludmila Pinchuk, for bearing with me
and being there for me always.

Fevi qued potui, faciunt meliora potentes.

GEORGE V. PINCHUE
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Overview of Immunity
and the Immune
System

Introduction

Immunology is a science that studies immunity. Historically, immumnity has been
understood as a defense against, or resistance to, contagions (infectious) diseases.
It has become apparent, however, that the mechanisms that confer protection
agaimst the above diseases also operate when a body mounts a reaction against
some mnocuous substances. Such a reaction is triggered when certain substances
that are not made in the body (*“foreign™ substances) invade the bedy from out-
side. The mechanisms of immunity can protect against diseases that mighi be
caused by the foreign agents but. on the other hand. these same mechanisms
can themselves injure the body and cause disease. Therefore, mmumity was ve-
defined as a reaction against foreign substances, including — but not himited to —
mfecticus micreorganmsmes, This reaction may or may not be protective. In some
mstances, it 12 aimed at altered (e.g., malignantly transformed) self substances, or
even to unaltered self substances. This reaction is quite complex, involves many
different cells, molecules, and genes (collectively termed the immune system), and is
anmed essentinlly at mamtaiming the genetic integrity of an individual, protecting it
from the invasion of substances that can bear the imprint of a foreign genetic code.
The response of the immune system to the mtroduction of foreign substances is
called the immune response.

Ilmmunmity 18 o part of a complex system of defense reactions of the body.
These defense reactions can be mnate or acquired. Innate (or natural) immunity
refers to the work of mechamsms that pre-exist the invasion of foreign sub-
stamces, These include physical barriers like the skin and mucosal surfaces;
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a4 CHAFTER 1 Immunity and the Immune System

chemical substances (mostly proteins) that neutralize microorganisms and other
foreign particles; and specialized cells that engulf and digest foreign particles,
The mechanisms of innate Immumity are non-specific, 1.e., they do not discrin-
nate between different kinds of foreign substamces. Also, the immate immumity is
non-adapiive, i.e., the nature or quality of the reaction to a foreign substance
does not change when the organism encounters this substance repeatedly.
Acquired immumnity refers to a reaction that is caused by the invasion of a certain
foreign substance. The elements of this reaction pre-exist the mvasion of the
foreign substance, but the reaction itself’ i3 penerated strictly in response to a
certain foreign agent (which is called an antigen) and changes its magnitude as
well as quality with each suecessive encounter of the same antigen. The acquired
immuity is highly specifie, ie., the system discrimimates between various anti-
gens, responding with a unigque reaction to every particular antigen. The
acquired (or specific) immunity is highly adaptive, i.e., the nature or guality of
the reaction to an antigen changes after the encounter with this antigen, and
especially when the organmism encounters the same antigen repeatedly. The ability
of the immune system to “remember’” an encoumter with an antigen and to
develop a gualitatively better response to it is called the immune memory. This
feature 1s a parmmount property of specific immunity.

In the subsequent sectioms, we will dissect the particular mechanisms of immu-
mity and characterize the elements of the immume system and the properties of
IMMUNE FESPOnses.

Discussion

GENERAL FEATURES OF IMMUNE RESPONSES

1.1 What is the purpose of the immune reaction?

Eszentially, it is to rid the orgamsm of foreign antigens. From birth until death, an
orgamsm is surrounded by a host of microorganisms, many of which are danger-
ous. Using antigen receptors, the immune system continuously screens myriads of
substances in the body, discerning among them and mounting an attack agamst
those that are foreign. The end result of a successful immune attack is the destruc-
tion of foreign substances and particles, mcluding microbial cells, viruses, various
toxins and also tumors. Once destroyed by the immune system, foreign substances
or particles or their remains are cleared from the body.

1.2 What is an antigen?

Immunologists vse the term “antigen™ in two senses. Originally, antigens were
understood as substances that cam trigger, or gemerate, immune responses. The
other defimtion of antigen is a substance that the immume system can specifically
recognize with the help of antigen receptors expressed on lymphocyies or secreted
by them (see below).
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1.3 (Can all substances be antigens?

No. In order to be an antigen, a substance must be of enough complexity to bear
an wmprmt of potential “foreignness,” For example. a protein can be an antigen,
because it has a complex structure determined by the sequence of its amino acids.
The latter, in turn, is determmed by an individual’s genetic code. A different
individual may have (and usually does have) a different genetic code for the
same protein. On the other hand, simple inorganic chemicals ke water or salt,
or simple organic molecules like glucose, cannot be antigens because it does not
matter in which biclogical individual they have been synthesized: their structure
will be the same anyway.

1.4 (Can substances other than proteins be antigens?

Yes. Most antigens are proteins, but pelysaccharides, certain lipids, and nucleic
acids also can trigger immune reactions. Besides. some relatively simple organic
chemicals and chemical groups can be specifically recognized bv the immumne
system, although they cannet trigger immune reactions, Such substances are called
haptens. The immune response specific to a hapten can be triggered if the hapten is
chemically coupled with a protein. The latter in this case will be called a carrier.

1.5 How does the immune system react against antigens?

For this purpese, the immune gystem uses melecules called antibodies, and cells
called lymphocytes, Antibedies are protein moelecules synthesized by a class of
lymphocytes called B lymphocytes (or B cells). Antibody molecules recognize anti-
gens through physical contact. They can be either expressed on the surface of B
cells, or secreted. The other class of lvmphocytes. T lymphocytes {(or T cells)
expresses molecules that also can recognize antigens through physical contact.
T'hese molecules are somewhat similar to antibodies, yet of a different structure
amd, unlike antibodies, they are never secreted. The molecules that are made by
both classes of lvmphocytes (T and B) amd that are able to recognize antigens are
called antigen recepiors, Antibodies are B-cell anfigen receptors, and antibody-like
molecules expressed on T lyvmphocyites are T-cell antigen receptors (TCRs). The
antigen receptor is what determines the specificity of any given lvmphocyte. Only
lvmphocytes can make antigen receptors and, therefore, recognize antigens.
However. some other cell types can be, and often are, invelved i the immune
response, although they cannct gpecifically discern between antigens. These anti-
pen-nonspecific cells aid lvmphocytes during specific immune responses and are
called accessory cells. (See a more detailed discussion of lymphocytes and acves-
sory cells m Chapter 2.)

1.6 Do all organisms have lymphocytes and antibodies?

The specific immune system, or the system that mediates adaptive immunity, 18 a
feature of higher vertebrates. Lymphocytes amd their specific antigen receptors
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appear in jawed fishes and are more diverse and efficient in amphibians, reptiles,
birds, and mammals. More primitive organisms have nonspecific immunity, how-
ever. Molecules and cells, resembling those that are parts of the nonspecific immune
systemn in higher organisms, are operative in msects, worms, and even sponges.

1.7 How did immunologists learn about T and B
lymphocytes?

From observations and experiments with components of immune reactions.
Immumity can be active or passive. Active immumity refers to the immune reaction
that develops in an organism after the introduction of an antigen (immunization).
An organism that i1s not immunized but receives blood cells or serum from an
actively mmmunized individual acquires passive immunity. From observations on
animals acquiring passive immumity with a transfer of either serum or cells, immu-
nologists learned that mmumity could be humoral or cellular (or cell-mediated).
The former is conferred by substances dissolved in serum and other body fluids
{Latin feanori). Today we know that these goluble substances are antibodies and
that they are produced by B lymphocytes. Cells. more precisely, lvmphocytes and
accessory cells with the necessary participation of T lymphocytes, confer cellular
mmmumity. T lymphocytes play a major reole in the recognition of antigens and their
elimination, but they do not produce antibodies {Fig. 1-1).

1.8 Why does the immune system need both T and B
lymphocytes?
These two classes of lymphocytes are desipned to take care of two different classes
of antigens. T cells are designed primarily te fight foreign substances that are
hidden within the organism’s cells (intracellular). Among these substances are
viruses and mracellular bacteria. Proteins made by these intracellular parasites
are displayed on the membranes of the mfected cells. The TCR (see Chapter 7) is
built 2o that it can recognize parts of these proteins (pepiides) in conjunction with
certain structures expressed on host’s cell membranes and called major histocom-
patibility complex (MHC) molecules. (We will discuss them in detail in Chapters 5
and 6.) T eells cim, therefore, exclusively recognize entities attached to the mem-
branes of the host’s own cells. This pattern of recognition helps them to *‘concen-
trate their attention™ exclusively on the organism’s own cells, screening them for
signs of infection by viruses or other infracellular parasites, as well as of malignant
transformation. On the other hand, B cells and antibodies that they make (Chapter
3) are designed primarily to fight foreign antigens that are located in the extra-
cellular space. Among these substances are extracellular microorganisms. toxins.
and extraneous chemicals, Unlike TCRSs, antibodies recognize antigens in their
nmative form, which does not require the antigen’s attachment to cellular mem-
branes and conjunction with MHC. Thus, B cells are very efficient weapons
against “loose™ extracellular microbes. They can reach them with the help of
secrefed antibodies that can float almost evervwhere in the body. The T cells,
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CELL-MEDIATED RESPONSE

LY

Fig. 1-1. Humoral and celholar immmmity as two “arms™ of the specific immunity, Antigens that
invade higher vertebrates trigger humoral and cellular (or cell-mediated) specific immune
responses. The former involve B cells that may differentiate inte antibody{Ab)-secreting
plasina cells: the latter invelve T cells that may differentiate into Ty, or T, While anti-
bodics recopnire antipens in their native fomm, T cells recopnize antigenic peptides that are
incorporated into self MHC moleoules (“altered seli™).

however, not only recognize imtracellular antigens, but also control and regulate
the functien of B cells in moest immune responses.

1.9 How exactly does the immune system deal with antigens?

A complex series of processes, collectively called the immune response, follows the
contact of antibody or TCR with antigen. All specific immune responses undergo
phases, Initially, the anfigen recognition must cccur, which means that an antibody,
expressed on the surface of a B lymphocyte, or a TCR, expressed on the surface of a
T lymphocyte, must bind it with a certain affinity. Only those antibodies or TCRs
that are specific, i.e., complementary, to an antigen can bind it. Processes of lym-
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phocyte activation and differentiation follow these processes of antigen recognition,
Lymphocyte activation means, essentially, that lvmphocytes activate many com-
phicated enzyvmatic processes, begin to transcribe previously silent genes, produce
new proteins, change their shape and size, and begin to divide mitotically.

Lymphocyte differentiation means that the activated and dividing cells acquire
new functional properties. For example, B lyvmphocvies may become able to
secrete large amounts of antibodies: thus making a major contribution in the
humoral immunity. T lymphocytes may become able to produce special substances
called eytokines and activate other cells, thus making a major contribution in the
cellular {or cell-mediated) tmmumity, These functionally active cells are called
effector lyvinphocytes.

Provesses of lvmphoeyte activation and differentiation are accompanied by
death of many cells by apoptosis. The surviving cells may be either effector lym-
phocytes or the so-called memory cells. The memory celle are functionally guies-
cent but able to live for a very leng time and become rapidly activated when they
encounter the same antigen agam. Because of the existence of memory cells a
second, third. fourth, etc. encounter with the same mamtigen will lead to faster.
stronger. and qualitatively better immmune responses. Antibodies and effector lvim-
phocytes generated during the primary immune response as well as during sec-
ondary immune responses act together with macrophages, granulocytes, and other
vells amd, eventually destroy the amtigen. This latter phase of the immune response
is called the effector phase of mmumty. In subsequent chapters of this book, we
will examine the recognition, activation, and effector phases of the specific immu-
mty m detail, We will also analyze the interaction of the specific (adaptive) and the
nonspecific (mnmate) immunity during these phases.

1.10. What is common to all specific immune responses?
There are several features that pertain to all specific immune responses.

e  Specificity. Each response is uniquely specific to a particular antigen. In fact,
antigen receptors of lvmphocytes are able to recognize parts of complex anti-
genic molecules. The part of an antigen that an antigen receptor umguely
recognizes is called antigenic determinant or epitope.

s Diversity. All immune responses mvolve lymphocytes whose antigen spevificity
12 already deternuined. The array of antigenic specificities of lymphoecytes that
exist at any given moment of time is tremendeus (approximately one hillion or
more). It has been proven (see below) that this enormous diversity of specificities
exists independently of exposure to antigens, and is being created by molecular
mechanisms intrinsic to T and B lymphocytes. The total number of antigenic
spevificities created by these mechanisms is called the lvmphocyte repertoire, As
we will discuss in later chapters of this book. the size of normal immume reper-
toire is huge; it includes billioms of different antibody and TCR specificities

¢ Nemory., Immunolegical memory 18 the ahility to “remember™ a previous
encounter with the antigen, and to develop a faster, stronger, and qualitatively
better response to the amtigen when it is encountered again. Such responses are



CHAPFTER 1  Immunity and the Immune System

called secondary {cr second-set) or recall immune responses, As we stated in
the previous section, these responses are faster, stronger, and qualitatively
better than primary responses due to the fact that memory cells mediate them.
o Specialization. Immune responses to different antigens may mvolve different
molecular and cellular mechanisms for the sake of maximizing the efficiency of
these responses. For example, antiviral responses are most efficient when T
lymphocytes are involved; responses to extracellular bacteria work best when B

cells produce intibodies of certain classes; responses to parasites must involve
B cells, T cells, and nonlvmpheid cells called ecsinophils; etc.

*  Self-limitaiion. Normally, all immune responses wane with time after antigen
stimulation. One reason for that is the successful elimimation of the antigen
that caused the response. The other reason is the existence of negative feedback
mechanisms, which will be discussed later,

# The ability to discriminate between self and nonself. The mmmune system is said
to “tolerate™ self-antigens. The latter are substances that are produced by the
organism that is the host of the immune syvstem; these same substances can
behave as foreign antigens when exposed to an immune system of a genetically
different individual. Because of tolerance of the self, the host normally 12 not
harmed by its own immume system. Cellular and molecular mechanisms of self-
tolerance are bemg mtensively studied and will be discussed later.

CLONAL SELECTION HYPOTHESIS

1.11 Are antigen receptors made before the immune
response commences?

Yes. The molecular mechanisms that create antigen receptors operate indepen-
dently of antigen exposure. If a laboratory rodent is raised under germ-free con-
ditions, its Ivmphoeytes will still have antigen receptors specific to variouvs
microbial and viral antigens. The hypothesiz that antibodies are made before
the antigen invasion and independently of this mvasion was first advanced by
Paul Ehrlich m the early 1900s. Later. when immumologists discovered a tremen-
dous variety of amtigens, Ehrlich’s hypothesis became unpopular and was chal-
lenged by an “instructiomst” theory, proposed by K. Landsteiner; it stated that
mmune cells make nonspecific molecules that become specific antigen receptors
only after antigens “shape™ or “mold” them. This theory imphed that antigens
served as “templates™ for antigen receptors. The instructionist theory was proven
wrong by N -K. Jerne, who showed (in the late 1950s to early 1960s) that labora-
tory mice produced antibedies to antigens they had never encountered,

1.12 €an lymphocytes change the specificity of their
antigen receptors during their lifetime?

As a general rule, this does not happen. The specificity of one unique antigen
receptor, expressed by one given lymphocyte, 1s not changed throughout the lym-
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phocyte’s life. {An exception from this rule ig the so-called receptor editing, a
phenomenon that we will discuss later ) Moreover, daughter lyimphocytes resulting
from a parental lvmphocyte’s mitotic division also do not change the specificity of
the amtigen receptors that they inherit. In 1957, Burnet postulated that cells of the
specific tmmune system develop as clones. A cell that makes a receptor specific to
certain antigen originates from a separate precursor, and can make genetically
identical progeny (clone). While all cells of any given clone have identical recep-
tors, each clone differs from any other clone by the specificity of its antigen
receptor. According to Burnet, the entire diversity of lyinphocyte clones pre-exists
antigen encounter. Further, Burnet hypothesized that in the absence of antigen,
lymphocyte clones do not hve long. The encounter of a lymphocyte clone with its
specific antigen, however, selectively rescues this particular clone from death,
sending a signal that stimulates the viability and expansion of this particular
clene (Fig, 1-2). This clonal selection hypothesis later received tremendous experi-
mental suppoert, and i1 is currently considered that this hypothesis more or less
adequately explaims the work of immune system in vive.

Fig. 1-2. The clonal selection hypothesis. Each antigen (A or B) sclects a pre-existing clone of
specific lmphocytes and stimulates the prolifevation of that clope, The diagram shows
only B cells, but the same principle applies to T cells,
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1.13 How do we know that the clonal selection hypothesis
is largely correct?

In the late 1960s to early 1970s, immunoclogists learned how to culture lymphoe-
cvtes at hmiting dilution, i.e., m such a way that one lymphocyte is placed i a
miniature well of a tissue culture tray. Under these conditions, simgle lymphocytes
may divide and produce antibodies. If the cultured Ivmphocytes were taken from
an animal that had been immunized with several different antigens, antibodies to
these different antigens were detected m different cultures, and never in one. In
other words, mdividual lymphocytes and their clomal progeny always produce
antibody of one specificity, Later, the same was shown to be true for T Ivimpho-
cytes and their antigen receptors. Further, the binding of an antigen to an mdivi-
dual lvmphocyte can be visualized by labeling. Using this approach, experimenters
showed that one lymphocyte could be bound by one antigen, but never by many.
Also, antigens can be radicactively labeled, and when such antigens bind their
specific lvmphocytes, the latter are killed by the radiation, Still, the animal that
received the mjection of the radicactive antigen will be perfectly able to respond to
a very wide array of other antigens, indicating that only the clone specific to the
radicactively labeled antigen was killed.

Finally. proteins that make up antigen recepters have been examined in detail.
T'he amine acid sequence of these proteins, as well as the sequence of nuclectides
in the genes that code for these proteins, has been solved. These studies show that
imdividual antigen receptors have unique combiming sites {(the parts of their mol-
ecules that combine directly with the antigen). Any two different lymphocvte
clones will always have two distinct antigen receptors, each with its own amino
avid sequence at the combining site. Taken together, this entire evidence supports
Burnet’s hypothesis very strongly.

1.14 If antigen encounter stimulates proliferation of
lymphocyte clones, will an immunization or infection
lead to a massive increase in the number of blood
cells?

No. We have to realize that at any given moement of time a vertebrate organism
has at its disposal at least 107 different lvmphoueyte clones, each with its own
spevificity. The invasion of any individual antigen will cause proliferation of the
clone that 12 gpecific to it, exclusively. (Some antigens, for example, large protein
and polysaccharide antigens. have more than one epitope. ie.. more than one site
that can be bound by antibodies or TCE; in this case, several different clones may
react to the antigen, each of them to a separate epitope.) The nonspevific clones
will not be affected, however. Therefore, no matter how strong the proliferative
reaction is, the overall increase in the number of cells in the blood will be negli-
gible. Suppose two clones react to two distinet epitopes of an antigen and each
clone expands 10,000-fold. The overall increase in the number of cells will be
20,000, which is still a negligible merease (0.002%%) over the number of all lym-
phocvte clones (~1 billion).



CHAPTER 1 Immunity and the Immune System

1.15 What is the main practical significance of the clonal
selection hypothesis?

Perhaps it is the development of hybridoma techmology. Based on the principal
postulate of the clonal selection hypothesis - that lvmphocytes exist in clomes,
each clone possessing its own antigen specificity — G. Kohler and C. Milstein in
1975 discovered a way to “immortalize” clones with particular, vseful antigenic
specificity through their fusion with myeloma cells. The resulting “hybridomas™
can be used (and are bemg extensively used) for production of useful mono-
clonal antibodies, as well as for studies on antibody genes. The impact of
hybridoma technology on basic science, medicme, pharmaceutical industry,
agriculture, ete., turned out to be so big that in 1984 Kohler, Milstein, and
Jerme were awarded Nobel Prize. We will discuss the details of hybridoma
technology in Chapter 3.

REVIEW QUESTIONS

1. A “cormmon sense”-based belief about immmuinelogy is that it is a science that studies
hew body defends itself against hannful microbes, To what extent 1s this belief true?

2. Sumple melecules like salt and water cannot be antipens, Why?

3. Due to genetic defects, 2 person X has no zntibodies and a person Y has no T
Irmphocytes. Which persen is more likely to succumb to: (a) influenza; (h) diphtheria;
(c) malignant myeloma?

4. Why iz one of the basic features of the immune system called “memory? What is
comimon between immune memory amnd memoery conferred by the activity of neurons?
What 15 different?

5. Both antibodies amd TCEs are anfigen receptors and, as such, they can discern
between different antigens. In later chapters, we will show that MHC melecules
alzo show selectivity in their interaction with antigenic peptides, Based on the ma-
terial of this chapter, how can you prove that MHC molecules are not antigen
receptors?

6. In patients with infectious monontcleosis - a disease cansed by the so-called Epstein
Barr virus (EBV) — lvmphocyte counts in patients increase manifeld over these in
healthy individuals, Does this mean that the immline system reacts against the virus?

7. Laboratory mice can be grown in sterile conditions, so that ne contact with microbial
antigens is possible. Design an experiment that would use these mice and address the
question, whether the “instructionist™ or the “selectionist™ theory of antibody diver-
sity is true,

8. Would it be correct to say that hybridoma technology served as a decisive proof in
favor of the clonal selection hypothesis?
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MATCHING

Directions: Match each item in Colwmn A with the one in Column B to which it is most
closely associated. Each itemn in Cohunn B can be used only once,

Colunm A Colunm B
l. Antibody A, A tvpe of accessory cell
2. TCR B. A substance secreted by T lvmphocytes
3. Macrophage . Discimination between self’ and foreign
4. Carrier aniigens
5, Innate mmmumity . Melecules that present peptides to T
. Cytokine lvmphocytes
7. Peptide E. Part of a protein molecule
5. MHC F. Lymphocyte and its progeny activated hy
9, Tolerance of the self spectiic anfigen
10, Clonal selection G, B ocell antigen receptor
H. The entity that interacts with peptides
and MHC

I. MNomnspecific defense
I. Haptens are attached to it

Answers to the Questions

REVIEW QUESTIONS

1. Defense agamst microbes is 2 major physiological function of the immune systemn; how-
ever, it is not the only function of the imimune system and not the only form in which
immunity can manifest itself. Many antigens are not microbial, and not all immiine
responses against antigens confer protection against these antigens (some are even
imjurious). Yet, immunology studies all antigens and all immmune responses, Therefore,
the “common sense’’-based notion about immunology is only partially correct.

2. Because they are the same regardless of where they were synthesized. More complex
molecules like proteins, polysacchandes, glycolipids, and nucleic acids may be different
in genetically nonidentical organisms and thus be self to one organism and foreign to
another,

3. Person X will be more susceptible to diphtheria infection because its causative agent 1s
an extracellular bacterivm. Person Y will be more prone to influenza (a viral infection
whose causative agent is an intracellilar virus) and te myeloma (2 malignant turmor
that is normally vnder surveillance of T hmphocytes).

4. Although exact cellular and molecular mechanisms of memory mediated by the ner-
vols and the immune systermns are different, there is the following deep similarity: both
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imply that an organism may learn from previous encounter with an object and, due to
such learming, develop a response that is qualitatively different from the response to
this object when it is encountered for the first time,

It has been mentioned in this chapter that accessory cells express MHC molecules,
Clonally distributed antigen receptors, on the other hand, are expressed exclusively on
Fmphocytes.

Mo, Specific immline responses are clonal, The observed massive increase in anphe-
cyle counts witnesses not a specific immune reaction, but a polyclonal activation of
hmphocytes by the virus,

Such an expenment must inchide guanfitation of antibody-producing cells in animals
kept under sterile conditions (experimental group) and under nermal conditions {con-
trol group). Cells that produce antibodies to common environmental microbial anhi-
gens should be quantified. If the resulis show that animals kept under sterile conditions
still produce antibodies to the above antigens, it should favor the “selectionist™ and
disfavor the “instructionist”™ hvpothesis,

Yes, because it allowed investigators to capture clones of lvimphocytes immortalized by
fusion with myeloana cells, These clones were shown to be expanded by immunization
of the animal, in full agreement with the clonal selection hypothesis,

MATCHING

LG22 H; 3, A4, 5, 56,8, 7, E; 8, ;9 C 10, F



Cells, Tissues, and
Organs of the Immune
System

Introduction

Like many other functions of the body, the immune function is performed with
the help of specialized cells. As we have already stated in Chapter 1, these cells
are T and B lvmphocytes operating together with accessory cells. Higher verte-
brate orgamisms contain many bilkens of lymphoceytes and accessory cells.
These cells can be found throughout the body; they form compact or diffuse
agglomerates, in which they are orgamized in such a way that the performance
of their specific immune funciion is greatly faclitated. Thus, they can be col-
lectively called a tissue, and by convention are usually called lymphoid tissoe,
Compact agglomerates of the lymphoid tissue are collectively called the lvm-
phoid organs.

In this chapter, we will discuss the “natural history™ and properties of T cells,
B cells. accessory cells and some other cells involved in immumity, We will briefly
amalyze structural and functional organization of the lvmphoid tissue and the
Iymphoid organs, trving to show, how exactly this organization facilitates the
immune funetion of lvmphocytes and accessory cells. Note that more informa-
tion on the detaile of the stroeture and function of lvmphoid organs will be
presented in latter chapters, during the description of the dynamics of mmune
responses.

Copynght 2002 by The MeGraw-Hill Companies, Inc. Click Hene for Ternmos of Use.
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Discussion

LYMPHOCYTES
2.1 How do lymphocytes look?

Maorphologically, both T and B lvmphocytes are small cells whose diameter
(8- 10mm unless activated) is comparable with that of large bacteria. They are
gpherical in shape and have a relatively large nuclens surrounded by a thin rim of
cvitoplasm, Organelles i resting lymphocvtes are developed rather poorly,
Electron microscopy reveals a number of microvilh on their surfaces.

This ““boring,” bland morphological pattern says virtually nothing about the
complexity of the function that lymphocvies perform. Methods based on imimu-
nochemistry and molecular biclogy show that the surface of a Ivmphocvie con-
tains thousands of different kinds of molecules, many of which serve as important
mtermediaries during antigen recognition, cellular activation, differentiation, and
attack against antigens,

2.2 Where are lymphocytes located?

Lyvmphocytes mature from their precursors in the so-called primary, or generative,
Ilymphoid organs. These are the bone marrow, the bursa of Fabricius (in birds), and
the thymuos. After maruring. Ivmphocytes circulate in the peripheral blood.
although they de net function there. The recognition of antigens. as well as the
complex events that follow this recognition, happen mostly in the so-called see-
omdary lymphoid organs. These are anatomically defined organs like the spleen,
lymph nodes, tonsils, appendix, and Peyer’s patches (accumulations of lymphocytes
i the small intestine), In addition, lymphoevtes accumulate as diffuse conglom-
erates in all tissues except the central nervous aystem.

2.3. Why are the primary lymphoid organs called
““generative?”

In these crgans, lvmphecytes are “generated;” they mature from their precursors,
In the 1950s to 1960s, it was firmly established that all “blood cells,” including
lvmphoeytes, originate from a common precursor cell called a “stem cell.” The
process of B lymphocyvte maturation from stem cells takes place in the bone
TEITTOW,

In birds, B lyvmphocyte precursors develop in the bone manrow and then m a
special organ called the “bursa of Fabricius.” Only those avian lvmphocytes that
pass through the bursa during embryogenesis become cells that produce anti-
bodies. There are no known homologues of the bursa in mammals. It iz thought
that the entire process of B lvimphocyte maturation in mammals can take place in
the bone marrow. Therefore, the abbreviation “B” may point to the bursa of
Fabricius or to the bone marrow,
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T Ivmphocyvte precursors must undergo a stage of their maturation that takes
place entirely in the organ called the thymus, The latter is an encapsulated gland-
ular organ located in the anterior mediastinum (behind the chest bone). The
thymus is relatively large m late fetuses and newborn infants and then undergoes
an invelution. In a pewborn or m a young infant it occupies a sizeable space
behind the chest bone; in an adult human, the thymus is invisible, hidden mside
the layers of fat tissue. This organ is classified as “geperative™ because. at least in
early life, it 1s enfirely responsible for the finalization of T-lymphocyte maturation.
The above process cocurs through rigorous selection of the T-cell precursors in the
thymus (which will be discussed in more detail in Chapter 9).

2.4 Are lymphocytes, as cell populations, homogenous?

Ne. Both T and B lyvmphocytes are functionally heterogeneous and consist of
more than ope subpopulation (er cell subset). T lymphocytes can be subdivided
mto two major functionally distimet subsets: helper T cells (Ty,) and cytolytic T
cells (T.). The former population comsists of cells that do not attack antigens
directly but, rather, differentiate into producers of biclogically active substances
called cytokines. Through these cytokines, as well as through direct contact. Ty,
promote or enhance the function of other cells (notably, B lymphocytes and
macrophages). T, attack and destroy foreign cells directly by attaching to
them and releasing cviotoxic granules that break the integrity of the target cell’s
membrane and also destroy its DNA, Ty, and T, express TCRs that have the
same structure. Other cell-surface molecules are different in these two subsets,
however. In particular, most Ty, express a molecule called CD4, while most T,
express a somewhat similar but structurally different accessory molecule called
CDE. All T cells that express CDE recognize antigenic peptides in conjunction
with MHC molecules that belong to the se-called *Class I of the MHC mol-
ecules. The T vells that express CI4 recognize the antigenic peptides in conjunc-
tion with the so-called “MHC Class II'” molecules (more about this in Chapters
5 and 6).

B lyvmphocytes also consist of twe functionally distinet subpopulations or sub-
sets, A subset called B-1 lymphocyies produces polyreactive antibodies, i.e., anti-
bodies that can bind a more or less wide variety of antigens. B-2 lymphocytes
produce antibodies that are usvally monereactive, The paramount feature of B-1
Iymphocytes is that they transcribe the gene that codes for a protem called CD5.
This transcription may or may not result in the translation and the surface expres-
sion of CDA. B-1 lyvmphocytes are very abundant i fetal life, and i the adult they
tend to accumulate in certain body compartiments, e.g., the peritoneal cavity and
the omentum. The percentage of B-1 cells is very small in adult mice, and i adult
humang may vary from a few percent to 25-30% of all B lvimphocytes. It is
thought that B-1 cells develop from precursors that are distinet from those of
B-2 Iymphocytes and constitute a self-sustainimg (or self-replenishing) population
of cells. B-1 and B-2 cells profoundly differ in their responses to stimulation of
certain enzymatic (signal transduction) pathways. The exact function of B-1 lym-
phocytes remains unknown.
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2.5 What are “large granular lymphocytes?”

Strictly spealdng, they are not lvimphocytes. These cells resemble lyvmphocytes
motphologically. although they are larger and contain preformed granules. {As
we will detail later, T, develop granules only when they “prepare”™ to kill their
target, and they do not store these granules.) Importantly, however, the “large
granular lvimphocyies™ do not make specific antigen receptors. A more appropri-
ate name for these cells is “natural Killer (NK) cells,” and their function will be
discussed in Chapter 13,

2.6 What are “activated lymphocytes,” and what is the
difference between them and “resting” lymphocytes?

The term “lvimphocyte activation™ refers to the sequence of events that follows the
engagement of the vell’s antigen receptor. For full activation, a number of maol-
ecules called accessory molecules must also be bound (we will discuss the role of
these maelecules later.) The Iyvmphocvie activation may be caused by the antigen
gpecific for a given lvimphocyie clone, or by agents that mimic antigens but are not
clome-specific. (Such agents are called “polyclonal activators,”) When a lympho-
eyte is activated by either of the above, it becomes larger — its diameter grows from
10 to 10-12pm. and it changes its shape from round to hand mirror-like. The
large hand mirror-shaped activated lymphocevies are often called lvmphoblasts,

Lymphocyte activation always includes transduction of signals from outside,
delivered via the antigen receptor amd accessory molecules, to the inside of the
vell through signal transduction pathways, The signal tramsduction culminates in
the activation of gene franscription, and is often accompanied by the expression of
new surface proteins, We will discuss signal transduction pathways and the regula-
tion of gepe transcription in the cells of the mmune system in Chapters 7-9.

The most important difference between resting lvmphocytes amd activated lym-
phoblasts is that the latter are able to divide mitotically, and differentiate, ie.,
acquire new properties that are necessary for dealimg with antigens (see Section
1.9}, A= we have already mentioned in Section 1.9, differentiated lvmphocytes may
become effector or memory vells. For example, activated B lvmphoceytes can divide
and differentiate into memory B lymphocytes or plasma cells — short-living, egg-
shaped cells that acquire the ability to secrete very large quantities of antiboedies,
Activated T Ivmphocytes can divide and differentiate into memory T Iymphocyvies
or effector T cells. Among the latter, Ty, are the cells that produce cytokines, and
T, are the cells that release evtotoxic granules upon attachment to target cells. (We
will discuss functions of effector and memory lymphocytes in more detail in sub-
sequent chapters, )

2.7 Is lymphocyte activation always followed by
differentiation?
No. As we have already menticned in Section 1.9, some activated Ivmphocytes do
not differentiate but instead, die by apoptosis. Recently, it has been discovered that
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apoptosise 12 the fate of many — maybe even the majority — of activated T and B
Iymphocytes, Apoptosig i a process that leads to cell death without *spilling the
cell’s guts,” i.e., allows the lvmphocyte to die with its outer membrane relatively
imtact. The details of the apoptotic process are described in cell biology textbooks.
Activated lymphocyies die because of a monotonous, repeated stimulation by
antigen andyor concentrations of cytokines that are too high. This phenomenon
is called activationdinduced cell death. and will be discussed in more detail in
Chapter 9.

2.8 Do resting lymphocytes also die by apoptosis, and what
protects them against it?

Yes. resting (not activated) lvmphocytes die by apoptosis unless they are res-
cued from it either by their specific antigen or by a polyclonal activator. This
process 18 called programmed cell death, The life span of a resting lymphocyie is
commonly three to four days; however, at least some resting murine lvimpho-
cvies can live for a few weeks or even months without being contacted by
antigen. Generally, the lvmphoceyte life span and the conditions that prevent
Iymphocytes from undergomg programmed cell death are subject of an ongoing
research,

2.9 What are accessory cells?

Those are nonlymphoid cells that do not make specific antigen receptors but
participate m the immune reactions together with lvmphocytes. The two principal
kinds of accessory cells are macrophages (menonuclear phagocyres) and dendritic
cells. The dendritic cells were discovered and described scme 80 years after the
macrophages and, perhaps because of this historical reason, most mmumology
textbooks describe the macrophages first. It should be noted, however, that the
role of dendritic cell: for the proper function of the mumune system is in no way
less significant than the rele of macrophages. In addition, several other popula-
tions of nonlymphoid cells can play the role of accessory cells at certain clireum-
stances.

MACROPHAGES
2.10 How do macrophages look, and where are they
located?

Macrophages are the product of differentiation of bone marrow-derived cells
called monocytes. A typical monocyte is just slightly larger than a typical resting
Iymphoeyte and is spherical or egg-shaped. In contrast to lymphocytes, monocytes
and macrophages have a much better developed cytoplasm rich in organelles,
especially lysosomes, vacuoles, and a well-developed cytoskeleton that allows
them to grow amoeba-like pseudopodia. Monocytes are able to circulate in the
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blood and lymph, They become macrophages after they mowve from the blood into
tissues. Macrophages can be found m many organs of the body and in all types of
the connective tissue. Unlike lymphocytes, monocytes amd macrophages can firmly
adhere to plastic surfaces, a property which is used in laboratory manipulations
with these cells.

2.11 What is the function of macrophages?

Macrophages actually perform several differemt functions. participating both in
nonspecific and specific immmunity. Functions that are primarily related to innate
{(nonspecific) mumunity, such as phagocevtosis and secretion of vanous biologi-
cally active substances, are described in Chapter 11. Here, we will just mention
that phagocytosis is a process by which a vell engulfs foreign particles and breaks
them down using the cell’s digestive enzymes. The mechanism that allows macro-
phages to discern foreign particles from =elf is pot understood, An important
point should be made, though, that macrophages do not discern between differ-
ent foreign particles. Thus, unlike antigen-specific lvmphocytes, a macrophage
can engulf a wide varety of microbes. To engulf a particle, the macrophage must
first form psendopodia, and then attach, and surround the particle with them,
After the particle i surrounded. it is internalized by the macrophage and fused
with lysosomes. The latter contam enzymes that break down (hydrolyze) the
macromolecules of the particle into smaller molecules. For example, proteins
are reduced to peptides,

The variety of biologically active substances produced by macrophages includes
bactericidal substances like reactive oxygen species (ROI) and cytokines that
recruit mflammatory cells from blood to tissues. (The mechamsms of inflamma-
tion are described m detail in physiology and pathology textbooks, and m some
detail in Chapter 11.) Some cytokines produced by macrophages, notably mol-
ecules called interlenkins, play an important role in the induetion of fever (see
Chapter 10). Other biclogically active substances produced by macrophages act
as growth factors for connecoive tissue cells and are important for tissue repair
{wound healing).

Macrophages alzo perform such functions as antigen presentation and opsoni-
zation. Antigen presentation is a function of macrophages and other accessory cells
directly related to specific immunity. As we have already mentioned, T lympho-
cvies cannoet recognize antigens in their native form, but can recognize peptides
derived from protein antigens after the latter have been processed and appropri-
ately presented. Macrophages and other acvessory cells possess an intracellular
machinery that enables them to digest proteins, breaking them down into peptides,
and ro “tratfic” the derived peptides to the sites where they are joined to self-MHC
moelecules (see Chapters 5 and 6). The MHC molecules with antigenic peptides
that are incorperated into the MHC peptide-binding region or demamn are
expressed on the macrophage’s membrane and “shown™ (or presented) to the T
vells. The mechamisms of processmg and trafficking the antigenic peptides and of
their assembly with the MHC molecules are tightly regulated. Antigen processing
and presentation allows not only the T-cell recognition to cocur but also allows the
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two principal pepulations of T cells - CD4" or CDE" — to be recruited in the
mmune response differentially, depending on whether endogenous or exogenous
amtigens are being presented. We will discuss the mechanisms of antigen presenta-
ton in later chapters.

In addition to the above-mentioned functions, macrophages can bind sub-
stances called opsonins. The latter are molecules that attach to the surface of a
microbe and can be recognized by special receprors expressed on macrophages.
The recognitiom of opsomns increases the efficiency of phagocytosis, production
of ROT and other macrophage activities. Opsonins include some classes of anti-
bodies and fragments of protemms that belong to complement system (see
Chapters 11 and 13).

2.12 What is ““macrophage activation?”” How do
“activated” macrophages differ from nonactivated?

Macrophages are called activated when they actively perform at least cne of their
known functions, Thus, a macrophage activated in terns of ene function may
not be activated as far as another function 18 concerned. Unlike activated lym-
phocytes, activated macrophages may be morphologically identical to their
resting counterparts, Macrophages become activated due to signals from other
cells (most commonly, T lymphocvies) delivered through the secretion of
cytokines,

2.13 Who discovered macrophages, and why was this
discovery important?

In the 1880s, Eli (Ilya) Metchnikoff observed that certain cells of a jellvfish accu-
mulate near the site of entrance of a plant thorn, If the thorn is small encugh, these
cells can engulf it and break it down into invisible components. Metchmikoft and
his colleagues later described these ~phagocytes™ in other orgamsms and showed
that these cells were present in the bloed and connective tissue. Since these cells
vould attack not enly plant thorns but alse bacteria, Metchnikoeft postulated that
they are important for immune reactions.

The discovery of macrophages provoked one of the longest and most dramatic
debates among early immunclogists. In the late 1880z, von Boehring and Kitasato
discovered serum antibodies, and in the 1900s Ehilich formulated what was later
called a “humoral theory of immumnity.” According to that theory, antibodies were
the principal devices of immunological defense. Metchnikoft’ never agreed with
this view. argumg that cells. and not soluble substances. are primcipally responsible
for immune reactions. Because of the great authority of Ehrlich, Metchnikoff's
views were at first dismissed. However, Wright, Landstemer, and others found
evidence supporting these views and advanced a “cellular theory of immumity.™
Later, it became apparent that both cells (lymphocytes and accessory cells, imclud-
ing macrophages) and humoral factors {antibodies and cvickines) are egually
important for mmumity,
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2-14 m rlhisﬁocﬁesr" .l.t“upﬂerl‘s cellsrﬂ' ijlastslﬂ
“microglial cells,” and “alveolar macrophages”
macrophages?

Yes. The above-listed terms, often used in special literature, refer to the preferred
localization rather than to special kinds of cells. “Histiocytes™ (from Greek ““his-
tos” — tissue) are macrophages found in loose connective tissue. “Kupfler’s cells”
are macrophages that migrate to the liver. “Osteoclasts™ are macrophages that are
located in bone islets. “Microghal cells” (or “microgha™) are macrophages that
form the connective tissue surroundmg the vells of the central nervous system.
“Aheolar macrophages™ are macrophages that can be found in aireeays. All these
types of cells perform the functions of macrophages described above.

2.15 What is the “reticuloendothelial system?”

It does not exist. Histologists who worked in the late 19th and early 20th century
(notably, Aschoff) thought that macrophages and endothelial cells (i.e., epithelial
vells that lime the mside of the blood vessel walls) are equally capable of phago-
cvtosis, This notion, based on the observation that both cell types can internalize
certain dyes, led to the suggestion that macrophages and endothelial cells have a
common biclogical fimetion and should be umted into a “system.” Later, how-
ever, it has been shown that endothelial cells do not phagoeytose; their ability to
imbibe dye particles is based on a completely different cellular mechanism.
Because of the functional difference between macrophages and endothelial cells,
the term “reticuloendothelial system™ shoukd be avoided.

DENDRITIC CELLS

2.16 What are dendritic cells, and what is their
significance?
Dendritic cells (D) are bone marrow-derived cells that are an extremely impor-
tant kind of accessory cell. One feature of dendritic cells that makes them out-
standing is their vunusual ability to process and present antigens in the most
efficient way, thus triggering a very strong immune response. DO are the most

efficient presenters of exogenous peptides to T lyvmphocytes, because they express
the highest number of the Class 1T MHC molecules per cell. DC are also potent

proeducers of cytokines, regulators of lympheeyte functions, and powerful me-
diators of immuneclogical tolerance (see later chapters).

2.17 How do DC look, and where are they located?

IDC were first identified as a distinet cell type based on their peculiar morphology.
They are rather small, although shightly larger tham kmphocytes (diameter
1012 pm}), and they show membranous or spine-like projections. Microscopically,
dendritic cells often seem to be surrounded by a “veill” Langerhans first described
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such cells in the skin. He noticed that the projections that these cells make resem-
ble projections made by neurons, called “dendrites.” It was believed at first that
these cells, called Langerhans cells, are characteristic only for the skin. Later, cells
resermnbling Langerhans cells were found in the blood, thymus, and peripheral
lymphoid organs, as well as in nonlvmphoid organs (liver, pancreas, peritoneum,
etc.). In the peripheral blood, IDC are rare; only about one in 1.000 blood cells can
be identified as a DC. The frequency of I is greater in the penpheral Ivmphoid
organs It has been hypothesized that IMC develop from their progenitors in bone
marrow and then migrate inte the skin. There, they acquire their morphology and
function, and further migrate into the blood and peripheral lvmphoid organs.

2.18 What are “interdigitating DC"" and ““follicular DC?"”

The classification of DC mto “interdigitating” and “follicular™ is perhaps wrong.
fArtually all cells that originate from bone marrow progenitors and possess the
morphology and functions of IDXC can be called “terdigitating,” because they
tend to penetrate (“interdigitate™) the interstitium of the peripheral Ilvmphoid
organs. Therefore, there is hardly a need for the term “‘interdigitatmg IDC,”
which might imply that these cells are a special subset of IXC. As for “follicular
D, most immunclogists believe that those are not bone marrow-derived and,
therefore, they cannct be placed inte the same category as dendritic cells. The
reason they are called “dendritic™ is because their morphology is similar to con-
ventional (“imterdigitating’) IDC. The function of follicular dendritic cells (FIXC)
is also different from that of dendritic cells, and will be discussed in Chapter 4.

2.19 Are DC a homogenous population?

MNo. There are at least two subsets of IDC that represent two subsequent stages of
their maturation. Immature IC are the cells that just moved from bone marrow
into the skin and from there to other tissues. Langerhans cells are morphologic
vorrelates of immature DC. They are capable of capturing antigens with extremely
high ethciency. Yet, they are not able to present the provessed antigens wo T
lymphocytes and induce immune responses. Mature DC develop from the imma-
ture cells within approximately 24 hours after capturing antipens. These mature
D}C express very large numbers of MHC molecule: and so-called accessory mol-
ecules (see below). This makes these cells able to present the processed antigens to
T Iymphocytes efhiciently, causing strong immune responses. The antigens cap-
tured by immature dendritic cells promote their development inte mature DC.

2.20 What are “myeloid” and “lymphoid” DC?

IDC cam be also classified into myeloid DC and lymphoid DC according to the type
of progenitors that give rise to them during bone marrow stage of their matura-
tion. These two subsets of DC differ in the cyviokines that they produoce and in the
exact role they play in immune responses.
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OTHER NONLYMPHOID CELLS THAT PARTICIPATE IN
IMMUNE REACTIONS

2.21 What are granulocytes, and what is their role in
immune reactions?

Granulocytes are bone marrow-derived white blood cells (leukocytes) that are
distinc! from both lymphocvtes and monocvtes. Their characteristic feature is
the presence of abundant cytoplasmic granules (hence the name). Granulocytes
participate in nomspecific defense mechamsms, but also in specific immunity when
stimulated by evtokines. Since granulocytes participate in mflammation, they are
gometimes called “inflammatory cells” or “inflammatory leukocytes.” Many gran-
ulovytes are capable of phagecytosis. We will discuss some functions of granulo-
eyvtes in Chapter 11 and elsewhere,

2.22 What are neutrophils, basophils, and eosinophils?

They are kinds of granulocytes. These names, coined by old histologists, originate
from the tendency of granulocytes to be stained by different dyes according to the
acidity or alkalinity of their evtoplasm. If a granulocyte has an acidic eyvtoplasm
{pH less than 7), it will be readily stained by basic dyes (basophil). If a granulocyte
has a basic cytoplasm (pH moeore than 7), it will abgorb acidic dyes like ecsin
(eosinophil). If a gramulocyte has a peutral cyvtoplasm (pH approximately 7), it
will be equally well stained with basic and acidic dyes (neutrophil). The functions
of peutrophils, basophils and ecosinophils differ from each other. We will discuss
them later in the chapters that describe different immune responses.

2.23 Are granulocytes accessory cells?

Formally speaking, no. These cells do not provess and present antigens, and thus
do not play the necessary “third party™ role for T-cell antigen recognition the way
macrophages or dendritic vells do. Granulocytes participate mostly in the effector
phase of immune reactions — in particular. in the immune mammation character-
istic for the delayed-type or immediate hypersensitivity reactions {to be discuszsed
later).

2.24 Are there any other types of accessory cells besides
macrophages and dendritic cells?

B lymphocytes have properties of accessory cells because, in addition to their role
as producers of antibodies, they can also process antigens and present them to T
lymphoeytes. We will discuss the antigen-presenting role of B lvmphocytes in
Chapter 5. Endothelial cells and some other cell tvpes are thought to perform
some of the accessory cells’ functions when Class I MHC molecules are induced
on their surface in the presence of evtokines (see Chapter 10).
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LYMPHOID TISSUES AND ORGANS

2.25 What is the bone marrow, and what processes related
to the immune function take place there?

Bone marrow is a soft, tender, sponge-like substance found inside most bones of
young individuals and in flat bones (vertebrae, chest bone, pelvic bone, ete.) of
mature ndividuals. Bone marrow is a fine meshwork of cells that belong to the
connective tissue, These include reticular cells, fat cells, and maturing precursors,
ot progenitors, of red blood cells, white bloed cells — lvmphocytes, monocytes,
dendritic cells, and granulocytes — and platelets. Bone marrow is the principal site
of the maturation of immune cells from their precursors. In addition, bone mar-
row is a site of active amtibody production because m addition to maturing pro-
genitors of blood cells. it contains numercus plasma cells that secrete large
guantities of antibodies.

2.26 What precursors of immune cells are present in bone
marrow, and what are their properties?

The earliest precursor of immune cells is the same as the precursor of other “blood
cells,” namely the stem cell. This is a cell type capable. essentially. only of pro-
liferation, thus maintaining a more or less stable cellular pool Because of signals
that are being sent to proliferating stem cells, some of them become the so-called
committed precursors. We do not fully understand what signals are required to
turn some of the bone marrow stem cells into committed precursors, and why only
some of the stem cells react to them. Bone marrow reticular cells and other cells, as
well as a varety of the so-called hemopoietic evtokines (see Chapter 10) are
mvolved in thiz signaling. The committed precursors continue to mature and
eventually diverge o that their progeny develops into a more immediate precursor
of only one certain “blood cell” type.

2.27 What is the thymus and what immune (and other)
cells can be found there?

The thymus is a glandular, encapsulated organ located in the upper mediastinum
(behind the upper portion of the chest bone). It is the principal zite of T lvmpho-
cyvte maturation in all higher vertebrates. The removal of the thymus soon after
birth (“necnatal thymeectomy™) was shown in mice and cother laboratery animals
to lead to profoumd deficiencies of the immune response and to an almost com-
plete lack of T lyvmphocytes. In newborn and very young ammmals amd humans, the
thyvmus is relatively large and occupies most of the higher mediastinum. It is, for
example, a substantial obstacle to surgeons operating on the opened heart of
newborn infants. With age, the thymus undergoes an involution. In an adult
human, the thymus is almost completely replaced by fat tissue. It is not clear
what takes care of the maturation of pew T lvmphocytes in adults. Fither the
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small part of the thymus that remains after its involution is sufficient, or some
extrathyvmic sites of T-cell maturation take over the thymus with age.

The thymus consists of two layers: the external layer, which is called the cortex,
and the mternal (softer or “mushier”) layer that is called the medulla (Fig. 2-1).
The cortex and the medulla have a somewhat different histological organization,
but both are thought te be important for T-cell maturation and selection.
Immature precursors of T cells are brought into the thymus (mitially 1o the cortex)
via the afferent blood vessels. Altogether, the thymus i a newborn human can
“house™ many hundred million of the arriving precursors. As will be detailed later,
the majority of these “new arrivals™ dies without ever making it to mature T cells
and are engulfed and digested by the macrophages, which are very abundant in the
thymus (especially in the medulla). Besides T lymphocytes and macrophages, the
thymus contains numerous dendritic vells and epithelial vells, which are thought to
play an impertant rele in the thymic selection. Nonlvmphoid thymic cells also
proeduce thymic hormones. The exact role of these substances iz net known.

2.28 What are lymph nodes?

Lymph nodes are aggregates of lyvmphoid tissue whose size can vary from fractions
of millimeter to several centimeters in diameter. These aggregates are located
along the way of lymph via large and small lymphatic vessels. Lyvmph is, essen-
tially, the interstitial fluid mixed with blood plasma that cozes through timy blood
capillaries into the lymphatic vessels. The movement of the lymph through the
lymyphatic vessels is facilitated by the heartbeat, because the largest lvmphatic

Fig. 2-1. Thymus (a schematic diagram). Shown are several lobules (compariments) separared by
trabecules (strands of connective tissue); cortex (the outer layer densely populated by
cells), medulla (the ioner, less populated layer), maturing thymooytes, and nonbrmphoid
thymic cells. Murse cells are a special kind of thymic epithelial cells, Hassal's corpuscles
are concentric layers of degenerating epithelial cells,
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collector (the so-called theracie duct) drains inte very large veins, where negative
pressure during the relaxation of the cardinc muscle sucks the lymph in. On its
way, lymph percolates through the lvmph nodes. In addition to the lymphatic
vessels, the lyvmph nodes receive blood that flows into them through afferent
blood wvessels. The various antigens collected from various sites of the body and
borne by lvmph, and lyvmphocytes. brought into the lymph nodes by the flow of
blood through the afferent blood vessels. meet inside the lvmph nodes. This prop-
erty of lvmph nodes makes them the arena of antigen recognition and lymphocyte
activation.

2.29 What is the structure of lymph nodes, and what
events take place there?
Lymph nodes, like the thymus, consist of the cortex and the medulla (Fig. 2-2). The

vortex is clearly divided imto two structural and functional ~zones.” One of these
“zones” consists of Iyvmphoid follicles — rounded, spherical aggregates that are

Fig. 2-2. Lymph nodes (3 schematic diagram)  (A) The three lavers of & hanph node; (H) the
arrangenent of the cells and the vasoulature,
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made almost exclusively of B lvmphocytes. The other “zone™ is the so-called para-
follicular cortex that consists mostly of T lymphocytes (of which the majority is
CD4-expressing Ty, cells), some acvessory cells, and rare B cells. Among the acves-
sory cells, ome can find macrophages and dendritic cells, which are relatively numer-
ous in Ivmph nodes, The current working hypothesis, supported by considerable
experimental evidence., states that lvmph-borne antigens are procvessed and pre-
sented o T cells by acvessory (especially dendritic) cells in the pamfollicular cortex.
Also there, w the parafollicular spaces, the activated T cells mteract with the B
lymphocytes specific to the same antigens to which the T cells are specific (this
provess being called the cognate interaction). The B cells are activated due to such
mteraction. Some of the activated B lvmphocytes subsequently move to follicles.

Soon after mmunization, the ventral area of some (not all) of the follicles
develops mto what is called the germinal centers. These are the sites where acti-
vated B lyvmphocytes clenally expand, mutate their antibody genes (see later), and
are selected for the affinity of their antibodies to the specific antigen. The latter ix
exposed to the B cells by FIC, which form an abundant mesh in the imternal part
of the germinal center. Some evidence suggests that a separate class of dendritic
cells, called “germinal center dendritic cells,” is present in the germinal centers. in
addition to B lymphocytes and follicular dendritic cells.

B lymphocytes that have been selected in the germinal centers exit these ger-
minal centers and differentiate into plasma cells or memory cells (see Chapter 1)
with antibody receptors of a very high atfmity. The follicles that do not develop
germinal centers are called primary follicles. Some plasma or memory cells develop
in primary follicles, but there is no selection for antibody affinmity there and, on
average, the affmity of antibodies produced by cells that pass through primary
follicles is rather low,

2.30 How do lymphocytes migrate from the lymph into the
cortex of a lymph node?

They migrate into the cortex, penetrating through the walls of specialized blood
vessels called high endothelial venules. These are posteapillary blood vessels (venules)
that have walls lined with a unigue cubieal epithelium. Lymphocytes, especially
naive (or “virgin,” or resting) T lvmphocytes (the T cells that have not yet encoun-
tered antigen) can penetrate into the thickness of the lymph node cortex by first
attaching to the cubical epithelium of the high endothehal veins, and then “squeez-
ing™ between the neighboring endothelial cells. The attachment of naive T lvmpho-
cvtes to the epithelivm of high endothelial venules is facilitated by special receptors
that both the T vells and the epithelial cells express (see Chapters 7 amd 12).

2.31 What is the structure and the role of the spleen?

The spleen is the largest of the peripheral lvinphoid organs, Although its structure
1= somewhat similar to that of a very large lvimph node, there are some substantial
differences both in the amatomical organmization of the spleen, as compared to
Iymph nodes, and in its exact role in Immunity.
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The spleen (Fig. 2-3) consists of the so-called white pulp and the so-called red
pulp. The former is, essentially, a large collection of lvmphoceytes that surround the
branching afferent blood vessels. The “cufts” of lymphocytes — predomimantly T
cells, as well as some B lymphocytes — that are mtimately attached to small
branches (arterioles) of the splenmic artery, are called “periarteriolar Iymphoid
sheaths™ (PALS). The other components of the white pulp are follicles, aggregaties
that resemble the above-described follicles of the lymph nodes. The follicles con-
taim predominantly B lymphocytes and are usuvally attached to PALS. The PALS
and the follicles together are surrounded by a thin rim of lvmphocytes and macro-
phages called the marginal zone (a structure that is unique te the spleen). Many of
the follicles develop germinal centers during fmmune responses. The red pulp is,
essentially, the collection of red blood cells, accessory cells (both macrophages and
dendritic cells), and rare T or B lymphocytes. Interestingly, there are no high
endothelial venules in the spleen.

A substantial functional difference between the spleen and the lvmph node is
that in the latter nave lymphocytes recognize, amd become activated by, antigens
borme by lymph. The spleen. however. is the site where blood-borne antigens are
recognized. In practical terms. when an animal or person is immumzed

)

White pulp

Fig. 2-3. Spleen (8 schematic diagramy). (A) Geoeral strocthors; (B diagranmatic cross-section.
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mtradermally or subcutaneously, the recognition of antigen(s) and the activation
of specific lvmphocyte clones will take place predominantly in the regional lvinph
nodes, If an amimal or person is mjected mtravenously, though, or if external
antigens enter the bloodstream directly because of a large opened wound, the
arena of the antigen recognition and the Ivmphocyte activation will be the spleen.

2.32 What is the function of the red pulp?

The red pulp can be viewed as part of the nonspecific body defense systems. The
macrophages that are present there in large numbers efficiently engulf and digest a
variety of foreign particles, as well as “aged” (senescent) red blood vells of the
host. Because of this latter property, old histologists sometimes called the spleen
“a cvemetery of red blood cells.” Also, a variety of toxic products dissolved in
blood are detoxicated in the spleen’s red pulp.

2.33 Does the marginal zone have a unigue function?

Presumably, yes. It is thought that the margmal zone is the site where polysacchar-
ide antigens are stored and where the B lvmphoceytes specific to these antigens
recogmze and are activated by them. In addition te this function, which is thought
to be unique to the splenic marginal zone. it 1 also the site where T and B
lvmphocytes recogmze, and are activated by, a variety of protein antigens.

2.34 What are the structure and function of tonsils and
other organs associated with mucosal surfaces?

Tonsils, together with the so-called Peyer’s patches of the intestine, lymphoid
aggregates of the appendix, and lymphoid aggregates of the airways, are part of
the mucosal immune system. As the name tells, the components of this “subsystem™
of the immune system are intimately connected with mucosal surfaces of the
gastrointestinal and respiratory tracts, and their function is, primarily, to recog-
nize and respond to antigens that enter the body via these tracts. Unlike m the
spleen and lymph nodes. where activated B lymphocytes differentiate mto cells
that secrete antibodies of all classes (see later). the B cells in tonsils and other
organs associated with the mucosal immune system have a bias to secretion of one
particular antibody class called IgA. This property is also characteristic of other
components of the mucosal immune system and will be explained in Chapter 13,

2.35 Is the appendix an immunologically significant organ?

The appendix iz sometimes called “the intestinal tonsil” because of the many
structural and functional similarities between the lymphoid tissue in both organs.
Funetionally, the tonsils and the appendix are of some significance but not that
great, because their role in immunity can apparently be taken over by other
components of the mucosal immune system. Climeal experience shows that people
who underwent tonsil- or appendectomy are not immunclogically “weakened™
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compared with those who retain the tonsils or appendix. This perhaps iz an
example of the immune system’s plasticity, its ability to function normally even
when some of its components are defunct or missing.

2.36 What are ectopic lymphoid tissues?

These are the sites where lymphoid aggregates are not normally present but can
develop during a disease. For example, during rtheumatoid arthritis, lvmphocytes
accumulate and organize into lyvmphoid structures on the synovial surfaces of the
cavities in small joints (mostly the joimts between finger and toe phalanxes). In some
cases of rheumatoid arthritis, even true follicles with germinal centers can develop
in these synovial lymphoid aggregates. The reason for the formation of these
ectopic lvimphoid aggregates, and the antigens to which lvmphocytes in these aggre-
gates are responding, are unknown. It is thought, however. that the build-up of the
ectopic lvmphocyte tissue plays a substantial role in the pathogenesis of rheuma-
teid arthritis and scome other dizeases. We will return te this issue in Chapter 20.

Questions

REVIEW QUESTIONS

1. If a volume of whoele blood is carefully layered on a vohune of a selution of Ficell {a
polysacchande) with density 1077 mg/ml, and allowed to sedument, anphocytes and
monocytes will not reach the bottom of the tube but instead will Boat at the border
between the two layers, Imagine that you collected the floating cells in a pipette. How
would you separate lymphocytes from monocytes?

2. What diseases are likely 1o develop in chickens that underwent bursaectony {a surgical
removal of the bursa of Fabricius)?

3. Children born without a thymus (as a result of the genetic defect called DiGeorge
syndrome) are prone to various viral and fungal infections; however, if they survive
their first year, their chances to overcome these infections increase, Offer a hypothesis
explaining this.

4. As we will discuss in detail in Chapters 5 and 6, MHC Class | molecules are expressed
on all mucleated cells of the body, while MHC Class IT molecules are expressed only on
some cells. Knowing this, which subset of T cells — Ty, or T, — would you name as a
more important one for the defense against viruses?

5. Plasma cells can nndergo malignant transformation and become myelomas — tumers
thal grow as rapidly expanding and metastasizing clones, What difference would you
expect to find if you compare the serium of a myeloma patient and the seriun of a
healthy individual?

6. It has been mentioned in Chapter 1 that secondary immune responses are faster,
stronger, and gualitatively better than primary imimune responses, Explain how mem-
o1y cells contribute into each of these three differences.
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7. In what way are programmed cell death and activation-induced cell death sirnilar, amd
in what way are they different?

8. A grant propesal offers to employ a new method for characterization of activated
macrophages. This method involves labeling of particles that macrophages ingest.
According to the author of the propesal, his method will be vseful in obtaining a
pure population of activated macrophages. How would you comment on this proposal?

9. How would you prove the statement made in this chapter that FIDC, in spite of their
morphology, are not really DC?

10. As you learned from this chapter, lvinph-borne antigens are trafficked to lvmph nodes,
and blood-borne anfigens to the spleen. Does this mean that there are no anfigens in
the thymus?

11. What type of immunodeficiency (impairment of immune response) would you expect
in a person whose spleen was removed?

12, If a laboratory monse 13 kept in sterile conditions throughou! life, how would 1ts
secondary lvmphoid organs differ from a normal monse?

MATCHING

Directions: Match each term in Column A with the one in Colunn B to which it is the
most closely associated. Each item in Column B can be used only once.

Colvrnn A Colwnn B
1. T, A, Dendritic cells of the skin
2. B-2 B. Degradation of the thymus with age
3. Langerhans cells C. Part of the mucosal immune system
4. Microglia . T cell-rich zone of lvmph nodes
5. Basophils E. A subset of B lvmphocytes
6. Committed precursors F. Part of the splenic white pulp
7. Involution G A subset of T lvinphocytes
£, Parafollicular cortex H. A subset of granulocytes
§. Periarteriolar Ivinphoid sheaths I. Macrophages of the central nervous system
10. Alveolar macrophages 1. Are found in bone marrow

Answers to Questions

REVIEW QUESTIONS

1. Place the collected cells on a plastic surface amd incubate, and then separate those cells
that did not adhers from those that did. Non-adherent cells will be mostly lvmpho-
cytes, and adherent cells mostly macrophages.

2. Since the bursa of Fabricius is crucially important for development of B cells and not T
cells, one should expect diseases caused by extracellular bacteria {see Chapter 1).
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3. One hypothesis might be that the thymus is not the only place where T cells mature.
The significance of the thynus may be high during fetal life and the first year of
postnatal life, but later these putative “extrathyvmic sites™ may take over. This hypoth-
esis would be in line with the fact that in spite of the apparent involution of the thymus
with age, new T lymphocyies are being produced throughout life.

4. T, must be more important because they interact with MHC Class T-expressing cells

and thus would cover all cells that might be infected with viruses,

5. In myeloma patients, the amount of antibodies in the serum must be much higher;
besides, since myelomas grow as clones, anfibodies secreted by one particular clone
must predominate,

6. Secondary responses are faster because memory cells have already been formed by the
moment a secondary response commences (therefore no need for lag peniod). They are
stronger because memory cells have already been expanded after the first encounter
with antigen (therefore more cells will become effector cells afier the next encounter).
They are gualitatively different because memory cells are products of hvimphocyte
selection {therefore, e.g., antibodies will be of higher affinity).

7. Similar in that they both occur by apoptosis; different in that programmed cell death is
due to a lack of growth factors (cytokines) or other rescuing signals while the activa-
tion-induced cell death is due to a repeated stinmulation by excessive concentrations of
these factors.

8. The method offered by the anthor hardly fits the goal of the proposal beeause phago-
cytosis 1s not the only manifestation of macrophage activation. A macrophage may be
called activated because it produces ROl or performs some other function.

9. They are not bone marrow-derived, they do not migrate from the bone marrow to the
peripheral lvmphoid organs through the skin, and they do not express large quantities
of MHC Class IT antigens.

10. No, it rather means that there are virtually no forefgn antigens in the thyvimmus. There is,
however, a wide variety of self antigens there.

11. Since only the spleen has marginzl zone where polysaccharide antigens are accinmm-
lated and recognized, the expected deficiency would be insufficient response to these
anfigens. Bacterial capsules often consist of polysacchandes, hence, the patient will
probably suffer from chronic bacterial infections.

12. There will be no germmunal centers in the mouse kept under sterile conditions, becanse
these develep only in response to antigenic siimulation.

MATCHING

1, G; 2L E 3, A4, I;5H;6 I;7, B 8, ID;8, F; 1), C



Antibodies and
Antigens

Introduction

The words “antibody™ and *‘antigen” have been perhape so widely used by
popular literature that in the minds of many lay people the science of mmmu-
nology is as closely associated with these words as it is with resistance to
imfectious diseases. Very broad audiences know that antibodies are molecules
capable of “fighting” foreign (and potentially harmful) substances. Antibodies
elicited by vaccimation protect the vaccinated mdniduals from diseases. On the
other hand. it is perhaps much less known to the broad public that antibodies
are but one of the three classes of molecules able to discern between antigens (the
other two being I'CE and MHC). Antibodies cccupy a very special place
among these three classes, however, because they: (1) have the broadest
ange of antigen specificities, (2) can possess a bigger affmity or strength of
the binding to antigens; and (3) are best studied, both for historieal reasoms
{known by their biclogical effects since the 18BOs and by their chemistry since
the 1930<), and for technical reasens {(are relatively easy to be purified from
mixtures and studied biochemically). In this chapter, we will highlight essential
features of antibodies as molecules, and show how their biochemical properties
help them to perform their functions,

We will emphasize on the notion that any antibody molecule always has two
unequal parts, of which a smaller part actually mediates the binding of the
specific epitope, while a larger part is responsible for the effector functions of
the antibody. The former, being structurally unigue for the given B-lvmphocyte
clene, is called the variable (V-) region of the antibody. This part of the antibody
molecule determines the specificity of a given antibody molecule, The latter, which
is structurally conserved, is called the constant (C-) region. In our discussion, we
will show that effecton functions of antibody molecules can only be performed
when the V-region of the antibody ix bound by the specific epitope. Nevertheless,
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these effector functions are mediated through binding of the C-region of the anti-
body molecules to varions entities that mmclude components of complement, or
cell-surface receptors (e.g., receptors expressed by macrophages or inflammatory
leukocytes).

Ancther avenue of ow discussion will be the unigue three-dimensional sec-
ondary, tertiary., and gquaternary conformation of antibody molecules, An
important feature of the above configuration is the ability of an 110-amino
acid stretch of the antibody chain to fold mto a sphere, or globule, that always
retains peculiar physicochemical parameters. This globule 12 called an antibody
(or immunoglobulin} domain. Domains are repeated, homologous units that
make up not only antibodies, but also some other molecules (TCRs, some
aceessory molecules, etc.). In this chapter, we will examine domains of antibody
molecules and show how the umque moelecular structure of the antibody V-
region domains optimizes the antigen binding and tremendeously broadens the
range of antibody specificities. Further, we will analyze binding of antibodies to
antigeme epitopes, and will outline some guantitative aspects of antigen-anti-
body mteraction.

Antibodies are extremely versatile weapons of the immune system. but they are
also useful tools for science, as well as for laboratory and climcal medicine, agri-
culture, and biotechmology. In this chapter, we will discuss not only the structure
and functions of antibodies, but also the laboratory vse of antibodies. This dis-
cussion will be preceded by a short cutline of the principles and some applications
of hybridoma technology — the current paradigm of obtaimng homoegencus anti-
bodies of predefined specificity,

Discussion

AN OVERVIEW OF ANTIBODY STRUCTURE

3.1 Why are the terms “‘antibody” and “‘immunoglobulin®
being used interchangeably?

By their chemical nature, antibodies are protein molecules that belong to what
older biochemists called “globulins.” When serum proteins move in the electrical
field during gel electrophoresis, they segregate mte classes according to their size.
Smaller molecules that move faster were called albumins, and larger molecules
that move slower, globulms. The latter were divided mto three classes designated
by the Greek letters, alpha, beta, and gamma. In the late 1930s to early 1940s,
M. Heidelberger, A. Tiselius, amd E. Kabat showed that molecules that were
able 1o bind anfigens (antibodies) segregated with the gamma-globulin class of
serum proteing, The contemporary term “immunoglebuling™ reflects the fact that
antibodies are part of the immune system, as well as the fact that they are
globulins.
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3.2 Are the secreted antibodies found exclusively in the
serum, and are the cell surface-expressed antibodies
exclusively on B lymphocytes?

No. Although the hquid portion of the blood is the richest source of antibodies,
other biological fluids contain antibodies as well. Antibodies have been detected
m, and purified from, saliva, tears, cerebrospimal fluid, and other secretions,
Interestingly, mucosal secretions have a bias for antibodies that belong to the
class of immunoglobuling called IgA (see later). Although only B lvmphocytes
miake antibodies, these molecules can be captured and carried by many types of
nonlyvmphoid cells that have the so-called Fe receptors. These receptors can bind
the antibody constant region, leaving the variable region (and the opportwty for
the antibody to bind antigens) intact. The Fe receptors belong to the immunoglob-
ulin superfamily and are present on macrophages. mature dendritic cells. granu-
locytes. NE cells. mast cells. and some other cell types, The ability of antibody
constant regions to mteract with Fo receptors is a very important feature that
mfluences many of the effector functions of antibodies (see Chapter 13).

3.3 How did immunologists determine that all antibody
molecules have two separate regions, one of which
participates in the antigen binding while the other
does not?

This was determined through experiments with the so-called limited proteolysis of
antibody molecules. This enzymatic treatiment cleaves protein molecules into dis-
tinct parts. If papain was used as the proteclytic enzyme, the antibody molecules
were reproducibly cleaved into three parts, Of these, two were identical to each
other and retmned the ability to bind antigen, The third fragment did net bind
antigen and tended to crystallize, Potter and Edelman, whe carried out these
experiments in the late 19508 to early 1960s, called the first two fragments Fab
(fragment, antigen-binding), and the third fragment Fe (fragment, crystalline)
(Fig. 3-1). If another enzvime, pepsin, was used in the limited proteolysis system,
the results were somewhat different; the Fc fragment was unstable and degraded
quickly, while the two Fab fragments appeared to be bonded to each other. Potter
and Edehnan called these “doublets™ of Fab fragments F(ah'),. It was from these
experiments that the spatial separation of the antigen-binding region (Fab) and
the antigen-nonbinding region {(Fc) became obvicus, Besides, the factl that one
antibody molecule appeared to have two identical Fab portions prompted
Fotter and Edelman to suggest that antibody molecules consist of polvpeptide
chains that are identical “mirror images™ of each other when positioned along
the lengitudinal axis of symmetry.

3.4 What is the basic structure of antibody molecules?

In spite of their ultimate heterogeneity, all antibody molecules have the same
basic, principal structure. Fach and every antibody moelecule consists of four
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fig
88 HS SH
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Fc SH
H chain

Fig. 3-1. Prototype structure of Igl deduced from experiments with the use of Hmited protechvais.

polypeptide chains. Of these, two chams are identical to each other and have a
molecular weight of approximately 55 to 70 kDa; they are called antibody heavy
chains. The other two chains are alse identical to each other and have a molecular
weight of approximately 24 kDa; they are called antibody light chains. Each light
chain is attached to a heavy chain, and the two heavy chains are attached to each
other through covalent -5-5— -bonds. Each heavy and each light chain has its own
variable and its own constant region, This macromelecule consisting of four poly-
peptide chains is called a monomeric antibody molecule because, as we will discuss
later, antibodies of some isotypes form multimeric aggregates, im which several
monomeric moelecules are joined together, In the two identical heavy and the two
identical light chains, the variable and the constant regions are identical. However,
the structure of the heavy chain variable and constant regions is different from the
structure of the light cham variable and constant regions. The entity that can
physically bind an epitope. called the antibody variable region. is actually the
heavy chain variable region and the light chain variable region that are juxtaposed
(brought close together) in space. Thus, each monomeric antibody molecule has
two identical antibody variable regions. The specificity of any antibody to its
epitope is, therefore, umgue, but the “valency™ of the interaction of a monomeric
antibody with its specific epitope is two, 1.e., if two identical epitopes are available,
one gpecific monomeric antibody molecule can bind them both simultaneonsly.
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3.5 What is an immunoglobulin domain?

Asg already mentioned in the introduction to this chapter, a domain 1= a portion of
an imdividual antibody polypeptide chain that has the length of approximately 110
amino acids and a globule- or sphere-like shape of the fold. The antibody domains
follow each other along the length of individual heavy and light chains. The light
chains always have two immunoglobulin domains, of which the N-terminal domain
iz the wvariable region of the light chain (or the Vi region), and the C-terminal
domain is its C-region (or the Cp region). The heavy chains vsuvally consist of
four domains, of which the N-terminal domain is the variable region of the
heavy chaim (or the Vi region), and the remaining three domains, which follow
each other in a tandem array, together comprise the heavy chain constant region
{or the Cy regiony and are called the Cyl, Cy2, and Cy3 domains (Fig, 3-2). Some
antibodies in the mouse do not have the Ci3 domam, and some antibodies in the
mouse, as well as in the human, have an additional C-termuinal Cyd domain. The

Fig. 3-2. Inmunoglobulin domains, A theee-dimensional model; the lower illustration is a sche-
matic diagram.,
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portion of an antibody molecule between the Cy;l and Cy2 domains is very fexible
and forms the so-called hinge, the region where the Vi and the Cyl domains
together with the Vp and Cp domains that are attached to them form an angle,
allowmg the variable regions to deviate in space from the longitudinal axis (Fig.
3-2). The exuct shape of the hinge region und the exact size of the angle thut it forms
may vary in antibodies of different isorypes (see later). The interaction with antigenic
epitopes 15 always mediated through portions of the Vi and Vi domains, The
interaction with complement and Fe receptors, which is very important for the
proper performance of the antibody's effector functions, 18 mediated through the
Cp2 domains. The ability of the Cyy2 domain to interact with complement and Fe
receptors, again, depends on the particular antibody isotype.

3.6 How are the Vy and V, domains built, and what enables
them to interact with antigen epitopes?

Like all immunoglobulin domaims, V-domains are globular folds of amimo acid
chains. The globule (or sphere) 18 the tertiary conformation of these chains; their
secondary structure can be either alpha-helical, or of the *beta-pleated sheet™ kind
(zee bicchemistry and melecular biclogy manuals for details), What makes a parti-
cular V-domain able to interact with its specific antigen epitope is the unigue
sequence of its amino acids. Within a B lvimphoceyte clone, all cells make antibody
maolecules that have an almost identical amine acid sequence in the V-domains
(““‘almost” because of the somatic mutations that will be discussed later), No two
different clones, however, produce antibody molecules where the sequence of amino
acids in the V-domains would be identical berween the clones. Because of the vmique
sequence of amino acids within its boundaries, any given V-domain displays a
umque complementarity to its specific antigen. Early studies suggested that antigen
epitopes interact with small sites underneath the spherical surface of V-domains, so
that the complementary interaction and bonding occurs in formations that resemble
“grooves.” Later studies, however, showed that in many cases an antigen epitope
amnd the surface of the V-domain that is specific to this particular epitope mteract
without forming “grooves.” In other words, the antigen-binding site of the antibody
moelecule is actually “planar,” ve,, it i a part of the T-domain's concave spherical
swrface. Such “planar” interaction is an adaptation that allows antibody V-domains
to better accommaodate antigen epitopes in their native form.

3.7 Is the entire V-domain able to interact, and does it
actually interact with its specific epitope?

No. Within any given V-domain, there are subregions that form noncovalent
bonds with specific epitopes, and subregions that do not. The amino acid sequence
in the first kind of V-domain subregions varies from one clonospecific domain to
another 20 extensively that sometimes no two amine acids are found in the same
position im two different domains. In the second kind of V-domain subregions, the
extent of variability in the amino acid sequence is smaller. Certain positions often,
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or almost always, contain the same amino acid m different V-domaing produced
by different B lvmphocyte clones,

Imitially, the first kind of “subregions” within V-domains were called
hypervariable regions because of their extremely extensive amino acid variability
from clone to clone. Later, immunologists began to call these “subregions™ com-
plementarity-determining regions (CDR)., because it became apparent that it is
these “subregions™ who actually interact with complementary (specificy antigen
epitopes.

3.8 If the function of CDR is to bind antigen, what is the
function of the rest of the V-domain?

Actually, it is just to make sure that the domain retains its three-dimensional
structure. For this reason, these “other” subregioms of V-domains were called
framework regions (FR). The “conservative” amino avcids are always there in the
same position within the FR for a very valid reason: they form covalent —5-5-
bonds, or other chemical bonds, with other amme acids in the FR, thus preventing
the unique globular construction of the V-domain from falling apart.

3.9 How many individual CDR and individual FR exist
within a V-region, and how are they positioned there?

In a typical Vi domain, there are three FRs and three CDRs, If one imagines the
amimo acid cham that folds mto an mmunoglobutin domaim unwind, the relation
between the FRs and the CDRs will be as follows: the most N-termimal part of the
chain will be FR1. followed by CDEL, then by FR2, then CDRE2, then FR3, and,
finally. CDR3, The latter is the most C-terminal part of the chain that forms the
V-domam. In a typical V. domain, there are four FRs and three CDEs. Notably,
the length of individual FRs and CDRs varies in V-domains coded by different V-
region gene segments (see Chapter 4). As a result of the folding, the CDRs are
brought together and become the cutermost, “exposed™ part of the domain, while
the FRs become, for the most part, “hidden™ mside the globule. Thus, the CDEs
acquire the possibility to interact with antigen epitopes and form bonds with
complementary, gpecific epitopes.

3.10 What are antibody isotypes?

These are kinds, or types, of the consrani regions of the antibedy heavy and light
chains that dictate the particular shape of antibody molecules and their effecter
functions. Unlike different amtibody specificities that are determined by different
amino acid sequences in the V-region, different isotvpes are determined by the
amine acid sequences within C-regions, For example, there are five major
“kimds” or classes of human antibody heavy chains, called «, v, &, &, and p.
They are determined by five different kinds of amino acid sequence in the C-region
of these chains,
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Depending on the “kind™ of the heavy chain that they have, the whole antibody
molecules are said to belong to the following classes: [gA| [gG, 1gD, IgE, and [gM
(the Latin letter in the name of the class corresponding to the Greek letter of the
“kind™ of the heavy chain). Further, within the “kind” of antibody heavy chains
called v, there are several small variations, and the chains showing these variations
(but still belonging 1o the gamma “kind™) are called ¢ 1,y 2, v 3, and v 4. (In the
mouse, the same isotypes are called y 1.y 2a.y Xb. and v 3.)

Antibody light chains, depending on the amino acid sequence in their constant
regions, also can be of different “kinds.™ The two of these, known in all higher
vertebrates, are called x and &, The term isotype can refer to the “kind"” of the
heavy or light chain of the antibody molecule; for example, one can say that
o, 7. P, ete., are antibody heavy chain isotypes, and kappa and lambda are anti-
body hight chain isotypes. Alternatively, the term isotype can refer to the “kind™ of
whole antibody melecule; for example, one can say that the isotype of this parti-
cular antibody = “LgM, w,”” while the isotype of another antibody is *“1gG1, 2.7 Ax
we will discuss in the next chapter. a separate antibody constant region gene
determines each of the known antibody heavy amd light chain isotypes.

One crucially important thing to remember about isotypes is that thev have
nothing to do with antibody specificity, Antibodies that belong to the same
isotype may have a tremendous diversity of specificities. Conversely, the anti-
body that has a particular specificity can exist as more than one isotype; for
example, the antibody that is specific to one particular epitope of a bacterial
antigen can be made imitially as [gh] and then become 1gG. Its specificity will
not change, but its isotype will. Thizs phenomenon. called the isotype switch,
will be discussed in more detail in Chapter 4. The other important thing to
remember about isotypes is that different heavy chain isotypes enable anti-
bodiez to perform this or thar effector function better, For example, antibodies
of the IgM izotype are the best at binding complement (see Chapter 13); antr-
bodies of the IgGl and 1gG3 isotypes are good at it, although not as good as
IgM; antibodies of the Ig(G2 isotype are mediocre; and antibodies of the [gG4,
IgD, IgA, and IgE isotvpes do not bind complement at all. We will discuss the
effector functions of antibodies later, as we move to the dynamics of immune
[ESPONSEs,

3.11 What are the different “‘shapes’” of antibody
molecules conferred by their isotype?

When expressed on the B lyvmphocvie membrane, an antibody molecule has a
rather nmiform “shape” that is not dependent on the isotype. When secreted.
antibody molecules may have a ~“shape” that is conferred by its isotype. For
example, IgM and [gA antibodies, but not [gG and [gE antibodies, have the so-
called tail pieces — short nonglobular sequences of amime acids en the C-terminus
of the heavy chain, These tail pieces have the ability to be bound by -85 bonds
and by a spevial polypeptide called the J-chain. This allows IgM and IgG to exist
as stable multimeric molecular aggregates. Usually, secreted IgM exist as penta-
mers, and secreted [gA as dimers or trimers,
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3.12 Are membrane-expressed antibodies and secreted
antibodies structurally similar or different?

They are very similar, although not identical. The membrane form has an extra C-
region segment that consists of approximately 26 uncharged, hydrophobic amino
avid residues followed by a varving number of charged (usually basic) amino acids.
This segment is coded by a separate exon (see Chapter 4), The hydrophobic stretch
of amine acids allows the membrane form of antibody molecules to be embedded
in the phospholipid bilayer of the lymphocyte membranes. while the C-termumal
hydrophilic segment serves as a cytoplasmic portion of the transmembrane maol-
ecule. Interestingly, in IgM and [gD, the cytoplasmic portion of the molecule is
extremely short; it consists of just three amino acid residues,

3.13 (Can all antibody isotypes be secreted?
All except IgD. The latter is always embedded m the B-lymphocyte membrane. No

effector functien associated in this isetype is known,

3.14 What is the function of light chain isotypes?

It is not clear so far. There are no known differences in the performance of effector
functioms by the immunoglobulims that contain kappa chains versus the mmmuno-
globulins that contain lambda chains.

3.15 Besides binding complement and Fc receptors on
macrophages and inflammatory leucocytes, what other
effector functions can antibodies perform?

IgE antibodiez are able to bind a special kind of Fc receptors, called Fe-sR1,
expressed on the surfaces of mast cells and basophils. These cells contaim special

amules that can be released when the Fe-gR1 is cross-linked. The released grom-
ules cause a series of effects collectively known as allergic reaction or the immecli-
ate-type hypersensitivity. This special effector function of IgE antibodies will be
thoroughly discussed in Chapter 13, IgA antibodies play a crucial role in the work
of the muccesal comparument of the immune system; their funetion will be dis-
cussed in Chapter 13.

ANTIGEN-ANTIBODY INTERACTION
3.16 What is the nature of epitopes that can be recognized
by antibodies?

Epitope is. by definition, anything that can be bound by the specific antigen
receptor (antibody or TCR), Epitopes that are recognized and bound by antibody
V-regions — mainly by their CDR, to some extent also by parts of their FR — may
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vary in their exact chemical nature. They can be stretches of amino acids, sugar
groups, nucleotides or their subcomponents, or parts of organic molecules bound
by, e.g., phosphodiester bonds. Importantly, the epitopes recognized by antibodies
do not need special processing and can be recognized in their native form. As
already mentioned, this is one cardimal difference between them and the epitopes
recognized by TCE.

3.17 Do all epitopes retain their natural three-dimensional
shape when recognized by antibodies?

No. Antibody V-regions can also be specific to epitopes that have lost thenr natural
three-dimensiomal shape because of the protein denaturation. Such epitopes are
called linear epitopes or determinants. The epitopes that are complementary to
their specific antibodies only in their wmgue three-dimensional form are called
conformational epitopes or determinants. In many cases, antibodies specific to
conformational epitopes cease to recogmize them if the protein is denatured.
Conversely, if an antibody is generated against a hnear epitope of a denatured
protein, it may not recognize the same region of the protein molecule in its native
form. Some antibodies, however, can cross-react between linear and conforma-
tional epitopes that correspond to the same region of the protem antigen molecule.
When protein molecules are subjected to chemical modification. e.g.. proteolyss.
new epitopes can appear: these are called necantigenic determinanis,

3.18 What is antibody affinity?

It is, essentially, the “tighimess of the fir” between the epitope and the antibody V-
region. Two antibodies produced by two different B-cell clones, or even by one B-
cell clone but at two different stages of its differentiation and selection in the
germinal centers {see Chapter 1 and later chapters), may have V-regions similar
enough to bind to the same epitope, but differing in the strength. or tightmess. of
the hinding. The latter may change if even one amino acid in the V-region (espe-
cially in the CDRE) 1= replaced. Affinity i3 a very important parameter of the
antigen—antibody interaction and a vseful characteristic of an antibody prepara-
tiom or reagent.

3.19 How is antibody affinity measured?

The best way to have an idea about the antibody affimity is to measure its
dissociation constant (Kg). The imteraction between the epitope and the corre-
sponding part of the antibody V-region {“paratope™) is noncovalent and rever-
sible; hence, one can imagine it as a two-way reaction that is i the state of
dynamic equilibrium, similar to reversible chemical reactions, ionic dissociation,
etc. (see basic chemistry mamuals for details). If the concentration of the anti-
body i3 limiting and constant, and the concentration of the antigen varies, then
the exact molar concentration of the antipen that saturates one-half of the
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“paratopes” i the system will depend solely on the quality of the epitope-
“paratope™ fit, One would need more antigen to half-saturate a ““sloppy™ anti-
body and less amtigen to half-saturate a “tightly fit” antibody. This molar con-
ventration of the antigen that is enough to saturate one-half of the “paratopes™
of the given antibody in a system where the antibody concentration does not
vary is called the antibody’s K4 Obvicusly, the bigger the K;, the worse the
“tightness of the fit.” or. in other words. the bigger the K4, the lower the affinity.
Conversely, the smaller the K, the better the “tightness of the fit,” or the
smualler the Ky, the higher the affmity, A common way to express the Ky is o
use molar concentrations in an exponential form with a negative power, For
example, the two antibodies may have affinities 10*M and 10''M.
Apparently, the K4 of the first antibody is higher (107" is bigger than 107');
hence, the affimity of the first antibody is lower.

3.20 How can one determine the Kg4?

There are a number of ways to do that, Traditionally, antibody K4 was measured
through the experimental procedure called equilibrium dialysis. The primciple of
this procedure is as follows: Antigens and antibodies are placed on the two sides
acrosg a semi-permeable membrane. so that, if they are not bound to each other,
they can diffuse through it but, if they are bound, they cannot. If one varies the
concentrations of the free antigen and knows the concentration of the free anti-
body that is kept constant on one side of the membrane, one can directly deduce
the molar concentration of the antigen that binds ope-half of the antibody mol-
ecules in the system. More recently, assays based on the liquid phase inhibition of
the antigen—antibody interaction in the solid phase became widely vsed for the
experimental determination of the K.

3.21 What is antibody avidity?

It is an overall strength of the binding berween the antigen and all of the individual
antibody molecule’s binding sites. As already mentioned, the affimity is the “fit-
ness” of a particular V-region to its specific epitope. Antibodies, however, have at
least two identical V-regions (see Section 3.14), and multimeric antibodies can
have more than tweo; for example, a pentameric Ighd moelecule has ten identical
V-regions (see Section 3.12), If two or more identival epitopes are available, each
of them can be bound by the V-region of the corresponding specificity; the
strength of the binding will then be determined by the affmity of the V-region
amid by the number of the V-regions mvolved. In this regard, the affinity of indi-
vidual V-regions may be low, but if many of them are mvelved, the overall
strength of the bindimg, or the avidity, will be sufficiently high, For example,
mdividual V-regions of IgM antibodies often have a low affimty for their epitopes
(for the reasons discussed later); yet, since ten individual V-regions may be
involved, the avidity of the Igh molecules to the antigen that can present the
multiple identical epitopes can be high, The avidity is not a sum but, rather, 1= a
product of multiplication of mdividual affimities of a multimeric antibody.
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ANTIBODY HETEROGENEITY AND HYBRIDOMA TECHNOLOGY

3.22 1If one major obstacle hampering the progress in
antibody research could be named, what would it
be?

The tremendous heterogeneity of antibodies was one major obstacle. Although all
antibodies belong to the gamma-globulim class of serum proteims. they are m fact a
very complex mixture of molecules that differ m size. shape, charge, subumit
composition, and other structural features. Moreover, serum and other biological
fluids contain many different antibodies that originate from different B lvimpho-
cvte clones (polyclonal), each having a distinet specificity for antigen. Even among
the serum antibodies specific to one epitope, different individual molecules may
have different affinities of the binding. The advent of hybridoma technology in
1975 was the decisive factor that solved many of the methodolegical problems
related to the antibody heterogeneity.

3.23 Did immunologists always work with heterogeneous
antibodies before hybridomas were invented?

No. Beginming from the 1950s, antibodies produced by myelomas began to serve
as a valuable object of research. Myelomas (or plasmacytomas) are malignant
tumors that origmate from terminally differentiated effector B lymphocytes called
plasma cells. As malipnant tumors, these cells form clones that grow contimuously
and produce monoclonal antibodies. Myeloma-derived monoclonal antibodies
were isolated in large quantities from biclogical fAuids of the patients, as well as
from the Auids of myeloma cells cultured i vitro. In most cases. it is impossible to
determine the antigen specificity of these amtibodies; therefore, they generally are
not instrumental in the studies of antigen—antibody interactions. Nevertheless,
they served as a valuable tool for structural studies. These studies, performed in
the late 1960s and early 1970, were extremely important for the subsequent
characterization of the content of the human and murine antibody V-region
gene loci. (We will discuss the genetic determination of the antibody V-genes in
detail im Chapter 4.)

3.24 What are hybridomas, and why are they so
advantageous for antibody research?

Hybridomas are cell lines that stem from hybrids between normal lyvmphocytes
and malignant tumors of the lymphoid origin. As G. Kohler and C. Milstein first
demonstrated in 1975, such hybrids can be made in vitre. and culturing them in the
presence of chemicals that select agaimst the nonhybridized parent tumor cells can
ensure their continuous replication, Monoeclenal antibody-producing hybridemas
are products of the fusion between B lvmphocytes and myeloma cells. These fused
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cells inherit from the parental myeloma the ability to grow continvously and be
cloned m culture, and from the normal lvmphoceyte, the ability to produce anti-
bodies. Importantly, the antibodies made by hybridomas are exactly the same that
are made by parental lvmphocytes, so their specificity cam be pre-determined by
mmmunizing the donor of lymphocvtes with an antigen of interest, Since stable
cloned hybridomas can be maintained in colture for an mdefimte period of time,
the homogenous antibodies that they secrete can be obtained in unlimited quan-
tities. Such antibodies were successfully vsed for the analysis and preparative
purification of various antigens, as well as for extensive studies of the structure
and genetic coding of immunoglobulin molecules.

3.25 How does the mentioned selection of hybrids work?

If a number of myeloma cells is mixed with a number of normal lyvmphocytes
and treated with a fusion-promoting agent (most often, polyethylene glycol),
only a small fraction of the cells will form hybrids, This makes the selection
against the parental myeloma a must, becavse without such a selection
the parental myeloma cells will quickly overgrow the hybrids. Usually. the
followmg approach helps select agamst the parental myeloma. The tumors
used m the hybridoma technology are mutants that lack the ability o make
certain enzymes because of a genetic defect, One of such enzyvmes. called
hypoxanthine-puanine  phosphoribosyltransferase  (HGPRT), vcontreole  a
“back-up” or “salvage™ pathway of nucleotide synthesis. This salvage pathway
is used by cells when the “normal,” conventional pathway of nucleotide
synthesis 12 blocked by a chemical called aminopterin. When wild-type myelo-
mas are placed in a medium that contains apunepterin, they still can divide,
because the HGPRT that they make allows them to use the salvage pathway
and synthesize new DNA. HGPRT ™ mutants, however, stop growing and
eventually die in the presence of ammmopterin, because they camnot utilize the
salvage pathway., However, if an HGPRT mutant is [used with a normal
lymphecyte. the resulting hybrid re-acquires the ability to survive in the pre-
sence of aminopterin because of the gene complementation. Therefore, unfused
parental myeloma cells will die in the presence of aminopterin, and hybrids will
not. Unfused parental lymphocytes have the HGPRT gene and therefore are
resistant to aminepterin, but they will die anyway, simply because, like any
other normal cells, they cannot be maintained i long-term cultures. Their
lifespan in culture is approximately 1-2 weeks. To ensure the utilization of
the salvage pathway by the hybrids, the medium where they are cultured
must be supplemented with hypoxanthine and thymidine that serve as precur-
sors for the mitrogenous bases synthesized. Thus, the complete medium that
blocks the growth of unfused myeloma and ensures the growth of hybrids must
contain aminopterm, hypoxanthine, amd thymidine. Such a medium is commer-
cially available and kpnown as “HAT” (from “hypoxanthine, aminopterin, and
thymidine’).
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3.26 How many of the hybrids successfully selected in the
HAT medium actually produce the monoclonal antibody
of interest?

It depends on the antigen uvsed for the immumzation of the donor of normal
Ivimphocytes, and on the immunization schedule. Some antigens are powerful
immunogens, ie,, they elicit strong mmune respenses and expand the clone(s)
of B lymphocytes that recognize their epitope(s) to a great extent. In this case, a
large fractiom of the hybrids - several percent, or even the majority of the
hybrids — will be foumd to secrete the amtibody of interest. In the case where an
antigen i a weak mmuncgen, only a few hybrid cells ocut of several thousand
may produce the desired antibody. Repeated immunization and the use of the
so-called adjuvants — nonspecific enhancers of immune responses — may some-
what increase the frequency of uvseful antubody-producing hybrids.

3.27 (an hybridomas grow in vivo, like myelomas?

Yes. In fact, hybridomas moculated in mice secrete much more antibody than
hybridomas grown in tissue culiure. While in the culture fivids the concentration
of monoclonal antibodies is usually of the order of micrograms (or even fractions
of a microgram) per 1 ml, the serum and the ascitic fuid of mice with inoculated
hybridomas may have a concentration of the monoclonal antibody that exceeds
Lmg/ml. Te facilitate the moculation and growth of hybridomas as ascites-produ-
cing tumors, immunclogists usually prepare the animal recipients by injecting
mineral oil and some chemicals into their peritomeal cavities prior to the injection

of hybridoma cells.

3.28 (an hybridomas that produce human antibodies be
obtained?

Yes. although it is much more difficult to make them, compared to the hybri-
domas that produce antibedies of the mouse origin, 8o far. mvestigators have
not been successful in growing stable HGPRT™ mutant myelomas that originate
from human plasma cells. Therefore, the only possibility to make a hybridoma
that will produce human antibodies 15 to fuse human bymphocvies with a
nenhuman (moeuse, rat. or hamster) myelema. This inter-species cell fusion
often results in the loss of human chromosomes from the nascent hybrids.
The yield of viable and antibody-producing hybrids is, therefore. rather low.
Yet, a number of wseful and stable mter-species hybrids that produce mono-
clonal antibodies of the human origin has been obtaimed. These “heterohy-
bridomas™ were instrumental in the characterization of the human immune
responses to certain pathogens, as well as for in-depth studies of the human
amtibody repertoire.
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3.29 Are there any alternatives to hybridoma technology
that allow investigators to produce useful monoclonal
antibodies?

Yes. Human, as well as rodent, B lvmphocytes cam be strongly activated, driven to
proliferation, and malignantly transformed (“immortalized™) by a virus that
belongs to the herpes virus fammly and is called the Epstein-Barr viros (EBY).
The yield of stable clones that produce specific amtibodies is much lower after
the treatment of the B lvmphoeytes with the EBV than after their fusion with a
myeloma. Nevertheless, the techmques based on the EBV-induced transformation
allowed immunclogists to obtain some interesting monoclonal antibodies of the
human origin. Recent advances in molecular biology brought another alternative
to the hybridoma technology called phage display lbrary technique. This approach
is based on the ability of some expression vectors to display functional antibodies,
transeribed and translated from cloned immuneglobulin genes, on the surface of
bacteriophages. Collections of bacteriophages where some mdividual phages con-
tin specific antibodies cam be screened much like hybridomas, although in sub-
stantially larger numbers. The phage display library approach turned out to be
useful for the dissection of the human antibody repertoire. We will discuss this
approach in =omewhat more depth in Chapter 4, after the description of the V-
and C-region antibody genes.

3.30 Other than the applications of hybridema technology
to basic science, what major practical goals did this
technology allow to be accomplished?

Maonoclonal antibodies produced by hybridomas are extremely valuable tools in
medicine, used both for diagnostic as well as therapeutic purposes. For exam-
ple, monoclonal antibodies that recognize epitopes of some hormones and fetal
antigens are now routinely used for home pregnancy tests, Monoclonal anti-
bodies detecting alleles of the blood group and histocompatibility antigens are

adually replacing alloantisera in the blood and histocompatibility typimg and
have become indispenzable in organ tramsplantation, Antibedies to oncefetal
antipens, such as alpha-fetoprotein (AFP) or carcincembryenic antigen {CEA)
are successfully used for the early diagnosis of cancer, especially the cancers of
liver and stomach. There is no doubt that similar reagents will soon be used for
the early diagnosiz of the breast, prostate, lung, ovary, and other cancers, A
moncclenal antibedy called OKT3. specific to a T-lvmphocyte antigen called
CI3, 1= widely used m transplantation climes to prevent or halt the reactions
of transplant rejection. Several monoclonal antibodies to tumor-specific anti-
gens were used for cancer therapy in the form of immunotoxins, The latter are
antibodies conjugated with deadly toxing that can kill the cell that expresses the
antigen to which these antibodies bind. Immunotexing were shown te be a very
efficient weapon against human tumors, at least m the early stages of their
growth.
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3.31 What are the major obstacles in the further
development of these clinical applications of
hybridoma technology?

One major obstacle for the therapeutic use of the products of hybridoma technol-
ogy 18 that the vast majority of monoclonal antibodies to important human anti-
gens are of the murine origin. When such antibodies are injected into a patient,
they trigger powerful species-specific immune responses. It is, therefore, necessary
to combine the infusion of these antibodies with Immunosuppression, which is not
always desirable for the patient. One possible way to work around this problem is
to “humanize™ the murine monoclonal antibodies through a genetic engineering
approach. Such “humanization™ includes cloning of the gene that codes the V-
regiom of a useful mouse anti-human antibody, and ligating it with a gene that
codes for a human antibody C-region. The resulting chimeric antibody molecule
will not have the mouse C-region-asscociated species-epecific epitopes that cauvse
undesirable immune reactions in the patient.

LABORATORY USES OF ANTIBODIES

3.32 What are the main uses of antibodies in
laboratories?

Antibodies are versatile tools that help investigators to achieve a vanety of goals.
Their versatility is baged on their specificity for antigens. Because of this specifi-
city, antibedies can be used for: (1) detection of antigens; {2) guantitation of
antigens; (3) purification of antigens from complex mixtures; (4) characterization
of the physicochemical properties of antigens; and (5) visuahzation of antigens in
tissues. cells, and subcellular compartments.

3.33 What assays are employed for detection and
guantitation of antigens?

Historically, a number of techmques designed for this purpose were based on the
ability of antigens and antibodies to form msoluble immune complexes. Sce the
valency of antibodies is always more than one (two for monomeric 1gG and IgE.
four or six for IgA, and ten for [gM), many individual antigen melecules that
express identical epitopes can be cross-linked and, within a certain diapasen of
antigen and antibody concentrations, a kind of insoluble crystallic lattice can
form. The reaction leading to the appearance of insoluble immune complexes
was called precipitation. It was widely used for detection of various antigens in
the first half of the 20th century, A wvariant of the precipitation assay, called
immunodiffusion, was especially popular in the 1950s and 1960s; it is based on
the formation of visible antigen—antibody complexes im semisolid (usually agarose)
gels. With the advent of solid-phase assays, however, the popularity of precipita-
tion assays decreased,
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3.34 What are these solid-phase assays?

There are two principal kinds of solid-phase immunocassays: a radioimmunoas-
say {RIA) and an enzymelinked immunosorbent assay (ELISA). Both are based
on the abilitv of antigens and antibodies to interact in the solid phase, eg.,
when one of the two components (the antigen or the antibody) is adsorbed
cnto the bottom of polystvrene travs, If present, the other component (the
specific antibody or the antigen) binds to the attached component; all non-
attached substances (e.g., nonspecific antibodies, other proteins) are removed
by vigorous washing. The binding is visualized by attaching a label or tag to
the bound component. In RIA, the wg i3 radiocactive, and the number of
radicactive counts serves as a measure of the bindmg mtensity. In ELISA,
the tag i enzymafic. and the change in the absorbance caused by the action
of the enzyme on the added substrate is a measure of the binding ntensity

(Fig. 3-3).

3.35 How exactly are antigens quantified in solid-phase
assays?

Antigens or antibodies cam be gquantified because standard preparations of them,
purified by powerful biochemical techmiques such as affimity chromatography. are
available from industrv or government-asscciated suppliers of standard reagents,
If one knows the concentration of antigens or antibodies in these preparations -
mformation usually supplied by the manufacturer — one can titer them and build a
standard curve (a plot that shows radioactive counts or absorbance corresponding
to these standard concentrations). Then one can measure the absorbance or radio-
active counts in an experimental sample where the concentration of the reactant
(amtigen or antibody) is unknown. Fmally, one can see where the experimental
measurement fits in the standard curve. By applying statistical methods like Linear
regression analysis, it is possible to deduce the concentration of the reagent in the
expermental sample from the standard curve with a high degree of precision.

3.36 What is a “direct” and an "indirect” solid-phase
immunocassay?

A “direct” solid-phase immunoassay refers to an assay where there are only two
components of the reaction (an antigen and an antibedy), and one of them is labeled.
An “mdirect™ assay refers to an assay where there are three compoenents: an antigen,
an antibody spevific to it, and the so-called “secondary™ (anti-immunoglobulin) anti-
body, which is labeled. Secondary antibodies are produced by immunization of
vertain species of animals with whole serum or partially purified serum mmuno-
globulins from other species of animals. For example, if one injects serum mmuno-
globuling of a mouse mto a rabbit, the rabbit will generate rabbit-anti-mouse
secondary antibodies. When labeled, these are versatile, because they can be used
for detection and quantitation of any murine antibody regardless of its specificity.
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Antigen A Antigen B
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Measure absorbance of
light by colared product

Ameunt of ant-A antibody
added per well

Fig. 3-3. Sclid-phase binding assay. In this figurs, an enzyme-linked solid-phase binding assay 15
shown. The same principls applics to radicimmunocassay, where the label 15 not an enevme
but a radipactive isotope.
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3.37 What is a “sandwich” assay?

It i= a popular modification of a quantitative solid-phase assay where wo
antibodies, specific to two different epitopes of the same antigen, are allowed
to react with the antigen. The first of these antibodies is adsorbed onto the
bottom of a polystyrene tray, and the antigen is added so that the solid phase-
bound antibody binds it. After this, the second antibody i= allowed to react
with the antigen. The second antibody can be directly labeled or allowed to be
bound by a labeled species-specific antibody. The antigen appears to be
between the two layers of antibody like the butter between two pieces of
bread in a sandwich,

3.38 What are the advantages of indirect and double-
sandwich assays?

As already mentioned, indirect solid-phase immumoassays employ secondary anti-
bodies that are versatile, and able to detect species-specific antibodies of all spe-
cificities. In addition, indirect and especially double-sandwich assavs have a much
higher sensitivity. The lower detection limit in these modifications of the BIA is
less than 10 picogrmms (pg); m ELISA. the limit is between 10 and 100 pg.

3.39 What is an inhibition assay?

It is am assav where the fived amount of antibody 1s allowed to react with mereas-
ing concentraticms of the specific antigen i the liquid phase (test tubes), After such
a reaction, the mixtures from the test tubes are tested for their ability to bind the
same antigen i the solid phase (polystyrene trays). The more antigen is bound in
the liquid phase, the less of the free amtibody remains, and the smaller the binding
in the sclid phase. The decrease in this residual binding, however, depends not
only on the amount of antigen, but also on its “fitness™ to the antibody V-region,
Therefore, inhibition assays are perfect for measuring antibody affimity.

3.40 What is an immunofluorescent assay?

It is am assay based on the labelimg of antibodies with immunofluorescem dyes.
When such an antibody binds its specific antigen on the cellular surface. the cell
appears to “glow™ in the dark vision field of a special floorescence microscope,
Antibodies carrving fluorescent dyes of different color can bind different antigens,
which allows an mvestigator to characterize the expression of more than one
antigen simultaneously,

3.41 What is flow cytometry, and why is it so popular?

It 18 a modification of the immumofiluorescence assay wherein the cells that have
been subjected to bimding of Auorescent-labeled antibodies pass through very thin
tubing. Such a treatment makes them “go m a single file.” Laser beams that excite
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the cells’ Auorescence meet the cells on their way, The images of the fluorescing
cells are processed and stored by a sophisticated computer interphase, Using this
technique, an immunologst can visualize various populations and subpopulations
of vells that express certain antigens in bigger or smaller amounts, or compare the
exprexsion of an antigen with such parameters ax the size of the cells, their internal
vomplexity, ete. Moreover, by using magnets that warp the cells® trek in a way that
depends on the expression of particular antigens. an experimenter can physically
separate cells that express or do not express certain antigens or express them in
bigger or smaller gquantities. This precedure is called cell sorting, and the device
that can perform fow cytometry and cell separation iz called the fluorescence-
activated cell sorter (FACS), or flow cytometer,

3.42 Which immunoassays are used to characterize the
chemical nature of an antigen?

The two modern assays most commonly used are immunoprecipitation and
Western blotting. lmmunoprecipitation is a somewhat misleading term because
it does not pomt at the essential component of the assay, namely, a radioactive
labelimg of the material from which a certaim antigen is being precipitated. In this
assay, cells are incubated in a medium that contains a radioactive isotope incor-
porated into an amine acid, The specific antibody is added and cross-linked, so
that an insoluble precipitate forms. The precipitate is pelleted by ultracentrifuging
and run on an electrophoretic gel with sulsequent radicautography. The band
that appears on the radiosensitive film corresponds to the protein band on the gel
and can be compared with marker bands so that the molecular weight of the
antigen can be established. Also, by applying the so-called reducimg conditions
to the electrophoresis one can investigate the tertiary structure (i.e., the subumit
composition) of the proteinaceous antigen.

Western blottimg is similar to immunoprecipitation in that it 1s also based on
electrophoresis. However, in this assay, the mixture of proteins, not an isolated
antigen, 15 subjected to the electrophoresis. The material from the electrophoretic
gel is then transferred to nitrocellulose paper sheets, and the latter are placed in the
solution with a specific antibody. The bound antibody 15 then exposed to the sec-
ondary antibody, which is labeled with radioactivity or an enzyme, The visualized
protein band that appears on the paper sheet (which is called a “blot™) can provide an
imvestigator with essentially the same information as the immunoprecipitated band.

3.43 Which immunoassays are used to localize the antigen
in tissues, cells, and subcellular compartments?

To this end, special modifications of immunoenzymatic staining with subsequent
microscopy are used. Frozen tissue sections are staied with antibodies to the
antigen(s) of interest and then developed with secondary antibodies labeled with
enzymes, most commonly horseradish peroxidase or alkaline phosphatase, The
reaction conditions are such that the color reaction triggered by the enzyme is not
spread all over the section but develops locally. It can then be observed under a
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microscope, An approach that allows an investigator to locate antigens in sub-
cellular compartments is called an immuanoelectron microscopy. It is based on the
conjugation of antibodies with electron-dense particles, such as colloidal gold.

g2 Questions

REVIEW QUESTIONS

1. How exactly would you prove experimentally that antibodies are gamma-globulins?

2. You want te buy a preparation of antibody for your research and browse a hiotech
company catalog. There, you found two ttems: one — a whole antibody molecule and
the other — an F(ab'),. Which one would you buy if you were interested in rechucing the
possibility of nonspecific {(background) binding?

3. Ome cell expresses two identical epitopes. Another cell expresses the same Two eptiopes,
but thev are somewhat further apart. Will the antibody molecule specific for this
epitopes react only with one of the cells, or with both? Why?

4. Based on the material of this chapier, how would you object to proponents of the
“mstructionist™ theory of antibody diversity (see Chapter 1)?

5. How would you comment on the statement, “Antibody isotyvpe determines its effector
functions?

6. As we will detail in later chapters, IgG and IgA antibodies are characteristic of second-
ary immline responses and possess higher average affinity than IgM antibodies, which
are used mostly in primary inunune responses. Does it mean that the strength of an IgG
or an IgA binding to an antigen is always bigger than the strength of an Ighd binding?

7. An investigator raised an antibody against a purified protein by cutting a protein band
out from an electrophoretic gel and injecting the material inte a rabbit. He now plans
to study the expression of the protein on cell membranes, What caution does this
investigator have in mind as he plans his experiments?

8 One antiserum has an average Ky of 10°% M, another of 107" M. Based on this
information, can one udge which of the o anfisera has a higher concentration of
antibodies?

9. What exactly 15 the target of selection by HAT medium? Is it a positive or a negative
selection?

1. What are major advantages of hybridoma technology over EBV transfonmnation?

11. You hawve the following materials and egquipment: antigen {a mixture of proteins),
polyacrylamide, gel butfer, gel plates, an antibody specific to a protein of your interest,
and a secondary (anti-immuneglobulin) antibody labeled with an enzyvme, What assay
would you set up to characterize the moelecular weight of the protein of your interest,
and what additional materials and equipment do yol need for that?

12. A laboratory is interested in the detection of a chemical whose concentration in bie-
logical fluids is extremely low (within the picogram range). Another laboratory is
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screening hybridoma supernatants and 1s interested in processing the maximal possible
amolnt of samples within a Lmited tirne, A third laboratory is companng affinities of
different antibodies. What immunecassavs would you recommend to set up in each of
the three laboratories?

13. Many modern science and clinical laboratories are equipped with fliow cytometers {or
flucrescence-activated cell sorters). What are the main reasons for that?

MATCHING

Dvirections: March each item in Column A with the one in Column B 1o which 11 18 most
closely associated, Each item in Cohunn B can be vsed only once,

Colunnm A Colunn B
1. V-region A, Number of identical V-regions
2, HGFRT B. Joining menomeric Igh in 2 muliimer
3. CDR C. 100%: variability of amine acids
4, Tail pieces D, Immuneelectron microscopy
5. Affinity E. Cross-linking
6, Avidity F. Deficient in useful myelomas
7. Flow cytometry G, Is responsible for antigen specificity
8. ELISA H. Is lower when the K is higher
9. ITmmunoprecipiiation . Allows sorting of cells
10, Colleid gold I. Can be set up as a “double sandwich™

Answers to Questions

REVIEW QUESTIONS

1. Immunize a laboratory animal with a protein antigen and obtain an antiserum, Divide
the antiserum inte two aliguots, Run one of the aliguots on a polyacrylamide gel and
observe albumin, alpha-, beta-, and gamma-globulin fractions. Allow the other aliquot
to react with the excess of antigen so that mest or all antibodies are removed (for
example, through precipitate formation). Afier this, run the second aliguot on another
gel and compare the picture with the first gel; gamma-globulins will disappear or show
as faint bands.

2. The F{ab'),. Whole antibody molecules will bind a mumber of cells nonspecifically, via
their C-regions (because of the presence of Fo-receptors),

3. It may still react if its hinge region is flexible encugh. This, in turn, depends on the
antibody heavy chain isotvpe.
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4. We now know that the antipen specificity of an antibody 1s detenmined by amine acid
sequence 1in the Veoregion of this antibody, Since the latter is, in turn, determined
genetically, it cannot be changed by antigens, which was the main postulate of the
instructionist theory,

5. Rather, antibody heavy chain isotvpe (or antibody class and subclass) determines what
effector functions antibodies will perform best. Light chain isotvpes do not matter in
this regard,

6. No, because the avidity of pentameric IgM antibodies {ten antigen-binding sites) can
be higher than the avidity of IgG antibodies (two sites) or of Igh antibodies (four or
six sites).

7. It might be that the investigator’s protein Jost its conformational epitopes during its
electrophoretic punfication, If this protein expresses conformational epitopes in its
natural membrane-binding form, the antibody may not detect them.

8. Mo, The only judgment we can make knowing Egs is about the antibodies’ affinities,
not about their quantity.

0. The target is an HGPRT-deficient myeloma cell, It is negative (selects against these
mutant cells).

10. The yield of stable clones producing specific moneclonal antibodies 18 higher when
hybridomas are made than when B cells are immortalized by EBV,

11. Western blotting, Additional matenals — substrate for the enzyme, indicator for color
reaction, nitrocellulese paper; additional equipment — apparatus for transferring pro-
teins from gel to paper.

12. The first laboratory probably needs FIA, the second laboratory probably needs indir-
ect ELISA, and the third laboratory probably needs inhibition ELISA.

13. The main reasen is that FACS can provide wnique information about antigens
expressed on the cell surface, as well as about vanons cell populations and subsets
that express certain antigens. Sclid-phase immunoassays, albeit sensitive, cannot
replace FACS in this regard,

MATCHING

LG 2L, F 3, G4, B5 Hib, A;TLLE LS E 10.D



Maturation of B
Lymphocytes and
Expression of
Immunoglobulin Genes

Introduction

How are antibodies coded genetically? This seemingly simple question used to be,
in fact, one of the most “burning” gquestions of immunclogy for decades.
Antibodies are protein molecules and, as such, must be coded by special genes.
Yet, the diversity of antibody specificities is unprecedented. Not one of the mol-
ecules produced by B-cell clones has an amino acikd m its varable region that
exactly repeats the amino acid in the V-region of another B-cell clone’s product.
Altogether, there are more than one billion clones; hence, there should exist more
than one billion gpecies of antibody protein melecules. How many distinet anti-
body genes might be mherited amd “housed™ in the zygote (and m all the cells that
originate from it) if we are locking at the order of one billion or more of the
distinet protein molecules? If the genoime of each cell has one billion or more of the
antibody genes, will there be any room left for other genes? If the genome contains
a lmmited number of antibody genes that are further diversified by somatic mechan-
1sms, what are these mechamsms?

The tremendous diversity of antibody specificities was difficult to explain in the
terms of conventional gepetics. Ancother difficult issue was the existence of con-
stant and variable regions within the boundares of the same antibody molecule.
As early as in 1950s, it was clearly demonstrated that allelic variations, confined to
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constant regions of antibody polypeptide chains, exist and can be inherited as a
trait in a classical Mendelian fashion. In other words, a given antibody polypep-
tide chaim appeared to be controlled by a single Mendelian gene. How to reconcile
this finding with the notion that the same polypeptide chain contains a V-region,
which is different in different antibody-producing cells of the same organism that
seems to have inherited just one gene for this chain? Again. if the diversity of V-
regions is not heritable but somatic. what are the somatic mechanisms that create
it, amd why do they selectively affect the V-, and not the C-regions of the same
proteim molecules?

Although many immunoclogists and geneticists tried to approach this issue, two
principal misconceptions hampered the progress in the area. The first of these
misconceptions was the idea that one polypeptide chain is always coded by one
gene. The rule, “one gene — one protein,” received such a tremendous experimental
support that it seemed te be something that could never be violated. The second
misconeeption was that genes occupy their places in the chromoesome like beads
oceupy their places in bead strings. Withim the classical framework of the chromo-
some theory of inheritance. it was almost impossible o imagme that genes can
activelr chamge their places, physically move. Only a handful of insightful geneti-
cists challenged these views.

It was not before the above misconceptions were dispensed with that the issues
around the comvept of genetic determination of antibodies were solved. The
“devonstruction™ of the above misconceptions began when W. Dryer and J.
Bennett proposed {in 1966) that one single antibody polypeptide chain can be
coded by more than one gene, and that the coding of the constant and the variable
region within the same chain is the responsibility of two entirely different classes of
genes. The followmg discussion will focus on the main steps in the discovery of
antibody genes, We will highlight the main pointg concerning the content of the
genetic loct that contain these genes. their selection during B lvimphocyte matura-
tion, and their involvement in immune responses.

Discussion

GENERATION OF THE PRIMARY ANTIBODY REPERTOIRE

4.1 Why, and in what context was the proposal of Dryer
and Bennett so significant?

Their idea was the only logical way cut of the paradox created by the discovery of
antibody allotypes. Allotypes are products of distinet alleles, and allotypic deter-
minants, detectable by specific antibodies, are genetic markers of antibody heavy
and light chaims that can be inherited as Mendelian alleles. By the 1950s, it had
been clearly demoenstrated that, for example, in rabbits a series of the so-called Gm
allotypes has a pattern of inheritance moest consistent with the existence of one
smgle Mendelian gene coding for all rabbit antibody heavy chains of the 1gG class.
If this is so, how cam one explain that within the pool of rabbit 1gG polypeptide
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chains — all of which are coded by one Mendelian gene — there exist many millions
of different chains, each having its own specificity (or, using the terminoclogy
developed in the 1960s, its own varable region)? In an attempt to solve the para-
dox, Dryer and Bennett theorized that the single Mendelhian gene that codes for all
of the rabbit IgG antibody “polypeptides,” and reveals itself in the form of allo-
types. in fact codes only for a parr of the rabbit 1gG polypeptide molecule, This
part. according o Dryer and Bennett. 18 not responsible for antibody specificity and
is, most likely, invariable or constant, at least within a certain class of amtibodies of
a species (e.g., rabbit Ig(G). The other part of the rabbit IpG antibody polypeptide
chain is responsible for the antibody specificity, variable, and is controlled by a
genetic entity that is completely different from the Gm allotype-coding gene. This
latter part of the antibody chain is likely to be controlled by a series of genes that
are expressed differently in different antibody-producing clones, rather than by
one single Mendelian gene, Dryer and Bennett propesed to call the single gene that
vodes for the first of the two mentioned parts of the antibedy molecule a C-gene,
and the genes that code for the second (vanable) part V-genes. The authors went
on to postulate that the mformation stored m the C-gene and in the V-genes is
used for the biosynthesis of one single polypeptide because it i3 somehow
“assembled™ and decoded from one single DINA or ENA unit,

4.2  What experiments supported Dryer and Bennett's
postulates? Was it difficult to test this apparently
revolutionary idea right away?

No sound experimental evidence in favor (or agamst) these postulates was
obtained until the late 1970s. The main reason for such a delay was that the
experimental procedures were not as developed at that time, as was the theoretical
thinking of advanced specialists in the field. Although the studies of antibodies as
proteing were rapidly progressing because of the many refinements of the amino
avid sequencing techmques. the studies of the antibody genes led 1o a much more
maodest progress. These latter studies relied mostly on the electrophoresis of the
whole DNA or ite fractiong that were thought (often erronecusly) te contain
certain genes. Thus. the following crucial questions remained unanswered: is the
C-gene really separate from the V-genes? How many of the putative V-genes exist?
How exactly is the information for the C- and the V-regions combined to produce
an integral antibody molecule? Why are the C- and the V- genes not expressed in
antibody-nonproducing vells? The existing methodology offered no approach to
these guestions,

4.3 What new techniques helped to test the postulates of
Dryer and Bennett and the questions that arose?
Ezsentially, twe new methodelogies: restriction analysis and Southern blotting. In

the early 1970s, the enzymes called restriction endonucleases were discovered.
These are of bacterial origin and able specifically to recognize short DNA
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sequences in eukaryotic cells, cutting the DINA strand at the site of recogmtion, 1If
one treats the whole DINA extracted from a cell with a restriction endonuclease (or
restrictase), one obtains a “digest” or a mixture of DINA fragments with sizes that
can be defined by electrophoresis and are characteristic for this particular restric-
tase. A radicactively labeled complementary nucleic acid probe can selectively
bind to a fragment that has a certain size, The probes can be obtimned in such a
way that their nucleotide sequence corresponds 1o the amino acid sequence m a
protein of mmterest. The procedure of obtaiming the above digests and comparing
them, as well as comparing the results of the specific complementary probe hybri-
dization, under different conditions is, essentially, the procedure of restriction
analysis,

Southern blotting is a technique that allows an investigator to manipulate with
restriction fragments, or other DINA fragments of vertain size by transferring them
from electrophoretic gel te nitrocelluleose (or similar) paper, and exposing the
paper sheete to complementary labeled probes. (It 1= similar to Western blotting
described in Chapter 3, except that the material analyzed is not proteim. but
DMNAL) [t was a combination of restriction analysis and Southern blotting that
paved the way te a breakthrough in the understanding of antibody genes.

4.4 What was the essence of the breakthrough brought
through the use of these new technigues?

By the end of the 1970s, substantial information about the amino acid sequence
of antibody V-regions was acquired. As menticned in Chapter 3, the sequence
of V-regions of antibody heavy and light chaing produced by various myelomas
was completely deciphered Several laboratories, notably the laboratories of
8. Tonmegawa and P. Leder, set out to take advantage of that by designing
V-region-specific, complementary nucleic acid probes, and using them for the
antiboedy gene restriction analysis, These investigntors used probes that were
specific to the most C-termimal portion of the antibody light chain V-region. By
comparing the hybridization patterns after treating different clones of lymphoid
origin with restriction enzymes, they sought to wverify the prediction that
followed the Dryer—Bennett postulate about C- and V-genes, ie. that, unlike
C-genez, the V-genes are different m different B cell clones. Thew work,
however. resulted i the finding that seemed most unusual at the time.
Tonegawa called the above-mentioned probe =1, from “junctional”™ between
the V- and the C-regions of the lighi chain. He noticed that the J probe
hybridized to the restriction fragments whose size was only slightly different
in different lymphoid tumors but dramatically differing between B lymphocyies
and any other cell type (Fig. 4-1). The size of the restricion fragment that
hybridized with the J probe was substantially smaller m B cells than in any
other cells. The only way to interpret this result was to assume that the genetic
entity codimg for the N-terminal portion of the antibody V-region {a V-gene
segment) and the genetic entity coding for the adjacent C-terminal part of the
V-region (a J-gene segment) in all cells except B hmphocvies are separated by a
long stretch of DNA: in B lymphocytes, however. thig stretch is removed so the
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Fig. +1. Anthody-varsbls regon pens ssamargements. Shown s the Boothern blot analyss of
DA from o nonlymphoud cell and teg diferent B-lymplod cells {25, B-lymphod
trmenrs). The DA was treated wih & restochion enryme snd the resilimg frepments
separated by electropboress poaoy o blottng. The siles (lamped sequences) wlere the
enryme cuts wre shown by amows, The sze of the fmggment contammg @ pochion of the
ammnogioklm = bpht olmm gene called the jomog {1-) segmers = deternoned by vemg &
radhosctive probe that speciically boods to Teegmeent DA The see of T-sepment-con-
tanmg DA frepments mothe B cells 15 smiller thim m the non=B cells, ths mdciates thig

Eles peint e gabes wilwene e pestoction ensyme onls the DA are i s doferent position m
the genome of the B céls compared widh e non-B cell Ig, immemaplobalm. From
Abbas, B, A H Lxliman and T8 Pober, Celfalor and Moleotilor Tnmaodigr, fowth
editon. W B Ssvradess, 2000, 1. 195 (therr Fip 7T

two gene segments physically poin each other, are browgght o procimiin, 1e., they
are peviapescd.

Based on ther results, Tonegawa and others comrectly predicted that there are
many different antibody Veaegion gene sepments in the permline DNA,. These
segments are organized mte loa, and for the V-repion of the antibody light
chain, these lod inchide Veregion segments of two Kinds — V oand J segments. In
all cellz of the body the ¥V segments arve separated from each other, as well az from
the J segments, by long stretches of Trelevant DA, In B lymphocytes, however,
Voregion gene segmwnts rearcange, 1.6, a 'V segoent is brought to prosimity toa J
segment, Their other comrect assmmption was that in a given B lymphocyie, only
ofie Vo segment ot of many, and only one J segment ot of several, are chosen for
the rearrangement, Both of these assmmpiticns were later confirmed by many other
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laboratories and appeared to be generally true for antibody heavy as well as hght
chain V-regions.

4.5 Why was this result important for understanding the
work of antibody genes?

First of all, it explaned why only B lvmphocytes could use antibody genes. Short
V-region segments separated from each other by thousands of base paire of irre-
levant, meaningless DINA do not fonm transeription units and cannot. therefore,
be utilized for the production of antibody V-regions. Only when the individual
segments are juxtaposed, can they be transcribed and the V-region can be
expressed, Second, it showed that there exists an exact mechanism that creates
the antibody diversity. Sce only one out of many V segments is used for rear-
angement in a given B-cell clone, and the processes of rearrangement are stochas-
tic, then the mere combmation of many different mdividual segments already
creates many different “shapes™ of antibody-variable regions,

4.6 How many of the combinations between individual V-
region segments can be made?

It depends on the particular V-region locus. There are three types of them: Vi V.,
and V, (Fig, 4-2). Fach cell has two homelogovs Vi, tweo homelegous V;, and
two homologous Vy, loci. one locus per chromosome (all three types of loci are
mapped to different chromosomes). The light chain V-region loci (V, and V,)
consist of two kinds of gene segments: V and J segments. The Vi loci consist of
three kinds of segments. They have, in addition to the V and the J segments, an
additional kind of segments called I} segments (for “diversity™). The number of V
gegments in the human Vi locus (Vi segments) i known to be 80 to 100 {depend-
mg on the individual). The number of human I segments is approximately 30,
whilst Jiz segments number six. The number of V. and V;, segments, as well as the
number of individual segments m the V-region loci in the mouse is not exactly
known. but geed estimates have been made, It is geperally thought that in the
human as well as in the mouse, the V. locus has approximately 500 individual V,
segments and four J, segments. The V; locus in the mouse 15 small — it has only
twe V; and two J; segments. In the human, the V; locuos iz bigger and 1s thought to
contain approxmately 100 'V, and several J; segments,

As one can see from these data, there exists a substantial germfline diversity of V-
region gene segments. When rearrangements begin, there is a sizeable “starting
material” awvailable, so that a variety of different V, D, and J segments can be
picked m different B-lymphocyte clenes, The tetal number of all pessible combi-
nations between the V, the D, and the J segments (termed *‘combinatorial diver-
sity™) canmot. according to simple rules of combmatorics. be greater than the
product of multiplication between the three numbers. For example, the maximal
number of combinations between all the different segments in the human Vi locus
cannot be greater than 100 (i.e., the number of individual Vi segments) » 30 (the
number of D segments) = 6 (the number of Ji segments) = 18,000 (Fig. 4-2).



CHAFTER 4 B Lymphocytes and Immuno Genes a3

H chain Jocus (chramosame 14)
{n = E0-100) Ty (6 Fonctionel genes,
L1 Vgl Lo Vgn D (o> 20} 3 peendogenes) Cu Cs Gy Gl
s i {0
L] g 3o ¥, ]
€2 Gl Cy Cy2 G4 cl Ca2
e BRI s TR e I gy BN o SO g I -
VL i3 25 = 20 ig 23 0
¥ chain lecus (chrinmosmne )
o =~100)
L1 W, Lo Va I C,

& chaln locus (chrnmoscane 22)
(n=—~100)
L1 w1 Ln Vyn Kl Cyl K2 53 C,3 Ls C,4 %
s 1 #1 -'—l—III—ID—IE—I—DIj
€5 k6 G
{1 b
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4.7 Are there any other known mechanisms that explain
how all of the antibody specificities are created?

Yes. Clearly, the above-mentioned combimations alome cannot account for all of
the 10° antibody specificities. It is now known that during rearrangements, indi-
vidual ¥V, I, and J segments very rarely join each other precisely “side to side,”
They very often overlap each other to a greater or smaller degree, Alternatively,
they can jom in such a way that a gap between them remains; this gap s filled with
random nucleotides with the help of a special enzyme called terminal deoxyribo-
nuclectidyl transferase (TdT). Such junctional diversity creates a colossal number
of different amino acid sequences in the V-regions, because in two different B-cell
clones. even identical V segments used for rearrangement can join in a wide variety
of ways., Yet another factor that further diversifies the antibody repertoire is a
stochastic, independent pairing of heavy and light immunoglobulin chains. In one B-
cell clone, only one heavy and one light chain V region can form (see alwo below).
In a large population of B lvmphocytes. however, the tremendous number of
different Vg regions and the tremendous number of different Vi, regions, created
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due to the combimatorial and the junctional diversity, are pairing at random,
further mereasing the overall diversity of the assembled V-regions.

4.8 What prevents a diploid B lymphocyte from expressing
two different antibody V-regions (and therefore two
different antibody specificities)?

Both hemelogous V-region loci rearrange, What prevents a B lymphecyte from
expressing two different V-regions is the phenomenon of allelic exclusion. This
means that if ome of the two homologous V-region loci has rearranged produc-
tively, the other homelogous locus mmmediately stops rearranging. (Produoctive
rearrangement means that the joining of individual V-region gene segments did
not result in the appearance of stop codons of frame shift: see molecular biology
textbooks for details.) The exact molecular mechanism of allelic exclusion is
unknown, One hypothesig claims that the protein preduct of the first productive
rearrangement gignals back to the nucleus and semehow arrests the process of
rearrangement on the alternative locus. Allelic exclusion operates both on the Vi
and on the Vi loc.

4.9 Do Vy and V, loci rearrange simultaneously?

No. The Vi loci rearrange first. If one of them rearranges productively, the
other stops rearvanging, and one Vy-region is transcribed. The message from
the remrringed Vi, D, and Jy sepments (the “VyDJyg umit™) is joined with the
message from the Cp gene during the mRNA splicimg (see later sections of this
chapter). This allows the p chain to be translated. The nascent p chaim signals to
the Vy, loci, and they begin to rearrange. If both Vi locl rearranged nonproduc-
tively and no p chain is formed in the cell, the Vi loci will not even start
rearranging. This “unlucky™ cell will have no antibody on its surface and will
die shortly

4.10 DoV, and V, loci rearrange simultaneously?

The current working hypothesiz states that they do begin to rearrange simulta-
necusly. Once one of the twe homolegous WV or 'V lod rearranges productively.
the homologous locus stops to rearrange (allelic exclusion). Moreover, if either a
Vi or a ¥V, locus rearranges productively, both homologous loci coding for the V-
region of the other light chain isotype are immediately shut down. This phenom-
enon, peculiar to the antibody light chain V-region loci, is known as light chain
isotype exclusion. Because of this phenomenon, B lymphocytes almost always
express either kappa or lambda chains, and very rarely both. (The existence of
double-positive k" 2" lymphocytes is well documented, however; this tells us that
the light chain isotype exclusion dees not happen with such inevitability as the
allelic exclusion on the Vi and the Vi loci.)
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4.11 If all four V, loci fail to rearrange productively, will
the B lymphocyte still express the p chain and acquire
some new properties because of that?

It might express the p chain, but often it does not. The isolated antibody heavy
chains cannot be expressed on the cell membrane; to that end, they need to be
assembled with light chains, In some precursors of the maturing B lvmphocyies
(see later), molecules called surrogate light chains exist and allow the p chains to be
expressed on the membrane when joined to them. Yet, even if a B-cell precursor
expresses the heavy chain together with the surrogate light chain, it does not
“graduate” into the status of a B lvmphocyte and dies shortly. The surrogate
light chains have no V-regions, and thus the assembly of a heavy chain and a
surrogate light chain is not a functional antibody capable of interacting with
antigens.

4.12 How many rearrangements are productive, and how
many nonproductive?

The analysis of rearranged antibody V-genes from genomic DINA, which contains
both productively and nonproductively rearranged sequences, showed that the
ratio berween the former and the latter is, roughly, 40% to 60%%, Thus, the prob-
ability that at least one of the Vi loci is rearranged productively 12 0.4, and the
probability that at least one of the two Vi loci and at least one of the two Vi loci
(of either the two Vi or the two V) is rearranged productively is 0.4 x 0.4 = (0. 16.
In other words, the vast majority of cells that begins to rearrange V-region genes —
at least 54%% — do not finish the rearrangements in such a way that an antibody
molecule can be expressed. This low rate of success is compensated by the amazing
frequency of rearrangement events in maturing B lymphocyte precursors, and the
gigantic number of these precursors in bone marrow. It is thought that i the
human bone marrow, about 100,000 antibody V-region gene rearrangements
oveur every second.

4.13  Of the three distinct types of segment that V,, loci
contain (Section 4.6), which types rearrange first, or
do all three rearrange simultaneously?

The first event in the sequence of events comprising rearrangement in the Vg locus
(and, in fact, the very first event in the entire process of antibody V-region gene
rearrangement) 18 the joining of one of the D) sepmenis with one of the Jyy ses-
ments. This is followed by joining of one of the Viz sepments to the formed *“1D
umit,” a continuum of segments that still cannot be transeribed. Such a “two-step™
joining results in the formation of the VgD umt, which 18 the minimal transcrip-
tional unit in the Vi locus, The movement of the chosen Vi segment towards the
newly generated DIy unit™ proceeds even if the D to Ji joining resulted in the
appearance of stop codoens andjor in a ghift of the reading frame,
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4.14 What physical processes do actually happen during the
rearrangement of discrete DNA segments?

It is thought that when a maturing B cell receives certam signals from its micro-
environment, it activates otherwise dormant enzymes that catalyze the folding of
the DINA of its antibody V-regions into loops. The process of such folding, as well
as the excision of the imtervening sequences, is greatly facilitated by the special
recognition sequences located in the mtervening DINA. These sequences serve as
“docks™ w which the enzymes atach. In the V. locus, where the mechamstic side
of the imtibody gene rearrangement is best understood, the recognition sequences
are located 3 of each individual V. segment and 5 of each individual J, segment
(Fig. 4-3). They include a highly conserved heptamer (a streteh of seven nucleo-
tides), CACAGTG; two “spacers™ of varying, nonconserved sequence, one of
which is 12 and the other 23 nuclectides long; and a highly conserved nonamer
(a stretch of mine nucleotides), ACAAAAACC. The heptamer flanks every indi-
vidual V, segment on its 57 side {i.e., follows the V. segment immediately, without
gap), and 1s followed by the 12-nucleotide spacer and then by the nonamer. The
same CACAGTG heptamer famks every mdividual J, segment on its 3’ side (i.e.,
precedes it immediately, without gap); the heptamer itself is preceded by the 23-
nucleotide spacer. which is. in turn. preceded by the ACAAAAACC nonamer
(Fig. 4-3). When a rearrangement event occurs, the entire DINA between the
recombimmg V, and I, segments folds m a loop, and the heptamer that follows
the V, segment becomes juxtaposed to the heptamer that precedes the I, segment.
The CACAGTG sequence hybridizes with the complementary GTGTCAC
sequence of the opposite DNA strand within the boundaries of the other of the
two recombining heptamers. This “locks™ the loop of DNA on the side adjacent to
the recombining V, and J, segments. The other side of the loop is being “locked”
by  the hybridizing nponamers (ACAAAAACC and its  complement
TOGTTTTTGG). The 12- and 23-nueleotide spacers remain ingide the loop. It is
thought that the formed leop ig actually the structure that ig being recognized by
special enzymes called recombinases (their structure and genetic determimation
remain unknown). A recombinase is thought to excise the entire loop between
the recombining V, and J, segments and “stitch™ (ligate) them together. It is
thought that the described “looping is only one of the two possible mechanisms
of the V. -J, recombination; the other mechamsm mcludes an nversion of DINA
sequences (Fig. 4-3). Similar recognition sequences exist in the intervening DINA
between the Vi, D, and Ji; semments of the Vi loces, and similar recombination
machinery is thought to operate there.

4.15 Would it be correct to say that only lymphocytes
produce specific antigen receptors because only
lymphocytes have the enzymes that catalyze the
V-region gene rearrangement?

Not quite. Several different enzymes have been imphcated mto the V-region gene
rearrangement, and some of them are not specific for lvmphocytes, Several enzyvmes
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Fig. 4-3. Mechanism of antibody-vardable region pene rearrangement. (A) DINA recombination
recopnition sequences for the V{DW recornbinase that mediates antibody gene recombing-
tion., Conserved heptamer (7 bp) and nonamer (9 bp) sequences, separated by 12- or 23-
bp spacers, are located adjacent to 'V and J segments (for « and A loci) or to V, 1, and 1
segments (for the heavy chain locus). The engyme recopnizes these regions and brings the

sepments together.

that may participate in the rearrangement belong to the ubiquitous family of en-
Zymes that control DNA repair. Other enzymes are strictly Ivmphocyte-spevific. For
example, two enzymes that are coded by two different genes, called RAG-1 amd
RAG-2 (from “rearrangement activation gene™) are synthesized in immature T lym-
phocvies and in B lymphocvie progenitors that undergo V-region gene rearrange-
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ment, The RAG-1 and RAG-2 genes code for two proteins that form a dimer with
enzymatic functions, Cncee the V-region genes in a T or B cell have rearranged
productively, the RAG-1 and RAG-2 genes are irreversibly shut down. The tran-
scriptional activity of the RAG-1 and RAG-2 genes serves as a marker that allows
assigning a lvimphocyte precursor to a particular maturational stage (=ee later).

4.16 What makes a B cell rearrange antibody V-region
genes, and a T cell retain them in their germline
configuration?

This remains unknown so far. Some enzymes seem to “complement™ the work of
the RAG-1 and RAG-2 products by conferring the B- or T-cell spevificity to the
provess, Yet, the nature of these “lineage-directing” genes and their produocts has
not been elucidated,

4.17 What is the earliest stage of B-cell maturation when
the antibody V-region rearrangement machinery
becomes activated?

The cells that begin to rearrange antibody V-region genes are bone marrow lym-
phoid progenitors (see Chapter 2), Upon receiving signals from their microenvir-
onment, some of these cells activate the rearrangement machinery. The cells in
which a ID segment is joined with a Jy segment and po further rearrangement of
the Vi or the Vi loci is detectable are the earliest B-cell maturational progenitors
called pro-B cells. It is interesting that m 2ome mumors derived from T lympho-
cvtes. a D te Ji; rearrangement can be detected, This has been interpreted to mean
that pro-B cells can still “*revert”™ to the T lymphocyte lineage. Pro-B cells continue
to divide and receive maturational signals from their microenviromment.

4.18 What are the next steps in B-lymphocyte maturation,
and what rearrangement events occur during these
steps?

The next step m B-cell maturation includes joinmg of a Vi sepment to the re-
arranged “D g umie.™ If this event oceurs and one of the two homologous Vg loc
are rearranged productively, the lvmphoceyte is no longer called a pro-B cell, but
“eraduates™ into the status of a pre-B cell. In pre-B cells, the rearranged VDI
unit can be transcribed; after its message ig jeined with the message from the C,
gene, the entire immunoglobulin heavy chain of the IgM isotype can be translated.
The appearance of the p chain in the cytoplasm marks a stage in the “natural
history™ of a lymphocyte when it becomes 100%% committed to the B-cell lineage; a
gwitch to the T-cell lineage 12 no longer possible. In some pre-B cells, the p chain
remains in the cytoplasm, but in other pre-B cells it can be expressed on the
surface. To that end, the nascent p chain needs to be joined with a special molecule
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called a surrogate light chain. Thiz molecule iz coded by a gene that is outside of
the antibody variable or constant region loci, and although it resembles antibody
light chains, it has no varable region. Thus, even if the bona fide antibody heavy
chain with its V-region is expressed, the cell at this pomt of its maturation is still
unable to recognize antigens,

Pre-B cells continue to proliferare, and receive signals for further maturation. In
those pre-B cells that respond ro these signals and proceed to the next matura-
tional step, the light chain V-regions remrrange. When the Vi (either V, or V,)
rearrangement is complete and productive, the entire antibody melecule with its
heavy and light chains can be synthesized and expressed. This marks the “gradua-
tion™ of the Ivimphocyte into the status of an immature B cell. These cells express
antibodies on their surface and can recognize antigens. However, the antibodies
expressed by them belong exclusively to the IgM class, Also, an important feature
of the immature B cell is that unlike the mature B lymphocyte, it does not respond
to the event of antigen recognition by activation, Because of the immature state of
its enzymes that control signal transduction (see later), the immature B cell either
dies, or becomes functionally “silenced™ (anergic) after the specific antigen is
encountered.

4.19 How does an immature B lymphocyte become a
mature B lymphocyte?

In an immature B cell, the V- and Vi -regions are already rearranged productively
and no further rearrangements occur. Therefore, the “graduation™ into the status
of a mature B lvmphocyte 18 marked not by an additional rearrangement event but
by a shift in the way mmunoglobulin gene messages are processed i the cell’s
mRNA. All antibody molecules in immature B cells belong to the IgM class. In
mature B lyvmphocyvtes, however, antibody molecules of the Ighl and IgD classes
are synthesized and expressed simultaneocusly. Thiz is possible because of the
phenomenon well known to molecular biologists and termed alternative mBENA

splicing.

4.20 How does the alternative mRNA splicing allow B
lymphocytes to express IgM and IgD simultaneously?

C-regiom genes are located downstream of the Vg and the Vi locl. Unlike V-region
genes, the C-region genes do not exist in the germline as segments interrupted by
long stretches of irrelevant DINA. The C-region genes are uninterrupted exons,
one exon per one heavy chain izotype. In other words, in the germline, there are
Co. G, Cr* etc., exons that follow each other in a tandem array (Fig. 4.4). In the
primary (“immature”) mRENA molecule, the messages transcribed from these
exons are located downstream of the message transcribed from the rearranged
VDI unit. The €, message is the most proximal to the VD) message: the
(5 message is second proximal on the 3-side. In immature B lymphocytes. all
primary RNA transcripts are processed so that the excision of mtrons during the
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Fig. 4-4. Antibody-constant region genes. Genes encoding various heavy chain isotypes in humans
and in mice are shown.

mRNA splicing leads to joimng of the VDI and the C,, messages. The resulting
transcripts are translated as antibody p chains. However, with time, some imma-
ture B cells begin to process some of their primary mEBNA transcripts differently.
This alternative splicing mcludes excision of the introns between the VgD Iy and
the C,, messages as well as of the entire C, exon message, plus the message from
the intron between the C,, and Cg. The message from the VizDJy becomes thus
joined to the message from Cy, and the transcript can be translated as a delta
heavy chain, Ax time elapses, the VgDl to C; joining takes place in a bigger
portion of the mRNA transcripts. Euentua]]}f, the lvmphocyte processes roughly
50%0 of its pnmary mBNA transcripts so that the p chain can be translated, and
the remaiming 50%% so that the delta chain can be tramslated. This point in the

“natural history™ of a B lvimphocyte actually marks the beginning of its life as a
mature B lvmphocyte. From this point on, the B lyvmphocyte can not only recog-
nize antigens, but may also respond to a recopmition event by cellular activation.

4.21 Is IgD antibody crucially important for B-cell
maturation? What are the unique functions of this
antibody isotype?

In fact, no umque role of the Igl» isotype m antigen recognition or signal trans-
duction is known. The acquisition of this isotvpe expression due to the above-
described shift i the mENA splicing serves merely as a marker of the B-cell’s
maturity. It is believed that other molecules, m particular. signal transduction

enzymes, are truly important factors that mediate the progression mto the B-cell’s
maturity and ability to be activated by its specific antigen.

ANTIBODY GENE MUTATIONS AND THE GENERATION OF
SECONDARY ANTIBODY REPERTOIRE

4.22 Why are antibodies generated during secondary
responses ‘‘better’” than those generated during
primary responses?

In short, this is so because memory cells mediate secondary immune responses, The

concept of mmune memory and memory T and B lvmphocytes has been intro-
duced in previcous chapters. As we discussed, memory cells are products of T- and
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B-lymphocyte differentiation, Some B lymphoceytes that have encountered their
specific antigens are activated by these antigens and differentiate imto memory
cells. During B-lymphocyte activation mduced by most protem (and maybe
some polysacchande) antigens, many of the activated B cells undergo the process
of somatic muotation of their antibody-variable region genes, [n a certain micro-
environment created in the germinal centers (zee Section 2.31), the B cells with
mutated V-regions are tested for the affimity of their imeraction with antigen (see
Section 3.27). The mutants with the increased affimity are positively selected, ie.,
are given survival stimuli, and allowed to differentiate mto memory cells,

4.23 What are antibody V-region somatic mutations?

They are mostly pomt mutations (rarely inversions of deletions), strictly confined
to the V-region genes. The two most important features of these mutations are
their tight regulation and their astomshing rate. In the V-region genes of mature
Igh "IgD " B lymphocytes that have not encountered their specific antigen, the
rate of mutation is not higher than the rate of spontanecus mutation in any genes
of any somatic cells, i.e., the mutations are exceedingly rare. However, after the
encounter with the antigen in secondary lymphoid organs and an interaction with
other cells, notably activated T Ivimphocytes. the B cells are said to “turn on™ their
mutational mechamsm. What exactly does this mechanism constitute, or what
signals from the microenvironment induce it i not known so far. What is
known is that after this mechanism is activated, the V-region genes begin to
mutate at a rate of one out of 1,000 base pairs per one cell generation, This rate
is thought to be 000 to 10,000 times higher than the rate of spontanecus muta-
tion in all other known mammalian genes. The B lvmphocytes that undergo such
an intensive mutation proliferate very rapidly (approximately one division in
12 hours). Therefore, within several days after the antigen encounter and activa-
fion of this “hypermutational™ mechanism. the antibedy V-region genes accumu-
late a very large number of nucleotide substitutions.

4.24 What are the phenotypic manifestations of antibody
V-region gene mutations?

Many of these mutations are silent, 1.e_, they do not lead to replacements of amine
acids i the antibody V-region, Many other muations are replacement mutations,
i.e.. they do mamifest im mmino acid changes. These changes may or may not affect
the antibody affimty. In the case they do affect the affimity, it mayv mcrease or
decrease in the mutated antibodies. It has been demonstrated that, sometimes, the
decrease in affinity is so profound that the mutated antibody completely loses the
ability to bind its antigen. It is important to remember that the process of somatic
hypermutation i the antibody V-regions has no “brain;™ it is not specifically
aimed at increasing the antibody affinity. 1t is absclutely random, and stochastic
as far as affimties are concerned. It is the selection of high-affinity mutants that
actually makes the antibody affimity increase. Mutations are simply a “raw ma-
terial’ for this selection.



CHAFTER 4 B Lymphocytes and Immuno Genes

4.25 How does the selection of ““good”’ mutants work?

It oceurs exclusively in the microenvironment of a germinal center with its unique
cellular architectonics, It is believed that activated B cells turn their hypermuta-
tional mechanism on before they enter the germinal center, ie., in the parafolli-
cular areas of the lyvmph node, PALS of the spleen, or analogous areas of other
secondary lvmphoid organs, When some of them enter the germinal center, the
mutations continue to occur, and the rate of the cell proliferation increases to its
maximum. Because of such a strong proliferation, one part or “pole” of the oval-
shaped germinal center becomes filled with dividing cells very densely and is called
the dark zone. The rest of the germumal center is called the light zone. The cells that
fill the dark zone are called ceniroblasis; these are mostly activated and dividing B
lymphocytes, with just a very few occasional T lvmphocyies and dendritic cells
found among them. The hght zone is not nearly as dense. and the cells that
populate it are of two types. The first of these tyvpes are centrocytes, which are
B lvmphocytes recruited from the pool of centroblasts. Unlike centroblasts, cen-
trocytes do not divide (are out of cell cvele), and show signs of apoptosis, The
other type of cells in the hight zone are follicular dendritic cells (see Chapter 2).
These are large, irregularly shaped cells that resemble dendritic cells by their
morphology, although (as mentioned in Chapter 2) they differ from dendritic
cells in that they are not bone marrow-derived.

The selection of high-affmity mutants actually takes place in the light zone, and
follicular dendritic cells are major cellular mediators of this selection. They display
antigens to the centrocytes using their surface Fe- and complement receptors,
These receptors trap oluble antigen—antibedy complexes by binding to the C-
region of antibody moelecules attached to antigens. It is thought that various
antigens thus trapped by follicular dendritic cells are then “smeared™ all over
the large surfaces of these cells. Centrocytes randomly contact the follicular den-
dritic cells in the light zone and have a chance to “re-recognize™ their specific
antigens, 1.e., establish a complementary bond between their V-region and the
specific epitope. However, because antigens are “smeared,” their local conventra-
tion is rather low. Therefore, only B lyvmphocytes that have increased the affmity
of their antibodies due to somatic mutation are capable of establishing such a
connection. These “lucky” lvmphocytes receive a selective boost, which reverses
the apoptotic provesses that have begun to unwind in them. Eventually, they leave
the germinal center and differentinte into memory or plasma cells. Other B lym-
phocytes, being unable to “re-recognize™ their antigens, die by apoptosis. Thus, an
average affinity of antibodies in the pool of B lymphocytes that leave the germinal
center 12 much higher than in the B lymphocytes that enter the center.

4.26 Do all plasma and memory cells originate from
germinal center cells that have undergone the above
affinity selection?

MNo. Some of the plasma and memory cells origmate from B lymphocytes that have
not been selected m the germimal centers. Naturally, the affimity of surface-
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expressed as well as secreted antibodies in such cells is lower than in the ones that
passed the germinal center selection,

4.27 What other events, besides somatic hypermutation
and selection of the ““‘good” mutants, happen in the
germinal centers?

In addition to these events, the phenomenon of antibody class switch, mentioned in
Chapter 3. also happens there, After the encounter of s spevific antigen and
activation, the B lvmphocyte 2oon loses the ability of a mature resting B cell to
express [gD) in addition to Ighd, and for some time remains expressing [ghl only.
After a short while, many of the activated B hmphocytes that by this point have
entered the gernmanal center, begin to express the so-called downstream antibody
isotypes (mostly IgG, but also IgA and, oceasionally, IgE). Imitially, the mechan-
ism of the expression of these isotypes involves the alternative mBENA splicing
similar to the cne described in Section 4,20, At this peint, the message from the
Vi Iy unit in one given B lvmphocyte may be joining the messages from the C,
gene in one part of the mBNA transcripts and the messages from C,, G, or C;
genes in another part of transcripts. As expected, B lvmphocytes that undergo
such an alternative splicing may express Ighl and one of the downstream isotypes
(but not 1gD). Later, however, an entirely different mechamsm takes over. Due to
this mechanism, called switch recombination, the B cells completely and irrevers-
ibly lose the abihty to express both IgM and Igl) and begin to express exclusively
one of the downstream antibody isotypes.

4.28 How does switch recombination work?

It oceurs not at the mENA but at the DINA level and is, o a way, similar to
antibody V-region gene renrrangement. Each of the Cyy genes is preceded by a long
(5-10kb) intron, called a switch (5-) region. Activated B lvmphocyies that enter
the germinal centers receive external stimuli (especially signals from cytokines; see
later) that imtiate the utanscription in the switch regions. This results in the
appearance of the so-called “sterile” or “germline” transcripts of the C-region
genes together with the messages from the S-regions themselves. Once the sterile
transcripts appear, the DINA folds i such a way that the VDI unit recombines
with the particular C,, gene that has formed the sterile transcript. All C-region
genes that happen to be between this recombinming C, and the VI ]y are deleted
(Fig. 4-5). Nete that differem signals, and, in particular, different crrokines
(Chapter 10) activate sterile transcription of different €, genes, and thus direct
the class switch.

4.29 What is the purpose of the class switch?

It has been shown that more mutations aceumulate in VgD units that are joined
o the downstream C-region genes {especially IgG) than to the C, gene (or its
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Fig. 4-5. Switch recombination. A proposed mechantsm for class switching in rearranged antibody
heavy chain penes is shown.

message). Because of that, more of mutational “raw material” is provided for the
selection of high-affmity IgpG mutants than IgM mutants. As a result, average
affinity of the Ig(G antibodies is much higher than the average affimity of the
Ighl antibedies. To seme extent, Ighd antibodies compensate their low affinmity
by joining in pentamers and thus bemg of a greater avidity. Sall, the affimity of
most IgM antibodies ehcited during primary immume responses rarely exceeds
mediocre values (average Ky ~107°M). while the K; of many high-affmity 1gG
antibodies elicited during secondary immune responses is 107 M or less. Also,
IgG o and IgA antibodies perform some special effector functions (see Chapter 13).

4.30 (Can antibodies switch to downstream isotypes, and
yet not mutate?
It has been demoenstrated that in some artificial tssue culture systems. B Ivmpho-

eyvtes proliferate very extensivelv and switch to downstream isotypes, but do not
turn om their hypermutational mechamism; thus, they acquire the so-called “partial
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germuinal center phenotype.” This indicates that signals necessary to turn on the
hypermutational mechanism do not completely overlap with the signals necessary
to induce the antibody class switch,

4.31 Are somatic mutations of antibody V-regions evenly
distributed over these regions?

Neo. Many more mutations are usually found in CDE than in FR, One reason for
that may be that CDR or, rather, parts of FR that are immediately flanking them,
contain some mutational “hot spots,” i.e., sequences that signal about the imtia-
tion of the mutation. Another reason for the preferential accumulation of muta-
tions m CDE may be that perhaps many more B-cell clones with mutations in
CDR are positively selected in germinal centers than clones with mutations im FR.
Indeed. mutations in CDR directly affect the antibody interaction with its specific
epitope. If one compares the nuclectide sequence of a specific antibody with the
permline sequence of the corresponding V-region genes, ome can see that often,
many mutations concentrated in the CDR are replacement mutations, i.e., they
lead to a substitution in the amine acikd sequence. A high ratio of replacement to
silent mutations (R:S ratio) in specific intibody CDR indicates that the selection in
the germinal centers favored particular mutants over the initial unmutated B cells.
Some antibodies specific to protein epitopes and elicited during secondary immune
responses have an R:S ratio of more than 10:1. On the contrary, in some other
antibodies the R:S matio is extremely low, which mdicates that the unmutated
configuration was optimal for the epitope binding. This feature ig especially char-
acteristic to antibodies to polysaccharide epitopes.

@f) Questions

REVIEW QUESTIONS

1. What is immunoglobulin allotype, and how different is it from immuneglobulin iso-
type?

2. Briefly snmmarize, what principally new information was obtained from Tonegawa's
EXperments.

3. A hnman Vi segment called Vg6 is located in the germline just § of the first {or the
most §) of the six Ty segments. You extracted DNA from an antibody-producing cell,
treated 1t with a restriction enzyme, ran the digest on a gel, amd prepared a Southern
blot of this gel using a Vgb-specific probe. What conclusions will you make if you: (a)
see the Vb band; or (b) de not see the Vg6 band in the antibody-producing cell but
see it in a DNA prepared in the same manner from the same individual’s granulocyte?
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4. (a) Transgemic mice are mice that express a certain gene that has been imected into

their zygote. Depending on a promoter that 15 ingected together with the gene, it will be
expressed in a certain cell type. Imagine that you have a monse transgenic for RAG-1
gene, which is nnder such a promoter that it is expressed in all cells of this motse. How
different will this mouse be from its normal counterparts?
(b Enockout {(KO) mice are tuce in which a functional gene or a group of functional
genes is “killed”™ by a special technique called homoelogous recombination. Imagine
that you have a KO mouse that has her RAG-1 and RAG-2 genes “killed.” How
different will this mouse be from her normal counterparts?

5. If D segments did not exist, which mechanism of antibody repertoire diversification
would it affect more — combinatonial diversity or junctional diversity? Provide some
calculations that would back your answer.

6. Of the three CDR, which one 18 most likely 1o serve as a umgque marker of a given
hmphocyte clone? Why?

7. FACS analysis revealed that a lvmphoid tioner cell does net express immunoglobulins
on iis surface. Yet, when a lysate was prepared and examined by Western blotting with
an antibody specific o an immunoglebulin chain, a clear band was seen. What 1s the
origin of this tumor? What kind of immunoglobulin chain was the antibody specific to?

B. Out of the ~80 human Vi segments, some are used for rearrangement more frequently
than others. For example, a segment called ¥V3-23 is used much more often than any
other segment. Two hypotheses have been offered o explain this phenomenon: one
slggests that this unusnal frequency is due to some molecular mechanism that facil-
itates the use of this segment; the other states that lvmphocytes that express a V3-23-
coded antibody are sommeheow favored. How would you evaluate these hvpotheses? Use
the knowledge about stages of B-cell maturation presented in this chapter.

9. What is the most essential difference between light chains and surrogate light chains?

1. Bead the following statement: “Unmutated antibodies are uspally of low affinity.
Because of the somatic mutation in antibody V-regions, antibody affinity substantially
grows, which is called affinity maturation.” What is wrong with this statement?

11. What would happen to the immune system of an animal with 2 genetic defect that
would hamper the development of follicular dendritic cells?

12, In a2 nucleatide sequence of an antibody variable region, one finds 25 muclectide
substifutions in its CDRs compared to the penmline sequence; of these one is a silent
substitution and 24 are replacement mutations. In ancther antibody, fen substifutions
are found in its CDRs, twoe of themn are silent and eight are replacement mutations.
What hvpotheses can you offer regarding selection of the cells that made the two
antibodies? Which of the antibodies is likely to be specific to a protein, and which
to & polysaccharide?

MATCHING

Directions: Match each item in Column A wath the one in Cohwnn B to which it is most
closely associated. Each item in Colimn B can be nsed only once.

Colwrmm A Colunmm B
1. Allotvpe A. Stop codons
2. 1 probe B. JTunctional diversity

3. D segment . Heavy chain
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4, Independent pairing D. D to J rearrangerment
5. Overlapping E. Follicular dendritic cell
6. Pro-B cell F. Mendelian fashion

7. CDR G. Scouthern blotting

B. Sterile franscripi H. B:S ratio

9. Nonproductive rearrangement L. Class switch
10. Complement receptors I. Heavv and light chains

Answers to Questions

REVIEW QUESTIONS

1. Allotype 18 a product of an allele that codes for an antibody chain. On the other hand,
1sotvpe 1s a product of a distinct antibody constant region loews.

2. These experiments showed that immunoglobulin genes are coded in the germline as
“pieces,” or segments, and that these segments physically move towards each other,
uxtapose, during B-cell differentiation. This explains why only B cells can produce
antibodies, and why different B-cell clones produce different antibodies.

3 If a Vg locus is rearranged and a Vg segment joins a DY unit, everything that is in
between is deleted. Therefore, if you see the V6 band (which indicates that the Vi
sepment has not been deleted), it means that at least one of the hwe Vi locd has not
been rearranged. Since the cell you extracted the DINA from the cell that produces an
antibody, the interpretation is that one of the two Vi loci has rearranged and the other
has not. If you don't see the Vb band, it means that both Vi loct are rearranged. One
of them must have been rearranged productively (because the cell produces an anti-
body), and the ether nonproductively. The gramuilocyte control is important because 1t
tells you that the reason you don’t see the Vg6 band is not that your probe does not
work.

4. {a) It might not be different from its normal counterparts. Although the RAG-1 gene
will perhaps work in all cells of this mouse, by itself it is not sufficient to induce
antibody gene rearrangement in the cells where it will be working,

{B) It will differ from its normal counterparts in that antibody 2nd TCR. genes will not
rearrange, and B and T hmphocytes will not be produced. This mouse is likely to
suffer from severe infections and die early unless placed in sterile conditions.

5. Junctional diversity. The number of I segments is not all that great (not bigger than
30) to impede the combinatoriz] diversity. If I segments did not exist, the combina-
tonal diversity of heavy chains will be charactenzed by the munber {(~100 Vi segments
w 6 Jy segments =) 600, This is clearly not enough to account for the diversity of
antibodies in higher vertebrates. However, if all 30 ID segments were present in the
germlinge, the combinatorial diversity of heavy chains will be characterized by the
munber (~100 Vi segments ~ 30 Jy segments ~ 6 Jy sepments =) 18,000, which 1s
also clearly not enough to account for the diversity of antibodies in higher vertebrates.
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Therefore, the real significance of D segiments is to increase the junctional diversity and
thus to increase the size of antibody repertoire,

6. CDDE3. While the other two CDEs are coded entirvely by V sepments, the CDER3 is
coded in part by V sepments amnd in part by other segments vsed for antibody gene
rearrangement. In particular, heavy chain V-region CDR3 is coded by a 3" part of the
Vy segment, the entire 1) segment, and a 5 part of the Iy segment. Any two random
B-cell clones can utilize the same Vi segments with a certain probability; the prob-
ahility of these two random B-cell clones to utilize the same Vi, the same D, and the
same Jy segments will be orders of magnitude lower:; the probability of these two
random B cells to not only to utilize the same segments but also to join them in the
exactly same manner (with the same degree of overlap or gap) is so meager that it can
be roughly counted as nonexistent, Therefore, it is very likely that no two B-cell clones
will have identical CDE3s.

7. The tumor originates from a pre-B cell, and the kind of nmmunoglobulin chain 1s a
heavy chain. It is produced in the cell but remains in the cytoplasim.

8. One should look at pre-B cells. If these have the same bias towards V3-23, hvpothesis
#1 1s more likely te be correct.

9, Light chains have real V-regions while surrogate chains do not.

10. It presumes that any somatic mutation in the V-region will necessarily increase the
affinity of the antibody. However, this is not the case. These mutations are random,
they can increase the affinity or not have any effect on it or decrease it. Tt is not the
mutation per s but the subsequent selection of useful mutanis that accounts for
affinity maturation.

11. There will be no selection of high-affinity mutants, and hence no antibody affinity
maturation and no memory cell development as we know it.

12. The clene that made the first antibody was under 2 positive selection (mutants got a
selective boest while clones that had no mutation were distavored). The second clone
was Under a negative selection (unmutated vanants were favored). The first antibody 1s
likely 1o be specific to a protein, the second to a polysaccharide,

MATCHING

LF 2, G 3, C:d, 5 B e, D7, H: 8 19, A: 10, E



The Major
Histocompatibility
Complex

Introduction

The major histocompatibility complex (MHC) 18 a genetic region, and an armay of
its protein products whose primary role is to regulate immune responses, especially
I-cell-mediated immune responses.

The name of this complex is historical, and reflects only a small “shee™ of its
function, namely, its involvement in the rejection or acceptance of tissue grafts
(Greek, “histos”™ — tssue). Obviously. since no organ or tissue transplantations
take place m nature. many investigatorg tried to understand the tree rele of the
MHC =ince this complex system of genes and protems was frst discovered.
However. the progress in this area was slow. Although the MHC genes and
their protem products were mmpheated in the repulation of T-cell mmune
responses, no verifiable mechanism of their invelvement in these responses was
offered until the mid-1980s, i.e., more than 40 vears after the MHC complex was
discovered. Such a mechanism became testable only after the structure and the
genetic determunation of the TCR was deciphered (see Chapter 6), and some
crucial details of the pathways of antigen processing and presentation became
known. The discussion i this chapter will focus on the gradual transformation
of the conceptual knowledge about the MHC. We will see how the perception of
the MHC evalved from that of a polymorphic marker system useful for practical
purposes (e.g., matching of the donor—recipient pairs during organ transplanta-
tion) to that of a system of pelymorphic molecules that directly regulate antigen
recognition by T lvmphocyvtes, thus influencing on all of the subsequent events that
oceur during Immune responses.

Copynght 2002 by The MeGraw-Hill Companies, Inc. Click Here for Terms of Use.
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Discussion
5.1 How was the MHC discovered?

Imitially, it was discovered through the methods of classical gepetic analysis,
Geneticists whe were mterested in the question, what gene or gene(s) control
the rejection or acceptance of transplants, bred straing of mice i which all genetic
loci were made homozygous because of the inbreeding (crossing littermates) for
many generations. Within such mbred strains, all individuals are genetically iden-
tical, like identical (monczygotic) twins, Any two inbred strains, however, differ in
their genetic make-up becausze they carry different allelic versions of their genes, By
the end of the 1930s and early 1940s, many inbred murme straims were available,
and 1t became possible to trace the fate of transplants (usually skin grafts) n
different strains, or in individuals within a strain, After these experiments had
been done, simple laws of transplantation were established, These laws stated
that the skin grafted from one individual to another within any given mbred strain
is always accepted, while the skin grafted from a mouse that belongs to one inbred
strain to a mouse that belongs to another inbred strain 1 always rejected. In other
words, a symgeneic transplantation (same allele in the donor and in the recipient) is
always a success, while an allogeneie transplantation (one allele in the donor and a
different allele in the recipient) is always a failure. Furthermore. an F1 hybrid from
a cross between stram A and strain B always accepts skin grafts from either
parent, but neither parent accepts skin grafis from the F1 hybrids, The conclusion
made from these basic observations was as follows: (1) a gene or a linked group of
genes controls the reaction against foreign tissues; and (2) these gene(s) exist as a
large number of alleles in random-bred populations, and are inherited in a co-
dominami fashion (that is why an F1 hybrid between the strains A and B has the
AB phenotype; therefore, the expressed A allele is rejected by the B parent and the
expressed B allele is rejected by the A parent). Further analysis showed that
indeed, there exists a group of linked multiallellic (or polymorphic) genes that
contrel the acceptance or rejection of transplants. The entire genetic region that
18 responsible for the acceptance or rejection of transplants in the mouse was, by
the proposition of F, Gorer and G, Snell, called H-2 (where the “H" stands for
“histocompatibility™).

5.2 What individual genes (or loci) are included in the
above-mentioned group of linked H-2 genes, and how
were they identified?

A major tool used for the identification of these loci was the so-called congenic
mice. Any two congemic mice are identical on all their genetic loci except those that
belong to the H-2. The methed of breeding the congenic mice (Fig. 5-1) is, in a
way. similar to the Mendelian testeross, but repeated in many generations in a
row. If an F1 hybrid between the strams A and B is back-crossed with one of the
parents (i.e., the A parent), 50% of the F2 offspring resulting from this back-cross
will be heterozygous on the H-2 locus (1.e., will have the A and the B allele), and



Fig. 5-1.

Backeross F1 to MIC* parent and
mmmm

Al genes except MHC are detived
from MHC® sirain.
MNew strain is termed A.B congenic strain

Method of breedmng congenie mice, Mice of twe stralns, strain A with genorype a and strain B with genorype
b are crossed, and their F1 hybrid progeny, which are heterozygous at all loci inchoding MHC™® | are back-
crossed to parental strain A, The F1 back-cross progeny, which are homosygous (AA) at 50% of their loc,
are selected for expression of the other parental MHC (b); those that are MHC®**Yare back-crossed again to
strain A, This continues for 10 back-cross generations, after which the mice are homezygous A at virtually
all loct exeept MHC, whers they are afby, These mice are intercrossed amd selected for homozypocity at the
MHC for alleles of donor origin (MHC"). Virtually all the rest of the genome is derived from strain A to
which the MHC genotvpe MHC” has been back-crossed. These mice are strain A congenic for MHC" and are
designated A B, They can be vsed to detormine if genetic traits that ditfer between strain A and strain B map
to the MHC.
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the other 50%% will be homozygous on the H-2 locus (i.e., will have two A alleles),
The hetero- and the homozygotic can be easily told apart because either parent
will reject the skin from the heterozygotes. These heterozygotes are selected from
the F2 and further back-crossed with the A parent. Note that in the F2, any given
heterczygote has 50% of the genes mherited from the A parent and 50% of the
genes inherited from the B parent. Among the offspring of this pext back-cross,
again. 50% will be homo- and 50% beterozygous on the H-2 locus, bur the
heterczygotes will carry only 25% of the “B" genes. By the same logic, the F4
generation will be 50%% home- and 50%% heterczygous on the H-2 locus, but the
heterczypotes will carry only 12.5% of the “B" genes, After more than 20 pen-
erations of back-crossing. virtually no “B* genes will remain in the mice resulting
from the back-cross, except the “B™ alleles of the H-2 genes. If such mice are now
allowed to imterbreed, 25% of the progeny will become homozygous on the H-2
loct, carrying twe “A™ alleles, and 25% homozygous on the H-2 loct and carrying
twe “B” alleles (Fig, 5-1). The mouse that carries two identical *B* alleles within
its H-2, and no other B alleles, will be congenic to the mouse from the origmal A
strim: all their genes. except the genes within H-2. will be wdentical. Once an
mvestigator has a number of congenic mice, these can be crossed, and the inheri-
tance of different H-2 alleles followed.

An extensive analysis of crosses between congenic mice revealed an internal
complexity of the H-2. It became apparent that H-2 is not a single locus, but a
group of loci that follow each other in a tandem array alomg the chromosome. The
analysis of recombinants resulting from crosses of different congenic mice showed
that within the H-2 region, two nonhomologous loct can be found, each of them
showing a wide varety of alleles and being separated from the other by a relatively
long segment of the chromosome. It was concluded that these loci are the terminal
loci of the H-2 complex, while the segment of the chromosome that separates them
18 the internal "subregion™ within the H-2, The two ternminal loci were called H-2K
and H-D, amd the internal “subregion”™ was called L. Later, it was shown that the |
“subregion” contains two separate loci, I-A and I-E. (An additional locus, called
H-25, was thought to exist within the I subregion and contrel the function of the
so-called suppressor 'T' lvimphocytes, but the data were not confirmed. ) All four of
the mentioned loci are extremely polyvmorphic (dozens or even hundreds of their
alleles exist in random-bred murine populations), and code for proteins that are
extremely important for transplant rejection or acceptance. A Afth locus was later
discovered in the mouse and called H-2L; its protein product turned oot to be
structurally similar to the products of the H-K and -1

5.3 How were the human histocompatibility genes and
proteins discovered?
Apparently. am analogue of the H-2 complex must exist in humans. but a different
methodology should have been employed for the studies of its structure (for
obvious reasons). A major tool in the early studies of the MHC in humans was

gera collected from multiparous women, i.e., women who had many children of the
same husband. When a woman becomes pregnant, the antigens that the fetus has
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inherited from the father stimulate her immune system, and the antibodies against
these allogeneic antigens (alloreactive antibodies, or alloantibodies) are generated.
Each successive pregnancy results i am increase of the alloantibody titer. The
serum that contains alloantibodies is called alloantiserum. Alloamtisera can be
tested for their reactivity with cells taken from a large number of unrelated donors.
This way, one can identify donors that share the antigenic alleles with the father of
the woman’s children. The alloantisera that are known to detect a certam allele
can be further vsed for tracing of this allele m the donors’ fanilies. Agam, through
the analysis of recombinant phenctypes in these families it was possible to make
conclusions about the imternal complexity of the human MHC complex (which
was called “HLA,” from “human leukocyte antigens™).

The analysis of the allcantisera reactivity patterns and the family studies showed
that the HLA complex in humans is organized, principally, in the same way as the
H-2 complex in mice, Similarly te the H-2, the HLA ig a large region; it is mapped
to the human chromeseme 6. 1t containg three extremely pelymoerphic leci whose
allelic products cam be detected by antisera; these loci are called HLA-A, HLA-B,
and HLA-C. Later studies showed that structurally, the products of the HLA-A,
-B. and -C are very similar to the murine H-2K, H-2D, and H-2L. The HLA
complex also includes loat that code for proteins whose allebic variations are detect-
able not by alloantisera, but rather by the mixed lymphocyte reaction (a prolifera-
tive reaction of cultured lymphocytes im the case of allelic mismatch; see later
sectioms). These loci were collectively called the I region; a later mapping analysis
showed that thiz region includes three separate loci called HLA-DR (from “D-
related™), HLA-DP, and HLA-D). Subsequent structural studies showed that
these three loci are very similar to the above-mentioned murine I-A and 1-E loci.
Because of the obvious similarity between the human and the murine systems, it
was proposed to call the murine loci H-2K, H-21D, H-21, and the human leci HLA-
A, -B, and -C MHC Class I genes, and their products MHC Class I antigens. On the
other hand, the genes 1-A and I-E in the mouse and HLA-DR, -DP, and -IDQ m the
human were called MHC Class Il genes, and their products MHC Class Il antigens.

5.4 What is the extent of the MHC polymorphism, and is
there a conventional way to denote MHC alleles?

Each of the MHC genes m the mouse. as well as in the human, exists in an
extremely large number of allelic variations. The exact number of alleles is not
known; but as the technology develops, new alleles are being discovered routinely.
By the mid-199{s, international workshops recognized the existence of as many as
150 alleles of some MHC loci.

The conventional way to denote MHC alleles differs in the murine and human
systems. Traditionally, small Latin letters on the right side of the capital Latin
letter denoting the locus denotes the murine MHC alleles, in superscript, For
example, there are H-2K® (pronounced “H-2K of a”), H-K", H-KY, H-2I, 1-
A¥, I-EY alleles, etc. In the human, Arabic numbers following the name of the
locus denote the alleles of the locus. for example, HLA-A2, HLA-A2E, HLA-B7.
HLA-DEIL, HLA-DFP14, etc. The constellation of alleles of all of the MHC loci on



CHAFTER 5 The Histocompatibility Complex

one chromosome i3 called a haplotype, Inbred mice, by definition, carry one allele,
which is identical for all genes m all imdividuals within a strain (and differs from
another allele that is carried by another strain). Therefore, it is acceptable to say
that, for example, the BALByc) inbred strain has a haplotype H-2°, which auto-
matically means that every individual mouse of this strain has alleles H-2K9,
H-2D% H-21° I-AY, and 1-E? en both homelogous chromosomes, Obviously,
andom-bred humans can have differemt alleles of different MHC loci, and can
be either homo-, or heterozygous on any of these loci. For example, an individual
can carry alleles HLA-Al. HLA-B2, HLA-C4, HLA-DRE, HLA-DPX), and
HLA-DO40 on one of the two homoelogous chromosomes, and alleles HLA-AT,
HLA-BY9, HLA-CI1, HLA-DRS, HLA-DP3, and HLA-DQ30 on the other chro-
mosome {note that this individual is homozygous on the HLA-DR locus and
heterczygous on other MHC loci). Any two homologous alleles are co-dominant,
which means that, for example, if a person inherits the HLA-A2 and the HLA-A2ZE
alleles, both will be expressed. Thus, if a human individual is heterczygous on all
six HLA loci, he or she can express at least 12 different allelic HLA antigens per
vell. (In fact. more than 12 can be expressed because. as detailed later, the Class 11
antigens consist of two pelypeptide chains, and more than six pairs of these chains
can be expressed by the same cell )

5.5 What is the structure of MHC antigens?

Class I and Class II MHC antigens have somewhat different structure, MHC Class
I molecules in both human and mouse consist of two polyvpeptide chains that
dramatically differ in size (Fig. 5-2). The larger (=) chain has a molecular weight
of 44 kDa in humans and 47 kDa in the mouse, and is encoded by am MHC Class 1
gene. ‘The smaller chain, called B-2 microglobulin, has a molecular weight of
[2kDDa in both species, and is encoded by a nonpolymorphic gene that is mapped
outside of the MHC complex. There are no known differences i the structure of
the human MHC Class I antigen o chains encoded by the HLA-A locus compared
to those encoded by the HLA-B or the HLA-C loci, or in the structure of the
murineg MHC Class 1 antigen o chains encoded by the H-2K locus compared to
those encoded by the H-2ID) or H-21 leci. Regardless of which of these loci codes
it, the o chain can be subdivided into the following regions, or domains (Fig. 5-2):
(1) the peptide-binding domaim; (2) the immunoglobulin-like domain; (3) the
transmembrane domain; and (4) the cytoplasmic domain, The peptide-binding
domain is the most N-terminal; it is the only region of the molecule where allelic
differences in the amino acid sequence can be lecalized, As seen from its name, the
peptide-bindimg domain of the molecule includes the site to which antigenic pep-
tides bind. It makes much sense to have this site exactly where the allelic differ-
ences are. because different MHC alleles accommodate peptides better or worse,
thus influencing on the magnitude of the T-cell response (see later sections), X-ray
crystallography showed that the peptide-binding site in the MHC Class I mol-
ecules looks like a cleft that has a “floor” and two “walls” formed by spiral-
shaped portions of the alpha chain. called alpha 1 and alpha 2. Since the
“floor™ of the peptide-accommodating clefi is closed, only relatively small
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Fig. 5-2. Strucrure of MHC Class T antipens, See rext for derails.

peptides, consisting of 9 to 11 amino acid residues, can be “stuffed” there. The
immunoglobulin-like domain is structurally conserved, and resembles a domain of
an antibody C-region (see Chapter 3). It contains the binding site for the T-vell
accessory molecule CDE (Chapter 2; see also later sections of thiz chapter, and
Chapter 6). The transmembrane and the eytoplasmic domains ensure that the
alpha chaim spans the membrane and is properly expressed by the cell. The [i-2-
microglobulin chain is also vitally important for the proper expression of the alpha
chain, There are some mutant lympheid cell lines (notably Daudi) that de not
express MHC Class T molecules because of the defect in the [-2-micreglebulin
Fene.

Class 11 MHC molecules (Fig. 5-3) in both human and mouse consist of two
polypeptide chains that have a similar, albeit not identical size, One of them is
called alpha (=) and the other beta (J}). The molecular weight of the o chain is
3234 kDa, and of the [} chain 29-32kDa. A separate gene controls each of the
chains. Thus, the murine 1-A locus actually consists of the Io and Ip genes, the
human HLA-DR locus of the HLA-DRa and HLA-DRJ, ete. Both the o and the
[t genes are polymoerphic. The § genes of seme of the MHC Class 11 leci can be
tandemly duplicated. so, instead of one gene per hemologous chromesome, a cell
can have two or three. Because of that, one cell can simultaneocusly express more
than two allelic products of each of the MHC Class Il loci. For example, a cell can
express allelic products of its HLA-DE molecule that can be identified as HLA-
DRzl — HLA-DR[1; HLA-DR22 - HLA-DRf2; HLA-DRal - HLA-DRp2;
HLA-DRax2 - HLA-DRJI1; etc. Overall, one cell can simultanecusly express as
many as 20 different MHC Class 11 gene products because of this tandem duplica-
fion phenomenon,
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Fig. 53, Structure of MHEC Class IT antigens, See text for details,

The structure of the o and the B chains of the MHC Class 11 molecules re-
sembles that of the alpha chaim of the MHC Class I molecules in that the former
can be alzo divided into the peptide-binding, the immunceglobulin-like, the trans-
membrane and the cytoplasmic domains. One important difference. however, is
that the peptide-binding cleft in Class II molecules is formed by both alpha and
beta chains. Although positioned close o each other in space, the spirals of the
alpha and the beta chains that form the cleft are not physically bound to each
other. Because of that, the “floor” of the peptide-accommodating cleft in Class 11
MHC molecules is “open,” or “has a hole™ in it (Fig. 5-3). That allows MHC
Class II molecules to accommodate peptides that are larger than those that fit
MHC Clazs I molecules. The mmunoglobulim-like domain of the MHC Class I1
molecules contains the binding site for a T-cell accessory molecule, CIDM (see later
chapters). Thiz site cannot bind the above-mentioned CDE moelecule. We will
discuss the functional implications of the specificity of CID4 to Class 11 molecules
and CDE to Class 1 molecules in later chapters.

5.6 How do peptides interact with the MHC molecules?

The interaction of peptides with MHC molecules 1 in a way similar to the inter-
action of antibody or TCR. V-regions with their respective higands, but it has some
properties that distinguish it from the above. First, the affinity of peptide-MHC
interaction is verr Jow; the Ky of this interaction does not fall below 107°M,
Second, the "on rate” of the peptide-MHC interaction is much faster than the
“off rate.” Studies performed with the help of the equilibrium dialysis technigque
have shown that it takes approximately 15-30minutes for a peptide to saturate
MHC Class Il molecules; once bound, however, the peptide will remain in the
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peptide-binding cleft for many hours or even many days before it dissociates, This
i8 0 becausze the peptide-binding cleft has many “pockets” that change their
conformation after the peptide binds, making it more difficult for the peptide to
fall off. Fimally, the allelic varations m the sequence of amino acids in the peptide-
binding domain determine, which peptides will be bound by an MHC molecule
well, which will be bound poorly, and which will not be bound at all.

5.7 Is differential peptide binding the explanation of the
regulation of T-cell immunity by MHC?

Yes, T-vell responses can be stronger or weaker depending on the allele of the
MHC molecule that presents the antigen te the T cell. In faet, this idea appeared
much earlier than the data about peptides and MHC being the ligand for the TCR.
As early as the early 1970s. B. Benacerraff and his co-workers showed that inbred
guinea pig T cells respond to synthetic polypeptides stronger or weaker (or not at
all) depending on the particular inbred strain carrying the particular MHC allele.
Subsequent experiments showed that the gemetic entity responsible for this
phenomenon mapped to the central (I-) region of the guimea pig MHC.
Benacerrafi and others obtained similar results i mice and rats. Benacerraff pro-
posed to call the genes that regulate T-cell-mediated immunity “Ir-genes™ (from
“mmmune response” or “immune regulation™). Later, it was gshown that the exact
mechamism of this regulation includes a direct mteraction of peptides with the
corresponding domain of the MHC products. The allelic specificity of this inter-
action determines the magnitude of T-cell response to a wide variety of protein
antigens,

5.8 Does the allelic specificity of the binding mean that
only one polypeptide can bind to any given MHC allele?

No. Although the total number of MHC alleles is very big, it is still not nearly as
big as the total number of antibedy or TCR specificities. Therefore, the available
MHC alleles are not numercus enough to accommaodate all the tremendous varni-
ety of existing peptides. What does happen is that groups of peptides can be
preferentially accommodated by a particular MHC allele, These groups can be
guite large, but all peptides within such a group possess certain similarities in their
amino acid sequence and structure.

5.9 How many representatives of peptide “groups” can
bind one MHC molecule at a time?

Only one, It does not mean, however, that an MHC molecule is either occupied by
the “right” peptide or remains “*bare.” The MHC molecules need to be “stuffed™
with peptides all the time, because without peptides filling their peptide-binding
clefts, they are structurally unstable, After one peptide has dissociated from the
peptide-binding cleft, another one occupies it almost immediately,
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5.10 Are only foreign peptides able to associate with the
MHC molecules?

MNot at all. In fact, the majority of MHC molecules expressed by all cells of the
body are at any given moment of time oceupied by peptides generated from self
proteins. Only a tmy mmority of the MHC molecules shows foreign peptides to T
cells. The T Iymphocytes do not react with self peptides not because these are not
presented to them by the MHC melecules, but because the cells with self peptide-
reactive TCR have been eliminated from their pool by negative selection i the
thymus (see later chapters).

5.11 What methods are used for detection of MHC alleles?

Traditionally, the detection of allelic differences between the MHC molecules
expressed by different individuals relied on serological techmigques. Soon after
alloantisera were collected and patterns of their reactivity described, a tech-
mque called microlymphocytotoxic test was developed, The essence of this test,
as proposed by the laboratory of P. Terasaki m the early 1970s, was to mim-
mize the volume of reactants, thus saving the precious alloantiserum and allow-
img other laboratories or climics to repeat the test many tines in order to share
the results obtained on different individuale, The Terasali protocol, i brief, is
as follows, Wells of a miniature pelystyrene tray {(velume 20-30pl) are filled
with mineral oil. A tmy drop of the donor's Iyvmphoeyte suspension (1pl) is
dispensed underneath the oil, and mixed with 1 pl of the alloantiserum. After a
short mwubation. a 5-pl drop of rabbit serum (a source of complement) is
added. After another short imcubation, the mixture mside the oil drop is sup-
plemented by a dye that stains only those cells whose plasma membrane is
damaged. If the majority of Iymphocytes in the well appear to be stained
during a microscopic examination, the alloantiserum is considered to be reac-
tive with the donor’s Ivmphocytes. Thus, if it is known that the used alloanti-
serum detects, for example. the product of the HLA-A2 allele, the donor of the
lymphocytes used in the test is considered w bear the HLA-AZ2 allele. The
Terasaki test played a very important role in matching the MHC alleles during
the screening of denor—recipient pairs in organ transplantation, However, its
cbvious limitations are the scarcity of well-characterized allcantisera and their
polyreactivity.

As we have already mentioned, the products of the I subregion of the MHC
complex in the mouse and the I subregion in man were initially characterized
through the use of the so-called mixed lymphocyie reaction (MLR). In thiz reaction
(Fig. 5-4), lymphocytes of two donors are cultured together for several days, and
the proliferative response of lymphocytes that respond to a foreign MHC allele is
monitored by incorporation of a radicactive isotope (*H-thymidine) into the newly
synthesized DINA, Usually, the MLR is made “ope-wav,”™ because the lvmpho-
cvtes of one of the donors are irradiated so that they can swrvive but not divide.
Such irradiated lymphocytes are called stimulators, and the nonirradiated lympho-
cytes responders. If the alleles in the 1 or D region of the stimulators’ and the
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responders’ MHC are identical, the mcorporation of the isctope will be close to
background values. If these alleles differ. the incorporation of the isotope will be
substantial, indicating a strong proliferative reaction of the responders. By testing
different combinations of stimulators and responders, it is possible to identify a set
of alleles of the HLA-DRE, -DP, and -DOQ} loci in large pepulations of donors,
Some xenogeneic (rabbit) antisera and mouse monoclonal antibodies detecting
these alleles are now also available.

In the 1980s, hybridoma-derived monoclonal antibodies began to replace
alloantisera as tools for the detection of MHC alleles. However, the monoclonals
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gpecific to many important human MHC alleles remained sadly missing from the
available panel. By the end of the |980s, a revolutionary technique called the
polymerase chain reaction (PCR) started to take over the serological detection of
the MHC alleles. This techmique relied on the analysis of genes themselves, rather
than their produocts.

The technical details of PCR are described in molecular biclogy and genetics
textbooks. but the essence of PCR. in brief, is as follows. Two oligonucleotide
primers complementary to sequences that flank the region of interest on the
two antiparallel DINA strands mitiate the polymerase reaction mediated by o
heat-stable DINA polvmerase. Prior to the start of this reaction, the strands are
separated by heat {denaturation). After this, the temperature in the system is
lowered, the primers anneal, and the enzyme completes the synthesis of the
complementary strand on each of the two separated templates. The newly built
complementary strands arve, actually, the region of interest and ite complemen-
tary sequence, The above cycle is fellowed by the raise of the temperature,
leading to the separation of the four strands, and a new cycle of primer
annealing. DNA synthesis, and denaturation. After 3540 cycles. the number
of copies of the region of inferest in the system is increased approximately one
million-fold. Such “amplified” pieces of DINA can be easily visualized by elec-
trophoresis and subjected to varnous mampulations, including cloning m a
vector and sequencing. Since many allelic sequences of MHC genes are
known and the specific primers can be chosen approprately, the PCR can
now be vsed routinely for the analysiz of various MHC alleles in large groups
of mdividuals.

5.12 What new information about the structure of MHC
became available due to recent advances in molecular
biology and genomics research?

The molecular studies of recent years showed that the human MHC gene complex
has a tremendous size. 1ts estimated length is approximately 3.5 million base pairs,
which is close to the length of the entire Escherichia coli penome. In humang, this
region maps to the short arm of the Chromesome 6 and contains approximately
4 discrete loci (Fig. 5-5). In addition to the above-described MHC Class 1 and
Class Il genes whose products regulate T-cell responses, these include: (a) the
so-called Class I MHC genes (whose products are components of complement
— see later sections); (b) the genes that code for cytokines {e.g., lvmphotoxin,
tumor necresis factor); (c) the genes that code for molecules mvelved in the
MHC-peptide joiming (TAP, DM, and the so-called proteasome genes; see later
chapters); and (d) heat shock protein genes. Interestingly, the large gap between
the HLA-C and the HLA-A loc contams several genes that are classified as
“MHC-Class 1-like.” Many more of these genes are mapped outside the true
MHC region, telomeric of the HLA-A locus. Many of these genes are pseudogenes
(i.e., they contain stop codons and cannot be expressed), but some are functiomal
genes that code for nonpolymorphic HLA-A-like molecules collectively called
“IB,” The function of the IB molecules i3 one of the “hot spots™ of today’s
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mmunolegy and mmmunogenetics; some of these moelecules were recently impli-
cated mto a number of physiclogical mechanisms as well as disease conditions.

5.13 1Is there any sense in keeping pseudogenes within
MHC?

It is thought that the main purpose — and the main advantage — of pseudogenes is
that they serve as donors of nucleotide sequences in the process of gene conversion.
This process includes modifications of functional genes through msertion of short
stretches of DINA “borrowed™ from psendogenes. The gene conversion is very
strongly implicated in the mechanismm of generation of allelic MHC poly-
morphism. It is currently thought to play a more important role in the generation
of the MHC polymorphism than point mutations, because it can much more



CHAFTER 5 The Histocompatibility Complex

dramatically change the aminoe acid sequence in a gene that receives an insert from
a donor pseudogene,

5.14 Is MHC the only example of a genetic region that
codes for important molecules of the immune system
and contains pseudogenes?

No. In fact, the murine and especially humam antibody V-region loci contain a large
number of pseudogenes. A subset of human Vi genes called the Vi3 famdly. which
iz the most extensively vsed for making functional antibodies, containg approxi-
mately 30 discrete genes, almost one-half of which are pseudogenes, Somewhat
paradoxically, the processes of gene conversion were not found to play any sig-
mficant role in the generation of the human or murine antibody repertoire (see
Chapter 4). Yet, these provesses do play an important role in the diversification of
the antibody repertoire in other species, notably chickens and rabbits,

5.15 What is known about the structure of individual MHC
genes?

Each MHC Class I and Class IT gene consists of several exons and several mtrons,
The most 5” exens in both Class T and Class 11 genes are the regulatory sequences;
these code for the factors that up-regulate the MHC gene transcription. Further
downstream, there is an exon that codes for a leader polypeptide. The role of this
small polypeptide is to target the nascent MHC molecules to the endoplasmic
reticulum; when the mature MHC molecules are “stuffed™ with peptides and
ready to be expressed. the leader polypeptide falls off, Separate exons, located 3
to the leader and in tandem array, code for separate domiins of the MHC mol-
ecule (o, o2, and o3 in the MHC Class I and o1 and o2 or 31 and [32 in the MHC
Class IT molecule). Finally, the exons that code for the MHC molecule’s trans-
membrane and cytoplasmic domains are also separate and located the most 3’ in
an individual gene.

5.16 How is the expression of MHC molecules regulated?

The answer iz dramatically different for the MHC Class T and for the MHC
Class 1 molecules, The former are expressed constitutively and can be found on
the membranes of all nucleated cells, The latter are expressed only by the so-
called ““professional antigen-presenting cells” — macrophages, dendritic cells, and
B Iymphocytes. and show wide varations i the level of their expression. This
makes much sense in view of the existence of two different subsets of T lyvm-
phocytes that are invelved in the recognition of peptides in the context of two
different classes of MHC molecules, which we shall describe m detail in subse-
quent chapters. The most essential features of the MHC regulation are that the
expression of these melecules 18 controlled, first and foremost. by the level of
their iranscription, and is responsive to a number of cylokines, For example,
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imterferon alpha enhances the transcription (and, hence, the expression) of the
Class 1 molecules and decreases the expression of the Class 1T molecules; inter-
feron gamma enhances the expression of both Class I amd Class 11 molecules,
etc. The expression of Class I1 molecules can be induced. This means that incu-
bation with certain cytokines enables the cells that are not the “professional®
antigen-presenting cells to express these molecules, The induction of the Class 11
maolecules 18 especially characteristic for monoecytes and macrophages. Some cells
for example, neurons, are resistant to the cytokines and other factors that mduce
the Class Il molecules in other cells, and remain negative for the expression of
the Class 1T molecules. Functional imphcations of the expression of Class 11
MHC and its regulation will be discussed later,

REVIEW QUESTIONS

1. Why 1s 1t inadequate to say that the role of MHC 1s to control the fate of transplants?
2. What observation implied that the inheritance of MHC alleles iz co-dominant?
3. In two to three sentences, explain the principle of breeding congenic mice.

4. Which allele on the H-2K locus must a mouse bear in order to accept the transplant
from a mouse that expresses an I-E" allele?

5. Which wotope will vou employ to monitor the mixed hvmphocyte reaction, and why?

6. You have a panel of alloantisera and a suspension of lvimphocytes from a donor.

What other reagents and equipment do you need to set up a microlvmphocytotoxic
test?

7. What is commoen between the following molecules: HLA-DR7, I-A¥, I-EY, HLA-
DP36?

8. Explain the concept of Ir genes.

9. In mechanistic terms, how exactly do different MHC alleles regulate the T-cell immu-
nity?

10. Why do bigger peptides fit into the peptide-hinding cleft of the MHC Clazs IT maol-
ecules than of the MHC Class T molecules?

11. What is the role of B-2 microglobulin, and what cell line is the proof of such a role?

12, Swimmarize what is known and what 18 not known about the content of the MHC gene
complex.

13. What iz the role of the MHC leader peptide?

14. At what stage of the infonmation fow in the cell are the MHC genes predominantly
regulated?

15. Compare the role of psendogenes and the role of point mutation in the generation of
MHC polvmorphism.
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MATCHING

Directions: Match each itern in Column A with the one in Colnmn B to which it is most
closely associated, Each item in Column B can be nsed only once.

Column - Columnm B
1. Multiparous AL Transcription
2. Congenic B. Allele
3. H-2K C. Locus
4, HLA-DPG . Pseundogene
5. Proliferation E. Chromosome
6. Tandem duplication F. Allele specificity
7. Gene conversion (. Back-cross
8. Haplotype H. Alloantisermimn
5. Peptide linding I. Mixed hnphocyte reaction
10, Cwickine J. p-chain

Answers to Questions

REVIEW QUESTIONS

1. Becanse there are no transplantations in nature.

2. Bejection of the transplants taken from F1 hybnds of two inbred munne strains by
their both parents.

3. Back-cross F1 hybrid with a parent (P), and test the F2 offspring for acceptance of a
skin graft from F1 and P. Select the subset of F2 that rejects both F1 and P grafis amd
back-cross with F1. Repeat the procedure for 20 generations, and then subject the
offspring to inbreeding; the resulting strain will be congenic to the P.

4. H-2K".

5. EH-lh}'Illidil'IE — because it incorporates into the newly synthesized DINA.

6. A source of complement: a dye that selectively stains cells with damaged membranes;
miniature polystyrene trays: mineral oil: a microscope.

7. They all refer to Class IT genes or gene products,

B. They were described as genes whose alleles determine the magnitude of T-cell-depen-
dent immune responses of giinea pigs to synthetic polypeptides; currently thought to
be identical with the MHC genes, particularly, with those of the Class I1.

9. Peptides can bind betier, worse, or not at all to an MHC melecule depending on the
allelic vaniation of the amino acid sequence in its peptide-binding domain. If they bind
pootly, the T-cell-mediated immune responses will be meager; if they hind well, these
responses will be strong.

1. Because the former 1s built with the help of two separate polypeptide chains with a gap
between them, while the latter is built by one polvpeptide chain with no gap.
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11. Final assembly and surface expression of the Class T melecnle; Dandi (has a defect in
the f-2 microglobulin gene — hence, no surface Class I MHC expression).

12. The size and the function of many of its penes are known: the exact munber of loci and
the function of some genes are not known.

13. Targets the newly synthesized MHC molecules to the endoplasmic reficulum.
14. Transcription.

15. Psendogenes donate several nucleotides while point mutations substifute, insert, or
delete only one nuclectide. Henece, the variation of the resulting amine acid sequence
will be mmore dramatic in the case of gene conversion mediated by pseudogenes than in
the case of random mutation.

MATCHING

1,H; 2,G; 3, G4, B, 5, 1,6, 1,7, D; B E 9 F, 10, A



CHAPTER 6

Antigen Processing
and Presentation

Introduction

In previous chapters, we introduced the concept that antigen recognition by T
cells necessarily includes processing of antigens in such a way that peptides are
generated and jomed with the MHC molecules. The resultmg peptide-MHC
complexes are being presemted to T cells. This is so because the TCR camn
recognize the peptide-MHC complex and (with few exceptions) nothing else,
In other words, the peptide presented by an antigen-presenting cell “in the
comtext™ of an MHC molecule is the ligand that the TCE specifically recog-
nizes. How are the peptides generated? What enables cells to penerate these
peprides. to wraffic them towards the MHC molecules. and to display the
MHC—peptide complexes on their surface? These and similar questions will
be discussed m this chapter. It should be mentioned, however, that the concept
of antigen presentation and the term “antigen-presenting cell” became known
long before the notion about the TCR recopmizing peptides and MHC was
formed. We will discuss the early studies that demonstrated the existence of
the phenomenon of antipen presentation, and see how these studies helped
to develop the current concepts of antigen presentation and TCR antigen
recognition.

Another important experimental finding that we have mentioned previously 1s
that two different classes of MHC molecules interact with two different T lym-
phocyte subsets, This is so because the CD4™ T lymphocytes can associate exclu-
sively with the MHC Class I, and the CD8" T lymphocytes with the Class 1
molecules. Apparently, this has a profound biclogical significance because the
CD4" T Ivmphocytes are predominantly T helpers, while the CD8 " lymphocytes
are predomimantly CTL {see Chapter 2). In this chapter, we will follow the route of
peptides from the site of their generation to the MHC molecules with which they

<Ip
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join, and will try to understand exactly how this trafficking of peptides determines
the involvement of the two distinet funetional populations of T cells in the immune
respomnse.

Discussion

6.1 What early observations and experiments led to the
idea of antigen presentation?

Soon after the cellular components of the immune system were discovered in the
1960, it became apparent that nonlympheid ~accessory™ celle are needed for the
induction of the T cell-mediated proliferative responses to antigens. T lymphocyies
develop a proliferative response to their specific antigen when cultured with it in
vitre. If macrophages, which are adherent (attach to the bottom of the flask or
culture tray), are removed from these cultures, the T-cell response to antigens in
vitro will be weakened or even abolshed, [t has been hypothesized that macro-
phages, and perhaps some other adherent nonlymphoid cells, somehow “present™
antigens to T lymphocytes. Later, experiments showed that the above T-vell
response could also be dimimshed or blocked if the cultures are supplemented
with antibodies to what we now call MHC Class 1T molecules. This observation
imphied that the MHC Class 11 molecules are somehow involved in the antigen
presentation. These experiments did not, however, point to the idea that antigens
are processed in accessory cells.

6.2 How was the antigen processing initially
demonstrated?

It has been observed that antigens injected into an animal accumulate in the
animal’s macrophages. Such observation can be made, for example, if an ant-
gen ie radicactively labeled. In the 1960 and 1970s, the followng experiments,
based on this observation, were performed. An antigen was injected inte a
mouse and allowed to accumulate in the macrophages. The macrophages
with the accumulated antigen were then taken from the mouse and mjected
into intact mice. In parallel, the same antigen was injected into another group
of mtact mice. The T-cell responses to the antigen were monitored in both
groups, It transpired that the antigen which accumulated in the macrophages
was an extremely powerful immunogen (see Chapter 3). On a molar basis, up
o 1,000 times less of the antgen in macrophages than of just antigen was
required to induce the same T-cell response. The conclusion from these experi-
ments was that in both groups of mice, the T cells respond to the antigen that
is processed by macrophages. The reasom why intact antigen npeeds to be
mjected in a much bigger dose than the “‘pre-processed” amtigen is that only
a small portion of the free antigen actually ends vp in macrophages and under-
FOES Processing,
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6.3 What made immunologists consider the MHC molecule
to be the entity that actually presents the processed
antigen to the TCR?

A crucial step here was to show that the MHC molecule 15 itself recogmized by
the TCE, or, in other words, serves as a Hgand for the TCR, In this regard, the
experiment designed by P. Doherty and E. Zinkernagel in 1974 was of major
importance. These mvestigators sought to determine the role of MHC alleles in
the response of cytolytic T cells to a virus called the lvmphocyte choriomenin-
gitis virus {(LCMV). It was very convenient to study this response because the
cells that are infected by the LCMYV, the murine fibroblasts, can be easily
culivred and infected by the virus i vive. Zinkernagel and Doherty injected
a mouse with the LCMYV, and in parallel prepared cultures of fibroblasts from
another mouse and infected those with the LCMV. After 7-8 days, the T
lymphoeytes were igolated from the spleen of the mjected mousze and placed
in the culture of the infected fibroblasts, A strong cvtotexic reaction of the T
Ivmphocytes oceurred only in the case when the immunized mouse and the
mouse that had donated the fibroblasts belonged to the same mbred straim.
In other words, the T-cell recognition was resiricted to the same MHC allele as
ihe one expressed by the donor of the T cells, Later, a similar phenomenon was
demonstrated for the T helper cells. Notably, while the cytolytic T-cell
responses were restricted to the alleles of the MHC Class I molecules, the Ty,
responses were restricted to the MHC Class 11 alleles. Regardless of which of
the two MHC classes was mvolved. however, the phenomenon of the MHC
restriction prompted mmmunoclogists to think that T cells recognize the MHC
molecule itself together with the specific antigen, T cells are maturimg in such
an environment that they de not “see” MHC molecules that bear nonself
alleles; because of that, they “learn™ to see eonly the self MHC moelecule as
target, or hgand, for their antigen receptors, The rele of the antigen was not
clear. Some immunologists tended to imterpret the Doherty-Zinkernagel experi-
ment as pointing to the “dual recognition.” According to the “dual recognition™
hypothesis, a T cell has two kinds of TCR, one for antigen and one for the self
MHC molecule, This hypothesis was not consistent with newer experimental
data, however, and was completely abandoned after the structure of the TCR
was elucidated (see later chapters). Another way wo mmerpret the MHC restric-
tion was to hypothesize that the TCR actually recognizes *“altered self,” ie., the
MHC molecule that changes its structure or conformation after an interaction
with provessed antigen.

6.4 Did the “altered self” hypothesis turn out to be true?

It was proven partially correct. The part of it that is correct is the notion that there
is just one kind of the TCRE, not one kind for antigen and the other for MHC. The
wrong part of i1, though, 18 that the TCR does noet in fact recognize merely the
altered MHC molecule, but the complex of a foreign peptide and =elf MHC
molecule.
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6.5 How did immunclogists develop the notion of peptide?

During the late 19708 and early 1980s, several groups of immunclogists began to
work with standard preparations of proteins whose aminoe acid sequence had been
by that time completely known., Hen egg lysozyme (HEL) was one of the most
popular among these “model protems™ used for the T-cvell epitope mappimg stu-
dies. It was shown that the T-cell epitope, or the part of HEL that iz physically
recognized by the TCR of the T-cell clone respondimg to it, 18 just 10 amino acids
long. Further, it has been demonstrated that the T-cell epitope is Limear and that it
is hidden within the globular structure of the HEL before the latter is processed.
Finally, the 10 amimo acid-long HEL-derived peptide that serves as the T-vell
epitope physically associates with a Class 1T MHC molecule of the antigen-pre-
senting cell. and can be eluted from it.

6.6 Where do peptides associate with the MHC molecules?

The peptides jom the MHC molecules before the latter are expressed on cellular
surfaces. This can be demoenstrated by iselating MHC molecules from intracellular
vompartments and eluting peptides from their N-terminal domains. In particular,
the above-mentioned HEL-derived peptide, and other peptides generated from
“model” foreign antigens were eluted from murine I-A molecules that had been
isclated from intracellular vesicular compartments. By using the so-called “pulse—
chase™ techmique, i.e., tracing the movement of MHC molecules from the place
where they are synthesized to the place where they are expressed on the cell surface
with the help of a radicactive label, it can be also shown that the MHC molecules
are first joined with foreign peptides and then expressed on the swrface.

6.7 How does intracellular antigen processing and
intracellular association of peptides with MHC
molecules benefit immunity?

The key to the answer to this guestion is the fact that there exist two different
pathways of antigen processing, each of which results in joining of the generated
peptides with one of the two existing classes of MHC molecules. The peptides that
are generated from extracellular proteins are joined with MHC Class Il molecules,
and the peptides that are generated from intracellular proteins with Class I MHC
molecules. This makes profound biclogical sense. [t is beneficial to invelve differ-
ent classes of T lyvmphocytes in responses to these two different classes of antigens.
As was discussed m Chapter 2. Ty, are more efficient against extracellular micro-
organisms because they stimulate antibody production, microbicidal functions of
macrephages, and inflammation; T, are more efficient against intracellular micre-
organisms because they directly lyse the infected cells. Yet, the TCE cannot dis-
tinguish between antigens of extracellular microorganisms (e.g., bacteria that hve
in extracellular spaces or body fluids) and antigens expressed by cells infected by
mtracellular microorganisms (e.g., intracellular bacteria or viruses). There is noth-
ing intrinsically different between TCR expressed by ‘T, and those expressed by T..
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Therefore, the differential involvement of the two functional T-cell subsets is
dictated by the way intracellular and extracellular protein antigens are processed
and “trafficked®” mside the antigen-presenting cell.

6.8 How exactly do the two pathways of antigen processing
and presentation differ?

The principal difference between the twe pathways can be understood better if one
takes a closer look at the mtracellular site where peptides are generated. This site
differs for peptides generated from extracellular proteins and those generated from
mtracellular proteins, The peptides derived from extracellular proteins are gener-
ated and “trafficked” inzide the cell in the so-called acidic vesicular compartment
(also called the endosomaldysosomnal compartment). The peptides derived from
mtracellular proteins are generated and “trafficked™ in the cytosol.

6.9 What is the acidic vesicular compartment?

It is, essentially, a collection of vesicles that enclose the mternalized antigens,
When antigen-presenting vells (dendntic cells, macrophages, and B lymphocytes)
mternalize extracellular proteins (often im a form of molecular aggregates), they
form an mvagination of their plasma membrane, and enclose the protein aggregate
mto the forming deep “cleft.” (It should be mentioned that the above concerns
healthy cells with intact plasma membrane ) The edges of the cleft then join each
other, and the aggregate becomes completely enclosed im the formed vesicle. In the
vell, the vesicle fuses and joins with other vesicles called endosomes, The latter are
not tree organelles because they vary in size, shape, and internal content. The
endosomes are thought te be formed by budding of the plasma membrane and
other membranous organelles (mostly endoplasmic reticulum). On the most part,
they remain attached to the plasma membrane. Most, or at least some of the
endosomes have an acidic internal reaction and contain proteclyvtic enzymes
that begin the process of proteclytic cleavage of the enclosed antigens. As the
endosomes continue to fuse with each other, the partially hydrolyzed antigens
are “relayed” from endosome to endosome. At the end of this “relay race,” the
antigens are dispatched to lysosomes. These are moere true organelles with a
defined morphelegy and enzymatic content {see biclogy or cvtology textbooks
for details), The proteclysis of the antigens and the generation of peptides is
thought to be completed n these organelles.

6.10 Can intracellular proteins, or peptides generated from
these proteins, penetrate into the endosomes or
lysosomes?

MNormally, the proteins that are synthesized by the protem biosynthetic machin-

ery of the antigen-presenting cell do not penetrate into the endosomes or lvso-
somes, However, seme bacteria (notably, Mycobacteriion  tuberculosis) are
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adapted to survive within the acidic vesicular compartment. The proteins synthe-
sized by these bacteria are, formally speaking, imtracellular, but they are pro-
cessed in the endosomal-lysosomal compartment, just hike the extracellular
proteins.

6.11 How do the peptides generated in the above vesicular
compartments reach the MHC Class II molecules?

Immediately after their biosynthesis in polyribosomes, the nascent MHC Class 11
molecules are transported through the chanmels of the granular endoplasmic
reticulum to the Golgi apparatus. On thelr way, their separate subunits are
assembled into heterodimers, and joined with two nonpolymorphic polypeptides,
One of these polypeptides, the so-called invariant (I-) chain, associates with them,
“locking™ their peptide-bindimg domaims (Fig. 6-1). In addition o serving this
“locking™ function. molecules of the [-chain target vesicles that contain nascent
Class IT molecules to endosomes. A special class of “trans-Golgi™ vesicles called
Class 11 storage vesicles brings nascent Class 11 molecules to endosomes. These
vesicles bind to endosomes and fuse with them. The 1-chain is thought to take an
active part in the attachment of the storage vesicles to endosomes and in the
fusion between them and the endosomes, Onee Class II molecules have pene-
trated into the endoscmes. the I-chain fall: off and degrades. MHC Class 11
molecules spend approximately 2-3 hours in the endosomes, which allows the
peptides that have been generated there to associate with their peptide-binding
domains. After that, the MHC Class II-peptide complexes are transferred to the
outer plasma membrane, span it. and become expressed on the surface of the
amtigen-presenting cell.

Partially folded MHC Class Il Ii blocks peptide binding 11 is cleaved in two stages, Complets dissocistion of
is bound by the to MHC Class 11 Partial cleavage first releases MHC Class I
invariant chain (L) in fhe but facilitates ils export mmay allow MHC Class 11 o carmy antigenic peptide
endoplasmic reticulum (ER} from the endolasmio retficulum to bind incoming anfigens 1o the cell surface

Fig. 6-1. The ipvariant (I-) chain. This schematic disgram shows the main functions of the invariant chain,
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6.12 Can peptides derived from intracellular proteins be
generated in the granular endoplasmic reticulum and
in the Golgi apparatus? If so, why do they not join
the MHC Class II molecules there?

Most peptides that derive from intracellular, endogenous proteins are generated in
the cytosol (see Sections 6.16 and 6,17). However, these peptides are being con-
stantly “pumped”™ mto the channels and cisterns of the granular endoplasmic
reticulum and Golgi apparatus. This is peeded for the sake of their association
with the MHC Class I molecules. The reason why these peptides cannot associate
with the MHC Class II molecules is that the latter are “locked™ by the [-chain.
Parts of the I-chain occupy the peptide-binding domain of the Class 11 MHC
molecules and prevent peptides from reaching these molecules until the I-chain
falls off, which, as already mentioned, happens only m the endosomes, On their
way, their separate subumits are assermmbled into heterodimers, and joined with two
nonpolymorphic polypeptides: The I-chain, which associates with these peptides,
targets their tramsfer from the cisterns of the Golg apparatus to the endosomes,
and a protem called calmexin facilitates their tramsport and assembly. A special
class of “trans-Golgl™ vesicles that mediates the joining of the Class 11 molecules
with the endosomes in macrophages is called “MHC Class Il compartment™ or
MIIC, and in B lvmphocytes “Class I vesicles” (C1IV). These bind to endosomes
or lysosomes and fuse with them. The I-chain takes an active part in the attach-
ment of these vesicles to some (not all) endosomes or lysosomes, 1t is thought that
the amino-termimal portion of the I-chain binds only to those endosomes or lvso-
somes that are suitable for antigen processing because of their enzyinatic content
and other properties.

Onee the Class II meolecules have penetrated mio the endosomes, the I-chain
falls off and degrades. The MHC Class I molecules spend approximately
23 hours in the endosomes, which allows the peptides thar have been generated
there to associate with their peptide-binding domaims. After that. the MHC Class
IH—peptide complexes are transferred to the outer plasma membrane, span it, and
become expressed on the surface of the antigen-presenting cell.

6.13 What enzymes are involved in the generation of
peptides that join the MHC Class II molecules?

As one would expect, these enzymes belong to the family of proteases. Several
different proteases are mvolved (or have been implicated) in the gradual. con-
trolled hydrolysis of protein antigens in the endosomal-lyscsomal compartment.
The involvement of such proteases as cathepsin and leupeptin is best documented.
Interestingly, leupeptin is also involved in the hydrolysis of the I-chain necessary
for “vacating™ the peptide-binding domain of the MHC Class II molecules in the
endosomes (see next section). Naturally, the work of proteases requires physiclo-
gical temperatures and an intact cellular respiration. Because of that, incubating
the antigen-presenting cells at low temperatures or in the presence of metabokc
mhibitors like sodium azide stops antigen processing. Importantly, the enzymatic
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activity of proteases requires a low pH. This is the reason why the pH in those
endosomes and lysosomes that are responsible for antigen processing is main-
taimed at a low level, and they are collectively called an “acidic™ vesicular com-
partment. Drugs that raise the pH in vesicles, e.g., chloroquine and ammomum
chloride, can abrogate antigen processing,

6.14 How does leupeptin help ‘“vacate” the peptide-
binding domain of the MHC Class I1 molecule?

Onwe the freshly assembled MHC Class 1T molecules penetrate into the endozome.
leupeptin cleaves the I-chain, “cutting off™ a large piece of it, but leaving intact a
smaller pieve, called the “Class I-associated imvariant chain peptide™ (CLIFP). The
latter is approximately 24 amino acids long, and sits ingside the peptide-binding
cleft of the MHC Class II moelecule, imitating the peptides derived from antigens
that it should associate with, Leupeptin is unable to remove the CLIP. For that,
another protein factor i needed, and, paradoxically, this factor is coded within the
MHC region itself. It is called HLA-DM in humans, and H-2M in the mouse. The
HLA-DM (or H-2M) molecules are nonpolymorphic and exclusively eytoplasmic.
Interestingly, they not only remove the CLIP, but alse serve as catalysts for the
aszocianen of the MHC Class 11 peptide-binding domains with antigenic peptides.
It has been shown that while m the absence of HLA-DM the saturatiom of an
MHC Class 11 molecule with a peptide takes up to 48 hours, but im the presence of
HLA-DM it cecurs within as little as 20 minutes,

6.15 How are the MHC Class II molecules that have been
saturated with peptides further moved to the plasma
membrane to be expressed on the cell surface?

T'he MHC Class II-peptide complexes are transported from the acidic vesicular
compartment to the plasma membrane by the process of sequential fusion of the
acidic vesicles with each other and, eventually, with the plasma membrane itself.

6.16 What is known about the generation of peptides from
intracellular (cytosolic) proteins, and how are these
peptides trafficked to MHC Class I molecules?

T'hese peptides are generated from proteins that have been synthesized in the cell’s
own polyribesomes (either naturally, or because of the viral infection, or because
of sueh artificial laboratory phencmena as gene transfection), or from proteins
that have been introduced into the eytosol bypassing the vesicular compartment of
the cell (e.g., by microinjection or diffusion through damaged external membrane).
The major cellular entity that is responsible for the generation of cyvtosolic pep-
tides is called the proteasome (Fig. 6-2). This is a cylinder-like multiprotein com-
plex with a molecular weight of 1500kDa. It consists of the proteasome per se,
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Fig. 6-2. Proteasome and TAP, This diagram shows the funchons of the proteasome and the TAP in the Class 1 MHC
pathway of antipen processing

which has a molecular weight of 700 kDa, and several “catalytic subunits,” of
which the best known are the so-called LMP2 and LMP7. These subunits are
coded by the genes that map within the MHC complex, and are regulated by
the same cytokimes as the MHC Class 1 molecules (notably interferon gamma),
The proteasome performs the proteolytic cleavage of those intracellular proteins
that are complexed with a small protein called wbiguitin. Such “ubiquitinated™
proteins are targeted to the proteasomal subunits and cleaved to peptides with
the help of its enzvmes and catalytic subunits.

6.17 What facilitates the delivery of these peptides to
Class I MHC molecules?

Indeed, there must exist a special mechanism that is responsible for such a deliv-
ery, because nascent cytoplasmic MHC Class I molecules cannoet bind peptides. To
do that, they need first to asseciate with the -2 microglobulin (see Chapter 5).
Such an association takes place in the granular endoplasmic reticulum amd m the
Golgt apparatus. Therefore. something needs o transport the evtosolic peptides 1o
the cisterns and sacks of the reticulum and Golgi. This transport is active {requires
the energy of AI'P) and is catalyzed by two molecules, called “transporters asso-
ciated with antigen presentation” or TAP. There are two distinet kinds of TAP,
called TAP-1 and TAP-2, both coded by the genes mapped within the MHC
complex (see Chapter 5). These two molecules form a heterodimer that serves as
an active transporter of peptides across the phospholipid layer of the reticular and
Golgi membranes, Interestingly, the TAP heterodimer cannot accommodate pro-
teins or even large peptides: the “upper hmt” on the size of peptides it can
transport is 12 amino acid residues. This is important in view of the structure of
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the MHC Class I binding cleft which, as discussed in Chapter 5, can associate only
with relatively small peptides,

6.18 Does the TAP heterodimer dissociate and release the
transported peptides before they associate with the
MHC Class 1 molecules?

No. In fact, the TAP-peptide complex stays intact for a while because of the other
important function of TAP, The latter is needed to stabilize the association
between the alpha chain of the MHC Class [ molecule and the -2 microglobulin.
Only after this is done can the peptides be transferred mto the peptide-binding
cleft if the fully assembled MHC Class | molecule, and the TAP heterodimer 1s
“recvcled” to transport other peptides,

6.19 How many of the expressed MHC Class II-peptide
complexes actually display foreign peptides?

Rough estimates show that this portion is very small. In the case of the MHC
Class 11 molecules expressed on the surface of the “professional™ antigen-present-
g cells (macrophages. dendritic cells, and B Ilvinphocytes). this portion perhaps
does not exceed 0.1% of all MHC-peptide complexes expressed by an antigen-
presenting cell al any given moment of time. This may seem amazng becauvse
seemingly, it lessens the probability that a T lymphocyte will encounter a foreign
peptide—self MHC complex and not a self peptide—self MHC complex on the
cellular surface, It has been demonstrated, however, that a single T lymphocyte
can sequentially engage many peptide-MHC complexes and disengage from them.
This gives the T cell encugh opportunity to “screen™ multiple cell-surface entities
until it finds one of the 100200 peptide-MHC complexes that contain foreign
peptides. On the other hand, there is only a small rnsk that a T lvmphoeyte will
recognize, and be activated by, self peptide—self MHC complexes, because more
than 99.9% of the T cells with receptors specific to such entities are elimimated
during the selection in the thymus (see next chapters).

6.20 (an endogenously synthesized proteins enter the
acidic vesicular compartment and generate peptides
there, to be joined with the MHC Class II molecules?

Yes. Some proteins synthesized on the cellular polyribosomes can be taken into the
endosomes and lyscsomes by virtue of a mechanism called astophagy. This is
mediated by special vesicles called autophagosomes. These can surround and
enclose many cytoplasmic proteins and then fuse with endosomes and lysosomes,
thus ensuring the processing of the enclosed antigens in the acidic vesicular
compartment and the joining of the derived peptides with the MHC Clazs 11 mol-
ecules. Also, endogenously symthesized and membrane-expressed proteins cim be
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mternalized by the cell through a process of the so-called endocytosis, In this case,
again, the proteing will be processed in the acidic vesicular compartment. Because
of the above two mechanmisms, some important foreign antigens, e.g., viral proteims,
could be made subject to not only CD&™, but also CD4™ T cell recognition.

6.21 Are all peptides that can be generated from a complex
protein molecule equally immunogenic for T cells?
No. Experiments performed im the 1970s and early 1980s firmly established that in

complex multiepitope protein molecules, some parts of the molecule are more
mmunogemc to T cells than others, These epitopes (peptides) were called domi-
nant, and the less immunogenic ones cryptic or subdominant, The current under-
standing of dominant epitopes is as follows: they are the peptides that can associate
with the particular alleles of MHC molecules better than other peptides originating
from the same proteim molecule. It i important to remember that the ability of
peptides to associate with MHC molecules depends on the nature of the particular
peptide as well as on the allelic variant of the MHC molecule itself. Thus, the same
peptide may be dominant m mdividuals who bear certain MHC alleles, and sub-
dominant in individuals that bear other alleles. For example, the HEL peptide
mentioned in Section 6.5 is dominant compared to other fragments of the HEL
molecule when presented in the context of the I-A* molecule, In those inbred mice
strains that express other I-A alleles, however, this peptide 15 subdominant. In
humans, one can observe some climeally important antigens display T-cell epitopes
that are either dominant or subdominant depending on the person’s HLA haplo-
type. For example. a peptide generated from the hepatitis B virus is subdominant to
mdividuals homozygous on the HLA-B, HLA-DR, and HLA-DQ loci and carry-
mg the alleles HLA-BE, DR3, iand DOQw2a. If an imdividual is heterozygous on the
above loct, however, the same peptide behaves as domimant, The understanding of
molecular mechanisms of antigen processing and presentation is thus important for
the understanding of the mmunogenicity of various protems derived from infec-
tious agents, and 15 used im the generation of new vaccines.

REVIEW QUESTIONS

1. A mouse is immunized with a protein antigen. After several days, macrophages from
this motise are put in clilture together with the T cells from the same mouse. The
antigen used for the immunization is added in the culture medinm.

{a) What subpopulation of the munine T cells — CD4 ™ or CDE™ — will proliferate in
thiz culture?
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{b) Will there be a change in the proliferating T-cell subset if the culture medinm is
temporarily replaced by distilled water?

{c) What happens if the antigen is microimected i the macrophages mstead of being
fed into the culture medinm?

{d) If the antigen is in the medium, what agents will you use fo prevent 1ts processing?
{e] If the antipen is microinjected, what agents will you use to prevent its processing?

2. In two to three sentences, describe how the use of radicactively labeled antigens helped
to establish the current notion of antigen processing.

3. If a mouse is immmunized with xenogeneic {human, rabbit, etc.) MHC molecules, it
generates antibodies against many different epifopes present on the latter, inchuding
the epitopes specific to the MHC zllele of the dener of these melecules {*pobanorphic
epitopes™), and the species-specific or “monomorphic™ epitopes. Both categories of
antibodies can be produced by hybridomas obtained afier the imounization (see
Chapter 3). Which category of hybridoma-denved antibodies — anti-polvmorphic,
anti-monomaoerphic, both, or neither — would you use to block the lyais of LCMV-
infected fibroblasts in the Doherty—Zinkernagel expernnent?

4. In three to four sentences, summarize the advantage of having twe distinct pathways
of antigen processing.

5. Enockout mice are mice in which certain genes are rendered irreversibly nonfonctional
through the technigque of bomologons recombination (see gemetics textbooks for
details). Which knockeut mice would you use to study the two pathways of antigen
processing and presentation?

6. What is the function of the I-chain?

7. What is the function of TAP proteins?

8. How would you imagine processing and presentation of fumor antigens?

9. What is the approximate number, per one antigen-presenting cell, of the MHC
Class II molecules displaying foreign peptides, amd what is the relation of this
number 1o the total number of the MHC Class II molecules per ome antigen-
presenting cell?

10. Why are the studies on immunodominant peptides thotight to be important for malk-
ing new vaccines?

MATCHING

Directions: Match each item in Colwmn A with the one in Column B to which it is most
closely associated. Each itern in Cohomnn B can be used only once.

Colwnm A Colunm B
1. Leupeptin AL Bespond to peptide + Class II MHC
2. LMP-2 B. Cannot bind the MHC allele
3. Invariant chain C. HLA-DM
4. Acidic vesicular compariment 0. Trafficked 1o Class | MHC
5. Cytosolic peptides E. Works at low pH
6. Peptide carrier F. Peptides in endosomes
7. Removes CLIP (5. Part of the proteasome
8. CD4™ T cells H. TAP

9. Bind 1o the MHC Class II molecules I. Locks MHC Clazs 11 molecules
10, Subdominant I Includes lysoscimes
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Answers to Questions

REVIEW QUESTIONS

3

(a) CI4", because they will recognize the peptides from the actively internalized
protein. These peptides will be generated in the acidic vesicular comparbment and
trafficked to the MHC Class II melecules, (b) Yes. CDE" T cells will respond,
becalse the osmotic shock makes cellular membranes penetrable for proteins. The
diffused antigen will be in the cytoscl, where the peptides will be generated and
trafficked to the MHC Class T molecules. {c) Same as described under (b). (d)
Anything that raises the pH in the acidic vesicular compartment (e.g., chloroquine,
ammonium chlorde). (g) Inhibitors of proteascme function (e.g., peptide alde-
liydes).

The labeling allowed calculating how much of the antigen accunmlates in macro-
phages. If the macrophages with the accummulated antigen are put back in the animal,
it stimulates the animal’s T cells as strongly as the 1,000 excess of the antigen injected
without macrophages. This leads to the conclusion that only a small portion of antigen
is subject to processing and presentation to T cells.

Meither. The T-cell recognition in the Doherty—Zinkernagel system depends on the
matching of the mewine alleles. Hence, to block the T-cell reaction, one needs to have
antibodies 1o the murine (H-2) allospecific determinants. Such antibodies can be gen-
erated affer immunizing one inbred munne strain with cells denved from another
inbred murine strain {allogerefc immunization).

TCE is unable to discern between extracellular and intracellular microbes, and yet
somehow the immune systermn needs to involve CD4 " T cells in the reactions against
the former and the CDE® T cells in the reactions against the latter. To solve this
preblem, the peptides generated from extracellular proteins and the peptides generated
from intracellular proteins are segregated in the cell and trafficked to different classes
of MHC molecules. These different classes, in turn, involve different T-cell categories:
CD4" T cells respond to Class I1, and CDE™ to Class L

To study the processing and presentation of peptides that associate with the MHC
Clazs IT molecules, one needs knockouts that lack I-chain, H-2M, and various Class IT
loci. To study the processing and presentation of peptides that associate with the MHC
Class I molecules, one needs knockouts that lack LMP-2, LMP-7, genes coding for
other proteasome subunits, ubiquitin, TAP-1, TAP-2, varous MHC Class I loci and [i-
2 microglobulin.

. It has two important functions: (1) to target nascent MHC Class [T molecules to the

acidic vesicular compartment, and (2) to lock the peptide-binding cleft of the MHC
Class 1T moelecules until they reach the acidic vesicular compartment, thus preventing
them from association with the peptides that are pumped into the endoplasmic refi-
culum from cvtosol.

. They form a heterodimer that serves as: (1) an active transporter of peptides from

cylesol to the endoplasmic reticulum, and (2) a promoter of the asseciation between
the MHC Class I molecule zlpha chain and the -2 microglobulin.

. Since they are synthesized inside the cell (based on the information from viral onco-

genes or deregulated cellular protooncogenes), thev nmst be processed in the cytosol,
and the peptides generated from these antigens must be trafficked to the MHC Class 1
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molecules. Yet, somme of these antipens perhaps can be processed in the acidic vesicular
compartment because of endocytosis or autophagy.

9. One to two hundred, which is ~0.1% of all peptide-MHC Class Il complexes.

1. Because synthetic peptides that show immunodominance can turn out to be better
vaccines than “natural™ viral peptides that happen to be subdominant.

MATCHING

LE 2 G 3 L4506 H,7,C 8 A9 F 10, B



T-Lymphocyte
Antigen
Recognition and
Activation

Introduction

<«

In previous chapters, we itroduced the concept that T lvmphocytes recog-
nize antigens through the vse of their anvigen receptors (T-cell receptors for
antigen. or TCEs). Like antibodies. TCE are specific to antigens and clon-
ally distributed; moreover, they share many structural similarities with anti-
body molecules and belong to the so-called immunoglobulin superfamily of
molecules mentioned m Chapter 3. However, TCRs are not just another
class of antibodies. They are a separate entity, differing from antibodies in
a number of aspects. Most importantly, the character of their antigen recog-
mtion difters from that of antibodies. The only form of antigen that the TCR
can recoghize is a peptide associated with a self MHC molecule. Such pattern
poses a special demand on the structure and conformation of the TCR V-
region. [n thiz chapter. we will discuss how the TCR was discovered; how it
is voded genetically and what its biochemical features are: how T lympho-
cvtes are activated after the TCR is triggered; what types or subsets of TCE
exist; amd fimally what molecules expressed by the T lymphocyte and
the antigen-prezenting cell are important for the proper activation of T
lymphocytes,

Copynght 2002 by The MeGraw-Hill Companies, Inc. Click Here for Tenmos of Use.
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Discussion

7.1 What was the reason for the fact that the structure
and genetic determination of the TCR was elucidated
much later than the structure and genetic
determination of antibodies? What played a decisive
role in solving the TCR puzzle?

The reasom for difficulties in the elucidation of the TCR structure lies in the
fact that unlike antibedies, TCRz2 are never secreted. The necessity te deal
with structures embedded in the cellular membrane was a major obstacle,
further aggravated by the lack of monoclonal T-lymphocoyte populations of
known specificity. However, after the discovery of immunoglobulin rearrange-
ment in the late 1970s and the extensive follow-up of this discovery made in
the first half of the 1980, it became possible te use the acquired knowledge
of the antibody V-region genes. In addition. the methodology of propa-
gating  T-lymphocyte-derived monoclonal cell populations in  vitre  greatly
improved, and served for the characterization of TCR expressed by these
populations.

7.2 What kinds of monoclonal T-cell populations were used,
and how can they be obtained?

Two kinds of monoclonal T-cell populations were mstrumental in the dis-
covery of the TCR structure: T-cell hybridomas and normal factor-dependent
Tdymphocyte clones. Hybridoma technology was described m Chapter 3. As
applied to T-cell hybridomas, it includes fusion of normal T lvmphocytes of
mmunized rodents with HGPRT-deficient tumors of T Ivmphocyie origin
(e.g., thymomas), and selecting the hybrids m the HAT medium. The
grown and cloned hybrids are then screened for the ability to recogmze
peptides derived from the antigen uvsed for the mmmumnization in complex
with MHC molecules of the T-lvmphoceyte donor, Normal factor-dependent
T-lymphocyte clones can be grown from murine splenic or human peripheral
blood T lymphocytes derived from mmmumzed donors. Such “primed™ T
Iymphocytes must be periodically “boosted” by antigen-presenting  cells
derived from the same donor and pulsed with the antigen used for the
donor’s immunization. In addition, theze T Ilymphocytes must be continu-
ously supplied by cytokimes that serve as their survival and growth factors.
The cyvtokines can be added mdividually or, better, as a “cocktail™ in a
form of the supernatant of T-lvmphocvie culiures stimulated by polyclonal
T-cell activators (e.g., phytohemagglutimin, PHA, and other potent inducers
of eytokine secretion).
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7.3 How were these cell populations used for the TCR
identification?

The approach was to mmunize laboratory animals with these growing clones,
obtain antibodies specific to the epitopes unique to one particular T-lymphocyte
clone, and use these antibodies as tools to isolate and biochemically characterize
the molecules that they were binding. It was assumed that the T-cell molecules
containing such umgue clonospecific determinants (idiotvpes) would prove to be
TCR. In the early 198(s, the laboratory of J. Allison generated a large panel of
murine hybridomas, some of which produced T-cell idiotype-specific monoclonal
antibodies, Molecules containing these idiotypic determinants were isolated from
the membranes of the T-cell clones that expressed them. An extensive biochemical
characterization of these molecules showed that they were homologous to anti-
bodies and, like antibodies, had constant and variable regions. The latter showed
amino acid sequence that substantially differed from one T-lvmphocyte clone to
ancther. Thus, the molecules that contained the idiotypic determinants appeared
to be good candidates for TCR., Yet, a more complete characterization of the TCR
was still in order.

7.4 What completed the characterization of the TCR
initiated by the above-described approach?

A decisive experiment was performed in the laboratory of 8. Hedrick and M,
Davis i the mid-1980s, later to be reproduced and extended in many other
laboratories. The principal idea of the experiment cam be summarized by the
term “‘subtractive hybridization.” The logic of the subtractive hybridization is as
follows (Fig. 7-1). The entire mBRNA of a T-cell clone is vsed for the preparation
of cDINA, which is radicactively labeled and hybridized to the entire mENA of a
B-cell clone. The portions of T-lymphocyte cDINA that do hybridize with the B-
lymphocyte mENA are discarded. and those that de not are analyzed further. This
way. an mvestigator gams acecess to the cDINA clones that contain messages from
genes expressed in T cells and not in B cells. Hedrick and Davis determined the
complete nucleotide sequence of several of these clones, and showed that some of
them have V- and C-regions homologous to those of mmunoglobulins. The
Southern blot analysis of these clones (see Chapter 4) revealed that, just as in
the case of immunoglebulins, V and ¥ segments that code for these clone’s variable
regions are separated by mtervening DINA in the germline. They undergo a re-
arrangement in maturing lvmphocytes; the latter, however, takes place exclusively
in T Iyvinphocytes, Further, the deduced amine acid sequence agreed very well with
Allison’s data on the prorein molecules identified by anti-T-cell idiotypic anti-
bodies {see above). It was concluded that the cDNA clones thus identified
vcoded for the TCR. The notion was finally established that TCR is an entity
that acquires its antigen specificity due to stochastic processes of V-region gene
rearrangement in maturing T Ivmphocytes, the same way as antibedies acquire
their antigen specificity due to stochastic processes of V-region gene rearrange-
ment in maturing B lymphocytes.
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Fig. 7-1. The cxpeniment of Hedrick and Davis with the vse of “subtractive hybnoidization™ technique, cDINA clones
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various T and non-T cells. The cDINA clone | cormmesponds to a gene that is reammanged in T cells. This gone
was later szquenced and shown to encode the b chain of the TCR.
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7.5 What is the structure of the TCR?

The “classical” (most prevalent in adult ‘T Ivmphocytes) TCER 12 a heterodimer,
consisting of two polypeptide chains, & and . The molecular weight of the o
chain is 4060 kDa m humams and 44-55 kDa im mice; the molecular weight of
the [ chain is 40-50 kDa im humans and 40-55kDa in mice, There is no dramatic
difference m the size of the two chains, so, unlike m the case of antibodies, these
cannot be called “heavy™ and “light™ chains. Each @ and each P chain consist of a
V- and a C-region. The V-region of both chains is represented by one N-terminal
antibody-like ¥V domain, which, in turn, can be subdivided imto FR and CDR. (see
Chapter 3). There are three FR and three CDR per one TCR o chain V domain,
and three FE and four CDE per one TCR [ chain V-domain. The C-region of buth
chains 18 represented by one antibedy-like C domam, followed by a short trans-
membrane region and a very short (5 w 12 amino acid residue long) evtoplasmic
region. There 18 no such thing as a TCR isotype: neither o nor [ chain C-regions
contain amino acid sequences that vary from one “kind” of TCR to ancther, TCR
chains are always produced in the membrane-associated form and are never
secreted. No effector function is associated with TCR chains, Their only function
is to recognize the peptide-MHC complex through their V-regions.

7.6 Does the TCR itself transduce signals necessary for
T-cell activation?

Yes, but it does not, by itself, transduce the activating signal in the cell that
expresses it. The eytoplasmic portions of both TCR o and TCR. [ chain are too
short to be associated with any enzyme that might mediate such a transduction.
The latter process is a function of the polypeptide chains that are expressed by the
T Iymphocyte m close proximity to the TCR o and [P chains (Fig. 7-2). These
additional chaing have rather long cytoplasmic ““tails” and are called the , &, &,
and § chains. The first three of these are collectively called CD3. The CD3 and §
chains are noncovalently associated with the TCR off heterodimer. It is these
chains that transduwee the signal inside the cell when the TCR is triggered by its
specific peptide-MHC complex. Together, the oi heterodimer, the CD3 and the
zeta chain are sometimes called the TCR complex,

7.7 What is the structure of the (D3 and the { chain, and
what structural features of these chains allow them to
transduce the signal upon the TCR engagement?

The chains of the CI3 and the { chain have a rather similar structure (Fig. 7-2). In
the human, the molecular weight of the CD3 ¢ cham i1z 25-28 kDa, the CD3 &
chain ix 20kDa, the CD3 & chain is 20kDa, and the £ chain is 16 kDa, In the
mouse, the molecular weights of these chains are very similar, although they differ
slightly from the human chains. In both species, the CID3 complex is expressed on
the membrane as two heterodimers, one of which consists of one gamma and one
epsilon chain, and the other of one delta and one epsilon chain, Each of the three
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CD3 chamns contams one N-termmal ymmunoglobulm-bke domam, which makes
the=e chains belong to the immumoptobulin superfamily A remarkable feature of
the CD3 chains 15 their long cytoplasmic “tails * These comtam from 44 to &]
ammo acid residves, Within these cytoplasmic residoes, there are comserved
sequence maotifs called immunoreceptor tyrosime-based activation mofifs (TTAMSs).
An ITAM conmists of two copies of the following sequence: tyrosime-X-X-leucine,
where X is an unspecified amine acid; these copies are separated by six to eight
varymg amino acid residues. There &= one copy of ITAM per each of the CD3
chains The ¢ chain has a molecular weight of 16 kDa both i humans and in mice.
It dees not have an immuncplobulin-lke domain; s MN-termmal extracellular
portion i3 lnear and very short — only tine amine acids. On the ofher hand, a <
chain has even longer cvioplasmic taill than the CD3 chams; in the £ cham, it
comsists of 113 amimo acid residues, The cytoplasmic tail of the £ chain contams
ot one bt thiree copies of ITAM. When the TCR is engaged, the noncovalently
asseciated C3 and C chains mduce the enzymatic activity of tyrosine kinases that
“dock” to the ITAM=. This initiates a complex cascade of enzvmatic events,
which, a= we will discuss in later sections, leads to activation of the T lymphocyte.
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7.8 Are there any structures that the CD3 and { chains
recognize?

No. The CD3 and £ chams have no V-regions and thus they cannot recognize
antigens. Moreover, there are no natural ligands or counter-structures that these
chains can imteract with. Their sole function is to “sense” the triggering of the
TCR by its specific antigen, superantigen (see later), or polyclonal activator, and
then to transduce the signal that accompanies such a triggering,

7.9 Is the genetic encoding of these TCR V-regions similar
to that of the immunoglobulin chains?

Yes, although there are some differences. The o and the [ chiin V-regions are coded
by two separate loci (or gene complexes). The human TCR o chain V-region gene
complex i located on chromosome 14 and contains approxmately 50 Ve and 50—
70 Jo segments. The human TCR i chain V-region gene complex is on the chromo-
some 7 and contains 75 V[ sepments, two D segments and 12 J[ sepments.
(Murine TCR. V-region gene complexes have a similar orgamzation and content.)
As one can see from these numbers, the combinatorial diversity of the TCR reper-
toire 18 even smaller than the combinaterial diversity of the antibody repertoire (see
Chapter 4). Because of that, the role of junctional diversity in the generation of T-
vell repertoire is even bigger than in the generation of antibody repertoire.

7.10 Since there is no such thing as TCR isotypes and TCR
class switch, does it mean that there is just one T(R
C-region gene?

Actually, there i1 only one C-region gene for the TCRo chain (Co) and two
C-region genes for the TCR [ chain (CB1 and CR2). The use of either of them
seems fo be completely random, and there are no known differences in the
“quality™ of the T-cell clones that utilize one of them versus the other.

7.11 Is the way o and f} TCR chains are expressed
dramatically different from the way antibodies are
expressed?

No. The mechanisms of the TCR V-region gene rearrangement are thought to be
quite similar to the mechanisms of the antibody V-region gene rearrangement.
Some mino differences should be mentioned, however. The [} chain V-region
rearranges prior to the o chain V-region, and begins with the joining of one of
the two DJj segments with one of the 12 Jj segments. Interestingly. the D[} segments
do not follow each other in a tandem array. but are separated from each other by
six of the 12 JP segments (grouped into a cluster called Jp1) and one of the towo Cp
genes. Because of this peculiar organization of segments, C1 can be deleted during
the Df-Ji rearrangement. Also, if a rearrangement between the D1 and one of the
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JP segments from the JP1 cluster appears to be nonproductive, a second rearrange-
ment, involving the other D and one of the remainimg six JP segments {collectively
called I3 2) is possible. This gives a T cell ome more chance to produce a functional
TCR. If the [} chain V-region cluster rearranges productively, the beta chain is
made through the use of RNA splicing, as detailed in Chapter 4, This event
sends the signal for the homologous TCR P chain V-region 1o stop its rearrange-
ment (allelic exclusion), and to the TCR a chain V-region to rearrange.
Interestingly, the nascent TCRE [} chain may pair with the molecule called pre-T o
chain {pTa), which resembles the event of pairing between the antibody pchain and
the surrogate light chain m pre-B lvinphoceytes, Also, the allelic exclusion during the
rearrangement of the two homologous TCR. a chain V-region loci is rather “leni-
ent.”” Because of this “lemency,” up to 30% of T lymphocytes in the human as well
as in the mouse contain two different functional TCR. o chains, but only one TCR. 3
chain, The functicnal significance of such a “dualism™ is unknown,

7.12 What parts of the TCR V-region are coded by what
segments, and what allows the TCR to recognize the
peptide and the MHC simultaneously?

Like in the case of antibodies, the V segment codes most of the TCR V-region.
That includes the N-termmal FR1, the CDR1, the FE2, the CDR2, and the FR3.
The CDDR3, which i a linear sequence is the most C-terninal part of the V-region
and in the folded TCR V domain is on the outside, is coded by the most C-
terminal part of the V segment. the D segment (for the TCR beta chain) and an
N-termmnal part of the J segment. The antigen-binding site of the TCR iz a flat
surface formed by the juxtaposed CDR of the alpha and beta chains. As shown by
X-ray crystallography, in some TCR the CDRE3 physically contacts the peptide
while the CDE1 and the CDE2 mteract with the MHC molecule; in other TCR,
all three CDRs make contact with the MHC molecule but, again, it is the CDR3
that also interacts with the peptide. An mportant feature of the TCR—peptide
interaction is that only one or two amino acid residues of the MHC-bound peptide
make contact with the TCR. This points to an amazing ability of the TCR to
distimguish between antigens based on very slight differences m their amino acid
sequence, While the discrimmating ability of the TCR is so high, the affinity of its
interaction with the peptide and MHC is very low (K4 107 to 107" M). Because of
that, the TCR must stay in close proximity to the peptide- and MHC-expressing
cell for a rather long time. A number of accessory molecules expressed on the T vcell
interact with their counterparts on the antigen-presenting cell, providing the ad-
hesiom that i3 pecessary for such a prolonged association (see later).

7.13 What events follow the binding of the peptide and
MHC by the T(R?
That crucially depends on whether or not the above-mentioned accessory mol-
ecules are bound by their APC-expressed counterparts called co-stimulators. If
these are available and the accessory molecules are bound, a sequence of signal
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transduction events eventually results m the T-cell activation, [f the TCR binds the
peptide and MHC and the accessory molecuoles are not sinnltanecusly bound by
co-stinulators {because the latter are absent or blocked), a different sequence of
gipmal transtciion events fodiows and eventually vesulis in the specilic tnrespon-
siveness of the piven T lymphocyte, or the T-cell tolerance,

7.14 What is the sequence of the “activator” events?

It mchides clustermg of the TCHR and accessory molecules together on the cell
surface; phosphorylation of eytoplasmic porticons of the CD3 and £ chaing; activa-
tion of adaptor proteing and biochemical mtermediates; activation of certain
infracellular enzvmes and, eventually, transcraptional activation of genes that
are silent in resting T lymphocytes (Fig, 7-3). All of these events, except the
activation of pene transcoption, ocoour very rapidly — within seconds to minutes
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Fig- 7-3, T-cel meceptor-medumted cell mppalmg An overaew of events that Follow the trpgerng of the TCH and
CDCDE 15 presented See text for debuls From Abbas, B, A H Lxhiman, and 15 Fober, Collulor arsd
Adlgne addar Fewumodogr, fourth editon, W B Smosbers, 2000, p 171 {their Fig 5-£)
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after triggering of the TCR., The phosphorylation of cytoplasmic portions of the
CD3 and C chains 15 an especially rapid and also complex phenomenon that
imvolves a family of enzymes called protein tyrosine kinases (PTE).

7.15 What comprises the family of PTK?

FTK catalyze the transfer of the terminal phosphate group from ATP to the
hydroxyl group of a tyrosine residue in a substrate protein, In contrast to serine
or threonine phosphorylation, induced tyrosine phosphorylation does not happen
often and s reserved for crucial regulatory steps of mtracellular events, The PTEK
imvolved in signal tramsduction in mmune cells are classified into four families: the
so-called sre, Csk, Syk/Zap70. and Janos kinases, Of these three families, the first
family. sre kinases. is the most important for T-cell activation, Eight individual
members of the sre family were identified so far: Sre (named after the Rous
sarcoma virus where the gene for this enzyme was first described), Yes, Fgr,
Fyn, Lek, Lyn, Hek, and Blk, The ammo-terminal region of its molecule deter-
mines the function of each of these PTEK; this region has an affmity towards the
cytoplasmic portion of a certain specific proteims, For example, the N-terminal
region of lck is able to bimd the cytoplasmic tmls of CD4 or CDE. As will be
detailed later, both CID4 and CDE are typical accessory molecules; this illustrates
that not only CD3 and £ chain, but also accessory molecules are absolutely essen-
tial for the activator signal transduction, Each PTK from the sre family contams
two internal domains. called SH2 and SH3 (where “SH™ stands for “sre¢ homol-
opy™), which have a unique spatial structure and enable the PTK to bind non-
covalently (*“dock™) to other protems, As we will see, this “docking™ is crucial for
activation of a number of molecular mtermediates and further transduction of
activator signals.

The second PTK family, Csk (so far represented by the only individual member,
Csk-1) phosphorylate PTK from the Sre family, thus making them mactive., The
third group, Syk/Zap70, includes two mdividual members, Syk and Zap70. Syk
operates predominantly in B lymphoceytes and will be discussed in later chapters.
Zap-70 (from “70-kDa zeta-associated protem™) is, as its name tells, associated
with the cytoplasmic portion of the TCR complex  chain, also has SH2 and SH3
domains. is activated when docks to the zeta chain, and phosphorylates a number
of adapter proteins (see later). The fourth of the above-mentioned groups, Janus
kimases, work in pathways of cytokine-mediated signaling and will be discussed in
the appropriate chapters.

7.16 When phosphorylated, PTK become inactive. Does this
mean that when they are dephosphorylated, they
become active?

This is true at least for the PTK from the sre family. A special group of enzymes

called protein tyrosine phosphatases (PTP) are responsible for the removal of the
Sck-1-induced mhibitory phosphate from the sre tvrosime residues, One of the
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best-known PIPs is a molecule called CD45. It iz a membrane-expressed T-cell
protem that has two isoforms, CD45EA and CDY5SRO (the second one i slightly
smaller in size; both have identical enzymatic activity). Like CD4 and CDE, CD45
also belongs to the family of accessory molecules and enhances the T-cell activa-
tion when involved.

7.17 How exactly do the activator src PTK work?

This is best studied for one of the PTK of the sre family, kk. When the TCR. is
triggered by its specific peptide-MHC complex, either CD4 or CDE bind te their
appropriate binding sites. A< detailed im Chapters 2 and 5, these sites are in the
mmmunoglobulin-like domains of the MHC Class 11 and the MHC Class 1 mole-
cules, respectively. Omnce that happens, lck, which is physically associated with
CD or CD#, is brought mto close proximity of the ITAMs of the CI33 chains
and of the  chain. Simultanecusly. it is dephosphorvlated by CD45 and thus
activated, In addition. a similar enzyme. called Fyn. is brought mto close proxi-
mity with the ITAMs of the CD3 chains. Within seconds, lck tyrosine-phosphor-
ylates the £ chain ITAMs and thus makes them able to “dock™ on the Zap-70, This
strongly activates Zap-70 and, in turn, enables the latter enzyme to act on a
number of cytoplasmic signalmg molecules.

7.18 What are cytoplasmic signaling molecules, and what
do they do?

It has been shown recently that Zap-70 acts directly on a spevial class of molecules
called adapter proteins, Two of these are considered especially mmportant for T-
lymphocyte activation: a membrane protein called LAT (from “lmker of activa-
tion of T cells”), and a cvtoplasmic protem called SLP-76 (from “SH domam-
contaimng leukocyte proteim with the molecular weight of 76 kDa™"). The adapter
proteins become activated when they are tyrosine-phosphorylated by Zap-70.
Their activation leads to their bindmg to a number of molecules. includmg both
membrane-associated molecules (which serve as other adapters, thus continuing
the “relay race” of signal transduction), and cytosolic protems with enzymatic
activities. In short, the involvernent of adapter protems leads to recruitment of
important enzymes and to triggering of two principal pathways of T-lymphocyie
activation. The first of them is the Ras pathway of T-cell activation, and the second
is the inositol phospholipid pathway of T-cell activation. Both pathways end with
the activation of gene tramscription, leadmg, eventually, to cytokine production,
eytokine receptor expression, and the entrance of the T lvmphocyte into cell cycle.

7.19 How does the Ras pathway of T-cell activation work?
Ras is, essentially, a collective name for a system of ubiquitous cellular signal
transducers whose main feature iz the ability to bind phosphorylated guanme
nucleotide. In T lymphocytes, the mam representative of the Ras fapuly is a
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21-kDa Ras protein that is loosely bound to the eytoplasmic side of the membrane
through covalently attached lipids. In its “resting™ state, Kas contains an attached
puanosine diphosphate (GDP); when activated by adapter proteins, it exchanges
its GDP mto a guanosine triphosphate (GTP). The GTP-associated Ras
(Ras.GTP, for short) becomes an allosteric activator of various cellular enzymes,
of which the so-called mitogen-activated protein kinases (MAP Kinases) are most
important for the subsequent signal ransduction in T cells,

7.20 What are MAP kinases, and what do they do?

MAP kinases are a large family of serine-threonine protein kinases that are present
in a wide variety of cells and serve as intermediates between cyroplasmic and
nuclear events of cellular activation. In T lyvmphocytes. at least three MAP kinases
are involved in signal transduction. The first of them vsed to carry a “Byzantime™
name “MAP-kinase kinase kinase” (MAPKKK), but is now known under a more
palatable name Raf. Ras.G'TP directly activates this enzyvime, The activated Raf, in
turn, phosphorylates another representative of the MAP kinase family, called
MEEK-1, and that enzyme passes the relay of phosphorylation to yet another
MAP kinase called ERK (from “extracellular receptor-activated kinase™). The
phosphorylated ERK itself phosphorylates a protein called Elk. This protem pos-
sesses the ability to penetrate inside the nucleus of the T lvimphocyte and to serve
there as a transcription factor for a gene called Fos, The latter, when its transcrip-
tion is activated. controls the produection of Fos protein. which 1s an importam
inducer of the transcription of the mterleukin-2 (1L-2) gene (see later). Thus, Ras-
activated MAP kinases pass the activator sipnal from the cytoplasm of the T
lymphocyte to its nucleus,

In parallel with the Ral-MEK-ERK enzyvmatic cascade, the adapter protein
activity leads to another “relay race,” also resulting im the activation of the 11-2
gene transcription. This other cascade of phosphorylation begins with adapter-
mediated activation of a GTP exchange protem called vav. This protem, when
activated, triggers the exchange of GDP inte GTP in another 21-kDa guanine
nucleotide-bimding, Ras-like protein called Rac. The latter stimulates a MAP
kimase called INK (from “c-Jun N-terminal kinase,” where c-Jun is a cellular
proto-oncogene that codes for a protein that this kinase phosphorviates). The
phosphorylated c-Jun, like Elk, iz able to penetrate into the nucleus and serves
as another activator of the 1L-2 gene transcription.

7.21 How does the other of the two above-mentioned
pathways, the inositol phospholipid pathway of T-cell
activation, work?

The key enzyme of this pathway is a cytosolic enzyme called phospholipase C 1
(PLCyI). It 15 inactive in its cytosolic status but, when recruited by a Zap-70-
activated adapter protein, translocates towards the cellular membrane and,
through phosphorylation by Zap-70, becomes active, In this new status, it
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becomes able to catalyze the hydrolysis of a membrane-bound phospholipid called
phosphatidylimesitol 4,5-biphosphate (PIP2). The two products of this hydrolysis
are called inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). The function
of 1P3 is to rapidly increase the concentration of free ionized cytosolic calcium
[Ca®*],. In resting T lymphocytes, this concentration does not exceed 100nM;
within minutes after TCR triggering and Zap-70 activation, it reaches levels of
600 o 1,000 nM (Fig. 7-4). Imtially. this raise is explained by a rapid release of
calcium from its cellular depots (mostly endoplasmic retwulumy). It is then sus-
tained for approximately 1 hour because of the opening of a membrane calcium
channel and an influx of Ca®* from outside. The net result of such a dramatic and
sustained increase in [Ca® ™), is the formation of complexes between calcium jons
and a ubiguitous cellular protein called ealmoduling Calcium—calmodulin com-
plexes activate a number of enzymes, of which for T-cell activation the most
important one is the se-called ealeineurin, This latter molecule plays an important
role in the activation of 11L-2 gene transcription, acting in concert with the above-
described Fos, Jun, and other molecules (see later).

Another effect of the mcreased [Ca”*), is the tramslocation of a cytosohc
enzyime called protein kinase C (PKC) to the cellular membrane, The other pro-
duct of PIP2 hydrolysis, DAG — a hydrophobic, membrane-bound molecule -
strongly activates the translocated PKC. The activation of this enzyme, which
belomgs to the family of serine-threomine protein kinases, is important for a further
progression of the T-cell activation. The exact mechamisms of PEKC-mediated
signal transduction in the T Iymphocyte activation are noi clearly elucidated so
far. However, the importance of this enzyvme is underscored by the fact that
pharmacological agents that are direct PKC activators (e.g., phorbol esters)
stimulate T Ivmphocytes and, in combination with calcium ionophores, induce
powerful preliferation of T cells. Indirect evidence sugpests that PKC alse parti-
cipates in the up-regulation of the I1L-2 gene transcription.
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7.22 How exactly do the above-described pathways of
signal transduction culminate in the activation of IL-2
gene transcription?

In fact, the 1L-2 gene is just one (albeit mmportant) gene whose transeription is
activated by various signal transduction pathways in T cells. As we will detail in
later chapters, the [L-2 gene is silent in resting T cells, and its transcriptional
activation is a cornerstome of T-lymphocyte response to antigens or polyclonal
stimulators. The IL-2 gene is under the control of a large (300-bp) promoter-
enhancer region that can bimd several different tramscription factors. Three of
these factors appear to be activated in T cells by antigen recognition and critical
for most T-lvmphocyie responses, These factors are nuclear factor for activated T
cells (NFAT), AP-1, and nuclear factor kB (NFkB). The above-described signal
transduction pathways in T lvmphocytes lead o the activation of these factors
and. through this activation. to the synthesis of 1L-2. The latter, as we will discuss
later, further drives T lyvmpheceytes to preliferation and differentiation into effector
or memory cells,

7.23 What are the transcription factors participating in
antigen-dependent T-cell activation, and how do they
work?

NFAT is actually a family of molecules. Two representatives of this family, called
NFATp and NFATc, are found in the evtoplasm of T lvmphocytes. There, they
are serine-phosphorylated and inactive; however, when calcineurin is activated as
a result of antigen-triggered [Ca’" ), increase (Section 7.12), it dephosphorylates
NFAT and thus activates it. The activated NFAT is translocated into the nucleus
and binds to regulatory sequences of the IL-2 (and also 11L-4 and some other
cyvtokine) genes, This binding is necessary but not sufficient to activate the 11-2
gene; the AP-1 and NFxB binding must supplement it, The importance of this
transcription factor was recently underscored by the discovery that mmunosup-
pressive drugs cyclosporine A and FK-506 form complexes with some cytosolic
proteing and directly inhibit caleineurin, Such an inhibition results m a profound
suppression of the T-lymphoceyte activation and 18 extensively used in clines to
stop allograft rejection.

AP-1 is also a family of molecules that are protein dimers held together by the
so-called “leucine zipper™ (see molecular biology extbooks for details). Unlike
NEFAT, AP-1 proteins are not stered in the evtoplasm in their mactive form. For
example, the representative of the AP-1 family that is featuring most prominently
in the T-lymphocyte activation consists of two proteins, Fos and Jun. As men-
tiomed in Section 7.20, Fos is a nuclear protein that is activated when phosphory-
lated by Elk protein, a product of the MAP kinase pathway of T signal
transduction in T lvmphoceytes, On the other hand, Jun is a cytoplasmic protein
but, after being phosphorylated by JNK (a component of the Rac-GTF, MAP
kimase-related pathway of signal transduction), it translocates into the nucleus and
binds Fos, forming the AP-1. After being thus formed, the AP-1 binds to regula-
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tory sequences mn IL-2 and other cvtokine genes and acts in concert with NFAT
and NFxB to activate them.

NFxB is a dimeric protein molecule that is homologous to the product of an
oncogene cialled c-rel, and present in the cytoplasm. In resting T lymphocytes, it is
covalently attached to a larger molecule called “inhibitor of xB* (ixB). When T
cells are activated. ikB becomes phosphorylated; the precise mechanism of this
phosphorylation is inknown but it seems to depend on the inositol phosphaolipid
pathway of T-cell activation described in Section 7.21. The phosphorylated ixB is
complexed with ubiquitin and targeted to proteasome (see Chapter 6), where the
NFkB is cleaved from the iwB. When the NFkB is is thus released, it translocates
mto the nucleus and binds the regulatory sequences of the IL-2 gene, supplement-
g the action of NFAT and AP-1.

7.24 What other accessory molecules affect T-lymphocyte
activation?

Indeed, many additional molecules expressed on the T-cell surface play the role of
accessory molecules. Interaction of these molecules with the co-stimulatory mol-
ecules expressed on the antigen-presenting cells is necessary to achieve the T-
lymphocyte activation.

The best described of the above pairs ig the CD28-B7 pair (Fig. 7-5). CID28
is a member of immunoglobulin superfamily that consists of two subunits and
is expressed on »90% of CD4" and on approximately 50% of CD§* T

28 is expressed by both
resting and activaied T cells
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Fig. 7-5. Co-stimmlation of T cells throngh CID2E and negative sipnaling throngh CTLA-d. See text
for details.
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lymphocytes, B7 co-stimulators are expressed on activated professional anti-
gen-presenting cells (dendritic cells, macrophages, and B lyvmphocytes) and
exist m the form of two distinet molecules, B7-1 (CD80) and B7-2 (CDE6).
As we will discuss in more detail in the appropriate chapter, the TCR trigger-
ing in the absence of interaction between CD28 and B7-1 or B7-2 leads to
profound and irreversible T-cell tolerance. The exact way in which CD2R
triggering supplements or modifies the TCR-CD4/CDE-mediated signal trans-
ductiom is subject of extensive research. Evidence indicates that when bound
by B7-1 or B7-2, CD28 is clustered and activates the inositol phosphelipid
pathway of T-cell activation as well as the Ras and Rac pathways of T-vcell
activation. CD28 triggering activates a form of NFxB that binds to a site in
the IL-2 gene promoter called “CD2E response element.” Also, CD2E trigger-
ing seems to be necessary for the phosphorylation and function of ERK and
JINK kinases, becavse the T cells that are triggered through their TCR com-
plex in the abzence of CD2E net only do not activate these enzymes, but lose
the ability to activate them in response to subsequent “dual” TCR-CD2E
triggering. A second receptor for B7-1;2. called CTLA-4 (CD152). is structur-
ally similar to CID2E. but sends a clear inhibitory signal to the T cell upon its
binding. This molecule 15 expressed predomimantly on recently activated T
lymphocytes, and is thought to prevent or suppress their further activation
through blocking the phosphorylation of [ chains. Another example of an
accessory molecule that aids to T-cell activation is CID45, a phosphatase
mentioned in Section 7.16, Several other molecules are important for T-cell
activation, but their role in the TCR-associated signaling is less clear; it is
believed that their primary function is to increase the adhesion between the T-
cell and the co-stimulator-expressing, antigen-presenting cell.

7.25 If the “classical” (most prevalent in adult T
lymphocytes) TCR is a heterodimer, consisting of the
two polypeptide chains, o and §, what is a
“nonclassical,” “minority” TCR, and why is it needed?

The alternative TCR is called “y6 T vell receptor.” Although this has an
overall structure of a TCR, it consists of two distinet polypeptide chains, called
v and &, Like the « and the [ chains of the aoff TCE, the y and the & chains
have C- and V-regions, but they are coded by genes distinet from those that
vode the o« and the b chains of the “classical” TCR. Like the off TCR, the vo
TCR 1s also a heterodimer associated with the CD3 and { chains, (The y and
the & chains of the y& TCR should not be confused with the gamma and delta
chains of the CD3)) The pathwavs of cellular signaling activated by the &
TCE triggerimg are very similar to those activated by the “classical” off TCR
triggering. Furthermore, the cornerstone of the TCR-mediated signal transduc-
tion in the y& TCR-expressing T lvmphocytes 15 the transcriptional activation
of the I[L-2 gene, and its mechanisms are similar to the ones described in
Section 7,23,
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There are some important features of the y& TCR and the cells that expressed
it, however, that make them differ from the conventional aff TCR-expressing T
lvmphocytes. The expression of 6 TCR is abundant in fetal T lymphocytes, and
diminishes very dramatically soom after birth. In adult humans and mice. less
than 5% of all T lvmphocyvies express this receptor. In the adult, vé& TCR-
expressing T lymphocytes are vsually CD4- and CDE-negative, and tend to
aceumulate in particular aparomical locations (espevially the epidermms and
mucosal epithelivm of the gut, tongue, and vagma). It is important to stress
that the & TCR-expressing T lymphocvtes are a lineage that 18 separate from the
“conventional” off TCR-expressing lineage. A 16 TCR-expressing T lymphocyte
cannot become an off TCR-expressing T Ivmphocyte, and vice versa. This can be
deduced from the way the V-regions of the 46 TCR-expressing T lymphocytes
are encoded genetically (see Fig. 7-4). The entire TCR v chain V-region locus is
positioned between the cluster of the TCE alpha chain 'V segments and the
cluster of the TCE alpha chain § segments. Therefore, if the TCR alpha chain
V-region gene segments rearrange, the entire TCR. gamma chain V-region locus
becomes deleted. Isolated TCR delta chains can be expressed together with the
assembled alpha and beta chains of the of TCE. but they have no known
function in this case.

The biclogical role of the aff TCE and the 48 TCR-expressing T lvmphocytes
remains quite mysterious. Apparently, since they are so abundant in the fetus, they
must play some role m the ontogeny of Immumity, perhaps because they recognize
some ubiquitously expressed fetal ligands. The diversity of the v& TCR repertoire
is very limited compared to the conventional T-cell repertoire, Finally, it has been
shown recently that the 8 TCR-expressing T lrmphocyies do not vecognize com-
plexes of peptides and MHC. Rather, they recognize some unprovessed nonpeptide
molecules, like bacterial lipoglycans, presented by the nonpolymoerphic MHC
Class I-like melecule called CID1. The significance of this pattern of antigen revog-
mitiom awaits further elucidation.

£ uestions

REVIEW QUESTIONS

1. In three to four sentences, describe how I Allison and his co-workers used T-cell
clomes for the TCR identification.

2. In their expeniments, 5. Hedrick and M. Davis hybrnidized the cDINA prepared from a
T-cell mmor with the mRNA extracted from a B-cell line. In your opinion, why did they
bother to go throtigh the step of cDIMNA preparation — would it not have been easier
simply to hybridize the B-cell mRNA with the genomic DNA extracied from T cells?
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3. Outline the main differences between antibodies and TCRE.

4. Using the data discussed in this chapter as well as in Chapters 5 and 6, briefly outline
the structural relationships between MHC, peptide, and TCR.

5. Monoclonal antibodies to CD3 trigger a powerful proliferative response of hmpho-
cytes in vifro, but if the culiures are rid of adherent cells, the response weakens. Explain
this ocourrence.,

6. Murine T lvmphocytes proliferate when phorbol myristate acetate (PMA) is added in
their culture together with a calcium ionophore. However, when added separately,
neither PMA nor the calcium ionophore induce a significant proliferative response
of the cells. Explain this phenomenon in molecular terms.

7. Offer an experiment that would wtilize pene transfection methodology and prove that
there exists a “division of labor™ within the TCR complex.

8. What exactly is the hnk between Ick, Zap-70, adapter proteins and the MAP kinase
pathway of T-cell activation?

9. Cadmium ions are known to be selective blockers of membrane ealcium channels.
How would you imagine the TCR-triggered signal transduction in T lvmphocytes
cultured in the presence of cadminm chloride?

10. What two finctions of PELC are mest crucial for T-lymphocyte activation?

11. Describe the role of Ras-GTP and Rac-GTP in the formation of active AP-1.

12. What 15 the role of Ubiguitin in T-cell activation?

13. If active WEAT, active AP-1, and active NFxB are translocated in the nocleus of a T
cell by some mechanism, will that allow the T cell to respond to TCR triggering in the
absence of B7-1 and B7-27 Why, or why not?

14. Explain why T cells that express an ¢fp TCR can also express the delta chain, but not
the gamma chain, of the v& TCR.

15. Propose a hvpothesis explaining why the v TCR-expressing T hphocytes tend to
accurmilate in epithelial tissues.

MATCHING

Directions: Match each ttem in Colmmn A with the one in Column B to which 1t 13 most
closely associated. Each itern in Colinn B can be used only once.

Codwnn A Colunmn B
L. Idiotvpe AL Adapter protein
2. VP locus B. Phosphorylates Fos
3. Vy loous . Present only on a given clone
4. £ chain [, Processed in the proteasome
5. L chain E. Contains [ segments
6. Lck F. Part of CID3
T.LAT G. Activates NFAT
8. Calcineurin H. Used by most fetal T cells
9. Elk . Associated with CI4

10. ikB I. Has three [TAMSs
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Answers to Questions

REVIEW QUESTIONS

1. They immunized mice with these clones and obtained hybridomas, which they

2

then selected for the ability to bind the clonospecific epitopes {or diotvpic deter-
minants). When such hybridomas were cobtained, the antibodies that thev pro-
duced were used to isolate the T-cell surface molecules that carried the
idicivpic determinants. These molecules were characterized biochemically amd
shown o contain V- and C-regions homologous to, but distinet from, those
contained in antibodies,

It would be easier, but it would not lead to the desired result. Genomic DNA of any
elikaryotic cell contains all genes; therefore the genes thal code for unigque T-cell-
specific molecules would not be identified. On the other hand, cDNA contains only
those gene sequences that are expressed ina given cell.

. Unlike antibodies, TCK are never secreted; show no isotypes or class-switch; possess a

significantly lower affinity of their hinding: their molecules are heterodimers that
cannot be viewed as “heavy™ and “light” chains because they are of & similar molec-
wlar weight; they do not mutate their V-region genes and show no affinity maiuration;
allelic exclusion in TCE. V-region loct operates with a greater leniency.

. Peptides hind to peptide-binding domains of MHC molecules, using their side chains

to fit into peptide-binding pockets. Only very amall portions of peptides {one o two
amine zcids) are contacted by V-regions of the TCR @ and B chains, mostly by the
CDR3, Simultanecusly, the TCRE V-regions contact the MHC molecule. In some
TCREs, this contact 13 mediated by CDR] and CDRZ, amd in others by all three CDRs.

. The T cells need co-stimulatory molecules like B7-1 and B7-2, which are presented to

themn by dendritic cells and macrophages. The latter are adherent; therefore, if they are
removed, the response weakens.

. A plausible mechanizm of this proliferation is activation of the T1.-2 gene. This activa-

tion is achieved when PEC is sirongly activated; perthaps PMA alone, in the absence of
calcium release from the intracellular depots, is unable to fully activate PEC.
Similarly, an increase in [Ca®*], alone, without DAG or its mimic, cannot fully acti-
vate this enzyme.

. Izplate TCE. genes from a clone with a known peptide-MHC specificity. Co-transfect a

cell linge either with these TCR chain genes onby, or with CDD3 and £ chains only, or
with both TCR. and CID3+ . Neither the first nor the second transfectant will respond
to the original MHC-peptide complex, but the third transtectant will.

Lek phosphorylates £ chains, thus activating Zap-70; the latier activates adapter pro-
teins; these activate Kas and Fac, which inifiates the MAP kinase cascade.

Q. There will be a briel increase of [Caz"], due to the IP3-induced release of Ca’* from

intracellular depots, but it will not be sustained if Ca®* channels are blocked.

10. Tts ability to act synergistically with Ca’™ ions in the induction of cellular TESPOTISES,

and its indirect influence of the ikB phosphorylation.

11. Ras-GTP activates ERK kinase, leading to phesphorylation and nuclear translocation

of Elk protein; the latter, when translocated, activates c-fos gene and thus helps the
production of Fos protein. Rac-GTP activates JNK kinase, leading to phosphoryla-
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tion and nitclear translocation of Jun protein. When Fos and Jun proteins meet in the
nucleus, thev form a dimer, which is AP-1.

12, Without ubiquitin, 1B would not be cleaved in the proteasome, and active NFxB
would not be fonmed. This, in turn, would preclide the transcriptional activation of
the I1.-2 gene.

13. No, because for the IL-2 gene to be fully activated, the CD2E response element in
its regulatory region must be occupied, and this cannot happen in the absence of
CD2E-BT interaction.

14. Because the Vy locus is positioned between the Ve and the Je gene clusters and is
deleted when the Ve locus rearranges. The Vi is located elsewhere and remains intact.

15. They may recognize some Ubiquitous antigen that 1s present at the border between the
organism’s tissues and its environment.

MATCHING

,C:2E3SH4F5G6 L7, ARG 9 R 10,0



CHAPTER 8

B-Lymphocyte
Activation and
Antibody
Production

Introduction

T and B lymphocytes are the two indispensable “arms™ of the immune system.
Together with accessory vells and other nonlymphoid celis. they mount an efficient
mmune response to a wide vadety of antigens. including dangercus microbes. In
previcus chapters, we showed how the diversity of the B- and T-lymphocyte
repertoire is generated. We also discussed how T Ilvmphocytes are activated
after they recogmze amtigens. In this chapter, we will see how B lyvmphocytes
are activated after they recognize antigens and, importantly, what signals from
helper T lymphocytes are necessary to drive the B-cell activation after the recogni-
tion of protein antigens. In fact, the concept of T helper cells and the concept of
“T cell help” that has been introduced m Chapters 1 and 2 will be further analyzed
m precise cellular and molecular terms. We will show why the T cell help is needed.
and how is it being generated. delivered. received. and responded to.

Like T lymphocytes. B lvmphoeytes can be activated by the combmation of
antigen and co-stimulators (signal 1 plus signal 2) However, there is a profound
difference between B and T lymphocytes in the exact way of antigen signal deliv-
ery, Unlike TCR, individual antibody melecules on the surface of a B lvmphoceyte
must be cross-linked by the antigen. Many antigens, however, cannet cross-link
surface antibody molecules. As we will see, the meaning of the T cell help is,
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essentially, to bypass this requirement of surface antibody cross-linking. In this
regard, we will see why certain antigens need this help and are therefore called
T-vell-dependent, while other amtigens do not need it and are called T-cellsindepen-
dent. We will also discuss m depth, how the signal transduction in T and B lym-
phocvtes during their activation by T cell-dependent antigens leads to B-cell
proliferation and differentintion.

Discussion

8.1 How exactly did immunologists develop the idea that B
lymphocytes may need T lymphocyte help?

This idea is quite old, and its begioming in fact preceded the classification of
lymphocytes into T amd B cells. As early as the late 1960s, immunologists began
to analyze antibody production with the help of an adoptive transfer techmique (see
alse Chapter 1). In these experiments, sublethally irradiated mice were injected
with cells derived from various sources. The recipients who had “adopted™ these
transterred cells were then immunized with sheep red blood cells, and the antibody
response of the “adopted” cells to the antigen was momtored. A crucial experi-
ment performed by JEF AP, Miller and . Mitchell, who showed thar adoptively
transferred rat thoracic duct or bone marrow lymphocytes did not respond to
sheep red blood cells, but & mixture of the two cell types did. Miller and
Mitchell offered a simple and very far-sighted explanation for their data.
Theracic duct lymphocytes are mostly of the thyvmic origin (T cells), and bone
marrow-derived lymphoceytes contain little or ne cells of the thymic origin but
express antibodies on their surface (B cells). Based on this fact, Miller and Mitchell
proposed that B lvmphocytes are activated and produce antibodies to sheep red
blood cell antigens when they receive a “help” from T lymphocytes.

8.2 Do B lymphocytes always need T cell help?

No. As we mentioned in the introduction to this chapter, =ome antigens are T-cell-
independent. Again, the notion about T-cell-dependent and -independent antigens
came to being even earlier tham the classification of lymphocytes into T and B
became a convention. lnmmunologists observed that in mutant amimals or humans
who had a congenmital aplasia (dramatic underdevelopment) of the thymus.
immune responses to many antigens are missing. but responses to some antigens
develop normally. For example, in the mice that carry the so-called “nude” muta-
tion {nu/nu mice), the immune responses to sheep red bleod cells and a vanety of
protein antigens cannot be triggered; yet, these mice produce high titers of anti-
bodies when immunized with pelysaccharides, glyeclipids, or DINA, Apparently, T
cell help is not needed for the response to these antigens to develop. These antigens
were called T-cell-independent antigens, and the antigens that needed T cell help
(mostly protein antigens) were called T-cell-dependent,
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8.3 What structural features make antigens T-cell-
independent or T-cell-dependent?

As we have already mentioned, they are mostly polysaccharides, glycolipids, and
DNA. The feature that unites them and makes them T-cellindependent is the
following: they all have a “cartridge” of repetitive epitopes that follow each other
on the molecule in close proximity. For example, a carbohydrate structure Gal
alpha 1-3Gal betal-4GleNAc-R (where Gal stands for galactose, Gle for glucose,
Ac for aceryl group and R for a radical), termed the alpha-galactosyl epitope. is
repeated many times in capsular polysaccharide amtigens of various encapsulated
bacteria, It is thought that because of these structural features, T-cell-independent
antigens present closely positioned identical epitopes and allow them to be bound
by closely positioned identical amtibody molecules om the B-lymphocyte surface.
As we will discuss later, this pattern of epitope binding may send a signal that,
under certain conditions, will activate B lymphocytes in the absence of T vell help.

Most T-cell-dependent antigens are proteins that acquire a certain tertiary
structure by feolding their polvpeptide chaims in spirals, sheets, or globules,
Because of this natural folding, an mdividual protein molecule usually presents
only one epitope for antibody binding. This makes surface antibody cross-hinking
difficult or impossible. In the absence of the latter. B lvimphocytes cannot be fully
activated unless they receive a T cell help,

8.4 Why is surface antibody cross-linking so important for
B-cell activation?

The answer hes in the way the signal from surface antibody is transduced inside the
B lvmphocyte. Membrane Igh and Igl), which serve as B-cell antigen receptors, do
not transduce the signal by themselves. Like TCR chains (see Chapter 7), the p and
& chains have very short cytoplasmic tails and cannot associate with cytoplasmic
signal-transducing enzymes. Surface antibody-mediated sigmals are actually trans-
duced by other moelecules, called Iga and Igp. These have long eytoplasmic tails that
contain the same ITAMs that are present in the evtoplasmic pertiens of TCR-
associated CD3 and § chains (see Chapter 7). A distinctive feature of further
signaling im B lymphocytes is that for the surface antibody-mediated signal to be
transduced, several ITAMs must be brought into proximity, This makes simulta-
necus triggering of more than one surface antibody maolecule a must.

8.5 What signal transduction events follow the cross-
linking of surface antibodies?

Generally. these events are not very different from those associated with T-lym-
phocyte activation and described in Chapter 7. The earliest event is the phosphor-
ylation of juxtaposed Iga and Igp chains on their [TAMs, which is thought to be
mediated by Src family PTK like Fyn, Lyn, and Blk (see Chapter 7). Once these
chains are phosphorylated, they begin to serve as a “docking site” for a B-lym-



CHAPTER & B-Lymphocyte Activation

phocyte-gpecific PTE called syk. The latter is a B-lvmphoceyte analogue of the T-
cell-specific Zap-70 (Chapter 7). When syk binds to the phosphotyrozsine residues
of the phosphorylated Igo and Igf, it either is phosphorylated by Fyn, Lyn, and
Blk, or phosphoryvlates itself, and becomes active. When activated, syk, together
with other B-cell antigen receptor-associated tyrosine kinases activate several
downstream signaling melecules, One of these 1s PLCy1, which is the same enzyme
as the one operating in T lymphocytes (Chaprer 7). PLCyl catalvzes the break-
down of PIP2, generating IP3 and DAG (Chapter 7). IP3 mobilizes Ca®" from
intracellular depots, and Ca®* facilitates the membrane translocation of cytoplas-
mic PEC, while DAG activates the translocated PRC, In parallel, syk, through
some intermediates that are not yet fully identified, activates Ras and the MAP
kimase transduction pathway. The net result of all these events 18 the transcrip-
tional activation of a group of genes, and the entrance of the B lvmphocyte into
the cell cycle,

8.6 If the principle of the necessity of two signals is true
for B lymphocytes, what constitutes the second, or co-
stimulatory, signal for their activation?

The current netion is that there exigts a B-cell co-receptor complex. which i a way
is similar to an “aggregate” of accessorv molecules that deliver the necessary
“second signal” for B-cell activation. This co-receptor complex consists of four
parts, The first of these i1z a molecule called CR2 (or CID21), which serves as a
receptor for one of the principal breakdown products of complement. (See
Chapter 1 for a defimtion of the complement and later chapters for details of
complement functions.) CR2 is a receptor of a protein called C3d, which is gen-
erated by the proteclysis of the key component of the complement systemn, called
(3. Such proteolysis, as detailed later, can occur as a consequence of the C3
binding to some bacterial cell wall protems. or as a consequence of its binding
o pre-existing antibodies bound o their specific antigen (antigen—antibody com-
plexes). The resulting C3d must be bound to the antigen to which the B cell is
specific, or te the antigen—antibody complex in order te be recognized, and bound,
by CR2,

The second component of the B-cell co-receptor complex is a B-cell-specific
surface molecule called CD19. Immediately after the C3d is attached to CR3,
their complex forms an association with CD19, and the latter becomes phosphory-
lated on its TTAM, which is within the CD19s eytoplasmic tail. This phosphor-
ylation is mediated by PTEKs associated with the B-cell antigen receptor complex,
especially by syk. It greatly enhances the activator signal transduced after the
B-cell antigen receptor triggering.

The third component of the B-cell co-receptor complex is a small. ubiquitously
expressed molecule called TAPA-1, or CDEL. TAPA-1 belongs to the so-called
tetraspanin family of molecules, the distinctive feature of which is that these pro-
teins are “curled” so that they span the plasma membrane four times. The fourth
component of the co-receptor complex is a molecule that is also small and not
limited tc B cells m itz expression, This is called Leon-13. The principal role of
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TAPA-1 and Leu-13 in the B-cell co-receptor complex is thought to be to facilitate
the adhesion between B lvinphocytes (homotypic adhesion) or between B Ivmpho-
eyvtes and nonlymphoid stromal cells (heterotypic adhesion). These proteins also
play a certain role m cognate T-B-cell interaction (see later sections).

8.7 What are the functional consequences of the signaling
through the B-cell antigen receptor and the B-cell co-
receptor complexes?

After the signal transduction pathwavs are fully activated and their activity results
in transcriptional activation of a group of genes by NFAT, NFeB, Ap-1, and
other factors, the B lvmphocyte enters the Gy stage of the cell cycle. This is
accompamed by an increase in cell size, symthesis of new RNA, and an increase
i the number of cellular organelles (notably ribosomes). Very importantly, at this
stage the B lvmphocyte up-regulates the expression of co-stimulatory molecules, Of
these, the earliest up-regulated molecule is B7-2 (CDE6), It: enhanced expression is
followed by an merease in the expression of B7-1 (CDE0) after several hours. The
expression of cytokine receptors, is also increased at this pomt. Fnally, the B
lymphocyte activated through the B-cell antigen receptor and the B-cell co-recep-
tor complexes strongly up-regulates the expression of MHC Class II molecules, This
is a verv important factor for the B-vell-mediated antigen presentation, which
provides a mk with T-lyvmphocyte activation and T-B-cell interaction, and will
be discussed pext,

8.8 How do B cells present antigen?

Indeed, B lymphocytes are very powerful antigen-presenting cells. Essentially, they
present peptides generated in their endosomal-lysosomal (or acidic vesicular) com-
partment and displayed in the context of MHC Class 11 molecules (see Chapter 6).
However, unlike macrophages or dendritic cells, B lymphocytes process and present
antigens that are first recognized by variable regions of their surface antibodies and
then internalized by receptor- (antibody-) mediated endocytosis.

8.9 What are the main features of this antibody-mediated
processing and presentation?

This phenomenon was best studied on haptens conjugated to protein carviers and
exposed to hapten-specific B lvmphocytes. In this case, the presentation of the
antigen to the amtigen-specific T lvmphocytes by hapten-specific B lymphocytes is.
first of all. extremely sensitive: 10° to 10° smaller concentrations of the hapten—
carrier conjugate are required to activate the T cells compared to the situation
when the antigen-presenting cell is a macrophage. Second, although B lympho-
cyvtes recognize the hapten, they process the carrier and present peptides generated
from the protein carrier. Nevertheless, the T cells presented with such peptides
exert help to the hapten-specific B cells.
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8.10 How exactly do the T lymphocytes exert their ““help?”

In the 1970s, it was shown that the presence of T lvmphocytes augments antibody
reaponses of B Ivinphocytes that share the antigenic specificity (cognate mterac-
tion) as well as the MHC Class I1 allele (MHC Class 11 restriction). As for the
exact molecular mechamsm of such an augmentation, it remained unknown for a
rather long time, Evidence indicated, however, that the cognate T cell help consists
of two parts, One part of it is a signal or signals delivered by cytokine(s), while the
other part is a signal tramsmitted from T te B Ivmphocytes during their contact.
Two lines of evidence supported this notion. First, T and B cells specific to the
same protein antigen do not show signs of cognate interaction when separated by
a membrane that allows eyvtokines to diffuse but precludes a membrane-to-mem-
brane contact of the T and B cells, Second. the antibody response of B lyvinpho-
cvles can be stronghy augmented if, in addition to cytokines. they are exposed 1o a
membrane fraction of activated T lymphocytes.

8.11 What component(s) of the T-cell membrane is
important for T cell help delivery to B cells?

The protein that plays the most importamt role in the T-cell-mediated enhance-
ment of B cell responses is called CD40 ligand. This molecule was discovered after
several years of search for the ligand of CD40. The latter is a transmembrane
glycoprotein with a molecular weight of 45 kDa that is constitutively expressed on
B lymphocytes (as well as on dendritic cells, macrophages, and some neuroms).
Antibodies to CD40 were shown to cause a weak proliferative response of B cells,
and to strongly enhance their proliferative response to antigen-mindcking anti-
mmunoglobulin antibodies. On the other hand, these antibodies very strongly
stimulated proliferation and differentiantion of B lyvmphocytes in combimation
with a cytokine produced by activated T lymphocytes, IL-4 (see later chapters
for the characterization of this cytokime), Based on these data, it was suggested
that anti-CID40 antibodies nimic a natural igand of the CD40 molecule, and that
this ligand is likely to be expressed on activated T lymphocytes, It has been shown
that the CD40 ligand (also called CD40L or CI2154) transiently appears on the
membrane of the activated T lymphoeyte and, upon binding to the CID4{
expressed on the nearby B lvinphocyte, delivers a powerful activator signal to
the B cell.

8.12 How is the (D40-mediated signal transduced, and how
does the CD40-expressing cell respond to it?

CD40 belongs to a large family of molecules that includes, among other members,
the tumor necresis factor (TNF) receptor and a protein called Fas (see later
chapters for their description). CD40L belongs to a related family of molecules
that includes TNF and Fas higand. All members of both families are responsible
for a balance between cellular survival and programmed death. The signaling
pathway used by both CID40 and TNF receptor beginsg after binding of these
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molecules by their respective ligands, and their chigomerization, This is followed
by an association of cytoplasmic proteins, called 'TINF receptor-associated factors
(TRAF). To date, six different TRAF proteins have been identified, of which the
so-called TRAF? and TRAF3 nteract with CID40. After TRAF2 or TRAF3 are
recruited to the cytoplasmic portion of the CD40, they bind and activate a cyto-
plasmic serine-threonine kinase called “receptor interacting protein™ (RIP). This is
followed by activation of the transcription factors mentioned in Chapter 7 and in
earhier sections of this chapter: TRAF2 activates JINK. kinase and (through the
latter) AP-1, while RIP activates WFxB. The activated transcription factors are
thought to trigger the expression of a varety of genes, but the details of their
action in CD40-activated B lvimnphocytes are still unknown,

8.13 What are the ultimate consequences of (D40
signaling?

As already mentioned, triggering of the CD40 alone can cause a weak (but detect-
able) proliferation of B lvmphocytes. However, this response 18 short-termed, and
unless signaling through the B-cell antigen receptor complex or IL-4 receptor
supports the CD40 triggering, leads to apoptotic death of the CD4i-triggered B
lymphocytes, When supported by signaling through the B-cell antigen receptor
complex or IL-4 receptor, however, the CDd(-mediated activation leads to a
strong increase in the expression of co-stimulatory molecules like B7-1 and B7-2
and of the MHC Class 11 molecules, in arrest of the apoptotic programs and,
ultimately, to B-cell clonal expansion and increased antibody secretion. Also, the
combined signaling through CID40 and cytokine receptors leads to antibody class-
switch.

8.14 If the engagement of surface antibody or IL-4
receptor rescues the B lymphocyte from CD40-
mediated cell death, what is the mechanism of such a
rescue?

Indeed. the signaling through surface Ighd or IL-4 receptor does rescue the B cell,
The mechanisin of this rescue 18 not completely elucidated, but some details were
recently revealed. Tt has been shown that the engagement of CD40 by CD40L
strongly increases the expression of Fas (also known as CD95). The latter is
structurally related to CD40, but triggers a different signaling pathway when
bound by its lipand, called Fas ligand. This bgand is expressed by activated T
lvmphocytes, especially by the cells that belong to the subset of Tyl lvmphocytes
(see Chapter 10). Binding of the Fas ligand to Fas triggers the assembling of a
group of cytoplasmic proteins collectively called FADD (Fas-assocated death
domain), The assembled FADID bind a number of adaptor proteins and ultimately
activate an enzyme called caspase-8, The latter activates a number of effector
caspases that ultimately cause apoptotic cell death by destroving the nucleus
and its DINA. The parallel signaling through B-cell antigen receptor complex
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and IL-4 receptor, however, seems to create a state of resistance to the Fas-
mediated Eilling, The details of this mechanmism are not known, but it does not
seem to be comnected to a reduction in the Fas expression. Rather, it includes
imtracellular processes. It has been shown, for example, that the engagement of
surface Igh mereases the resistance to Fas-mediated killing through phosphory-
lation of some iscforms of PRC and other protein kinases,

8.15 What other molecules, besides CD40L, are important
for contact-mediated T cell help?

A number of other molecules that belong to the TNF-TNF receptor family of
proteins alse play certain (though as yet not well-defined) roles in the T-B-cell
interaction (or “cross-talk™). Among them are CD30 and OX40, which are T-vcell
moelecules, and their B-cell higands, CD30 ligand and OX40 ligand; the so-called
nerve growth factor receptor (which is expressed on neurons and T lymphocytes),
lymphotoxim receptor, etc. The feature that umtes all these molecules is their
ability to recruit TRAF proteins through their eytoplasmic tails and thus to initr-
ate cascades of intracellular signaling, ultimately leading to further activation of
lymphocytes. In addition, a mumber of the so-called adhesion molecules plays an
important role in the T-B-cell cross-talk.

8.16 What are adhesion molecules, and what do they do?

The main function of these molecules, as can be seen from their name, is to ensure
that a T lvmphocyte and a B lyvinphocyte (or other antigen-presenting cell, or a
nonlymphoid cell) remain in close contact, adhering or “sticking” to each other.
There are three major classes of adhesion molecules (Fig. 8-1): integring, selectins,
and CD44. Of these three, the integrins are most essential for T-B-vell cross-talk,
while selectins and CID44 are more important for lymphocyte homing and migra-
tion, and will be discussed in the appropriate chapters. The integrnn superfamily
inchudes approximately 30 heterodimeric proteins that consist of noncovalently
mked o and [} chams. The extracellular regions of these chains end with globular
“heads™ that bind various ligands found on other cells, or in the extracellular
matrix, The cytoplasmic regiong of these chaims are always associated with com-
penents of cytoskeleton (includimg actin, «-actinin, vinculin, tropomyesin. and
other components). The name of this large family of homologous molecules
comes from the hypothesis that because of their association with cytoskeleton,
they coordinate or “integrate” the binding of extracellular ligands and the sub-
sequent changes in the shape and motility of the cell that expresses them. The most
important feature of the adhesion mediated by inteprins is that it is weak in the
ahsence of the TCR occupancy. but dramatically increases when the TCR is occupied
by the peptide-MHC complex presented by the B cell (or other APC). Since the
TCR-mediated signal i sent imzide the T cell, but affects the properties of the
surface {1.e. “outside™) adhesion melecules, this mode of regulation is called *the
inside-out signaling.”
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Fig. 8-1. Adhesion molecules, This fipure shows interactions betwesn some important adbesion

molecules expressed on antigen-presenting cells (inchading B lymphocytes) and their
counter-receptors on T hmphocytes.

The best-studied mtegrin involved i the T- B-cell cross-talk is called LFA-1 (or
CD11aCD1E). It is expressed on both T and B lvmphoeytes, although primarily, it
functions as a T-cell-aszociated adhesion melecule. Its main hgand on the B
lvmphocyte surface is & molecule called TCAM-1 (CD54); this molecule is also
expressed on T cells and on a vanety of nonlvmphoid cells. The LFA-1-1CAM-1
mteraction seems to be of a major importance for the establishment of a firm
adhesion between the interacting T and B cells, and alse between T Iymphocvtes
and other antigen-presenting cells. 1t is thought that before the TCR is occupied
by the peptide presented by the B cell’'s MHC molecule, T and B cells interact
through LFA-|-1ICAM-1, which leads mitially to weak adhesion. As soon as the
TCR is oceupied, this adhesion grows dramatically, allowing the T and B cells to
stay close together for a long time. That greatly facilitates the mteraction of
CD4OL with CD40, and other molecular interactions described in previous sec-
tions. Another subgroup of the mtegrin family, ¥LA proteins. are more important
for the binding of T lvmphocytes to endethelial cells (see Chapters 11 and 12).

8.17 Do adhesion molecules transduce their own signals?

Currently, it is believed that they do transduce certain activator signals, but the
role of these signals for the B-cell activation is minor compared to the role of B-cell
receptor complex- and CD40-mediated signaling. Perhaps it would be correct to
say that the major function of the adhesion molecules during B-cell activation is
simply to help win time that is necessary for other molecules to deliver and
transduce their signals.
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8.18 Are there molecules and signals that inhibit B-cell
activation?

Wes, The principal mediator of signals that inhibit D-cell activation is the so-called
type IIB receptor for the Fo portion of IgG antibody (FeyRIB, or CD32). When
secrefed IpGG antibodies bind antigen, and the forming antgen—-antibody com-
plexes are somuiltanecusly bound to the FoyRIIB, the B cell activation stops.
Thi= phenoimenon haz been koown for a rather long time and is called amtibody
feedback . The mechans=m of the antibody feadback (Fig. 8-2) iz related to the
ahility of a cytoplasmic region of the FoyRIIB molecule to “dock™ two major
inhibitory enzymes. One of these enzymes iz called SHP-1; it serves as a protem
tyrosine phosphatase, and removes phosphates from activator signaling molecules,
this impairing their fonction. The ofther enzvme i= called SHIF; it iz a direct
inhibitor of FIF3 (see Chapter 7). When a secreted Igl forms a complex with
the antipen, which simultanecusly binds the B-cell antipen receptor (through the
antigen) and the FoyRIIB {through the IpG's Fo fragment), it boings SHI-1 and
SHIF close to the B-cell antigen receptor complex, thus facilitatng the mhibition
of its positive Apnaling.

g erass-linking by I Eraas-lirking by
Fo sacoplor colgeion Fe ricapion cobgation
Py pini

R PRy B e
B Aewdes

TEmovEs
phosphales in
call—recaptor compies
B cail- Hiock in B cell
rieceplor sagralmg roGapdor Gignalng

Fig. X Anbbody feedback Co-lipebon of the Bocell anbgpen meceptor compler amd the anbbody hamd to the
ForRIIB miubis Bocdl achrvabon becamxe of the mbibobary nabure of the Fe fRIIB-axsocisted phosphatase
Firom Albhas, B, A H. Laohisnan, sud T8 Pobar, Celtiar and Alole mlar Dinigue g, fourth edition, W E
Sammdears, MW, p 36 (1 her Fg 2071
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8.19 How are B lymphocytes activated by T-cell-
independent antigens?

When T-cellindependent antigens cross-link surface antibodies, the B cells are
activated by the signaling through the B-vell antigen receptor complex and the
CRI-CD19-TAPA-1-Leul3 complex, as described i Section 8.6. This second
signal can indeed be delivered, because many T-celldndependent antigens (espe-
cially polysaccharides expressed on bacterial cells) are able to activate complement
through the alternative pathway and thus o generate C3d (see Section 8.6). Also.
some circumstantial evidence indicates that during responses to T-cell-independent
antigens, B lvmphocytes still do interact with some T lymphocytes and are affected
by some cytokines, The precise nature of these T Ivmphocvtes and cytokines is not
known, however.

8.20 Is there any difference in the way the two major
subsets, B-1 and B-2 are activated?

Yes. B lvmphocytes that belong to the “minority” B-1 subset produce antibodies
that bind to a wide variety of antigens, usually with low affmity. Although their
exact function in vive is not completely elucidated, they are thought to react with,
and to be naturally activated by, zome ubiquitously expressed envirenmental
agente. for example, polysaccharides of bacteria that colonize the gastrointestinal
tract early in life. The signaling requirements for their activation differ from those
that operate in “conventional” B-2 lymphocytes. It has been recently shown that
signaling through surface antibody in adult splenic B-1 lvimphocytes leads not to
cellular activation, but to apoptosis, However, in the mice that lacked the CD5
molecule (see Chapter 2) because of the CD3 gene knockout, the signaling through
surface antibody led to the activation of the B-1 vells. These data were mterpreted
to mean that the CDS molecule negatively regulates the signaling throngh the mem-
brane B-cell antigen receptor complex. It may be that i vive, a certain igand binds
the CD5 moelecule and prevents it from exerting its negative effect of the antigen-
mediated signaling. The exact role of T lvmphocytes. CDAL-CD40 signaling
pathway, cytokine signaling and Fas-Fas higand mteractions in the B-1 cell
responses has not yet been elucidated,

8.21 How exactly do activator signals lead to the increase in
the secretion of antibodies and antibody class switch?

The fact that B lymphocvtes activated by their specific antigen begin to secrete
large amounts of antibodies was firmly established decades ago. However, the
exact molecular mechanisms of this phenomenon are still not fully vnderstood.
Obviously, since anti-CD40 antibodies and CD40 lLigand, especially m combina-
tion with IL-4, enhance the secretion of antibedies, the CDGOL-CD40 pathway of
gignaling is imvolved in this phenomencen, Recently, the differential role of various
TRAF proteins and cytolkines mvelved m the prometion of antibedy secretion
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began to be dissected. It was shown that TRAF proteins called TEAF3 and
TEAF6 are especially mmportant, and that TRAF6 enhances antibody secretion
by stimulating the production of the cvtokine called IL-6 by CD40-activated B
lymphocytes (see Chapter 10). The precise molecular mechanism that underlies the
effect of these factors is not known, but it is thought to be related to their influence
on the process of alternative mRNA splicing similar to that described in Chapter 4
(see sectioms about simultimeous Ighd and 1gD expression). This process allows a
simultaneous expression of the membrane-bound and secreted forms of the p
chain. The signalimg through TEAF3, TRAF6, and I1-6 perhaps results in an
increase of the proportion of mENA transcripts where the exon responsible for
the p chain membrane embedding is deleted.

The CDAOL-CD40 signaling pathway alse seems to be responsible for the
switch to downstream antibody isotypes, and various TRAF proteins as well as
cyviokines have been implicated in thizs phencmenon. Again, the details of the
mechanism are not understeed, but it 1s generally agreed that while the CD40L-
CD40 signaling pathways stimulate the class switch i general, the cytokines give it
its particular direction. As will be detiled in the chapter about cytokines. 11-4 is
known to direct the class switch toward the production of 1gE. while interferon +
(IFMN-y) tends to stimulate the switch to IgG2a (at least in mice). Again, the above
converns mostly conventional (B-2) lvmphocytes that respond to T-cell-dependent
antigens. B-1 lymphocytes and B lymphocytes that respond to T-cell-independent
antigens switch to downstream antibody isotypes rarely, and the molecular
mechanisms responsible for that are largely unknown,

@B Questions

REVIEW QUESTIONS

L. Explain in two to three sentences, why H. siffwencae polysaccharide can activate B
hvmphocytes directly, while tetanus toxoid cannot.

2. What stroctures in T hamphocytes are homologous to Ige and Igp, and which feature
of signaling throtigh those homologues is not characteristic to Igo and Igfy

A A protein called decay-accelerating factor (DAY, see Chapter 13 for details) is a
powerful inhibitor of complement activation. What can you predict about immune
responses in individuals who overproduce DAF?

4. You want to grow an antigen-specific T-lrmphocyte clone (see Chapter 7). Propose a
protecol of maintaining such a clone in such a2 way that only B lvmphocyies serve as
the cells that present the specific antigen to this clone.

5. Recall from Chapter 6 that chloroquine and peptide aldehydes can be used to block
anfigen processing. Which of these two agents will impair the cognate T-B-cell inter-
achion?
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6. A fibroblast cell ine transfected with an unknown gene has the following properties: it
indhices the growth and antibody secretion of B Ivmphocytes in culture and, in the
presence of TL-4, stimulates the production of Igk. What is the gene that was used for
transfection? What direct test would you use to prove the nature of the gene and its
product?

Briefly explain how the signaling through CD40 can simulianecusly induce B-cell
activation and programmed B-cell death. What genes would you propose to knock
out in mice to study the relationship between these two processes?

B. What will happen to immune responses of mice transgenic for caspase-B?

=

9. Human B hmphocytes are incubated with monoclonal mouse anti-human immune-
glebulin antibody and pelyclonal rabbit anti-mouse immuneglobulin antibody. The
measurement of [Ca” ], shows that it is significantly elevated. If, however, the above
two reagents are added together with an anti-LFA-1 antibody, no increase in [Ca® '), is
registered. Explain this sitvation.

10 Design an experiment ammed at testing whether OX40 is funchonally similar to
CD40L.

11 If a mouse 18 injected with sheep red blood cells (SRBC), it will develop a strong
specific antibody response, which can be guantified in a hemolytic plague assay. The
mumber of plaques (sites of local hemolysis) in dishes with the imomune mouse’s Tvm-
phecytes and SRBC suspended in agar will be equal to the number of specific SRBC
antibody-producing cells. If a mouse is injected with SEBC together with anti-SRBC
Igl, the number of plagues will increase compared to the response of the mouse
immumized with SEBC only. If, however, the mouse is imected with SRBC and
anti-SRBC IgM, the plaque response will increase. Explain these findings.

12, Splenectomy (surgical removal of the spleen) often results in an increase of acute and
chronic infections caused by encapsulated bacteria. Can vou explain why?

13. A subpopulation of B-1 cells, called “B-1b" or “sister cells,” contains mature CDS
mRNA transcripts, but does net translate the CD5 protein. How would you use these
cells to study the cutcomes of €05 signaling in B lvmphocytes?

14. 1. Banchereaw's laboratory showed in the mid-1990s that if B lvmphocytes are cultuned
in the presence of CD0L and IL-10 (a T-cell-derived cytokine), they become large,
egg-shaped, and secrete very high numbers of antibodies. If, however, IL-10is replaced
by IL-4, the cells become smaller, hand mirror-shaped, and secrete mederate numbers
of antibodies, What pathways of B-cell differentiation does this remind you of?

15 A protein called BelX is a strong inhibitor of apoptoesis. Propose experiments evaluat-
ing its role in B-Ivmphocyte activation.

MATCHING

Dyirections: Match each item in Column A with the one in Column B to which it 15 most
closely associated. Each itern in Column B can be used only once,

Colurem 4 Colunn B
1. Glycolipid A, Gives class switch a direction
2. Polvpeptide B. Ensures T-B-cell adhesion
3. Igh C. Creates a “dock™ for syk
4.C3 D. A phosphatasze

5 Lew-13 E. T-cell-dependent antigen
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6. TRAF3 F. Bindz IgG

7. Integrin G. The precursor of C3d

8. FoyRIIB H. Binds CD40

9. SHP-1 L Part of B-cell co-receptor complex
10. Cytokine I, T-cellindependent antigen

Answers to Questions

REVIEW QUESTIONS

1. The polysacchande presents a “cartndge™ of identical eprtopes and thus can cross-link
surface anfibody molecules, bringing the ITAMs of the associated Igo and Igh into
proximity. This is sufficient to initiate the cascade of activator signaling. The tetamus
toxoid is a protemn and, as such, folds so that only one epitope per molecule is
presented; this is insufficient to cross-link surface antibodies and to initiate B-cell
signaling.

2. CI3 and § chains. The necessity to bring their TTAMs into proximity.

3. There will be few or no responses to T-cell-independent antigens, because there will be
not encugh C3d to activate the B cell through the B-cell co-receptor complex (signal 2).
The responses to T-cell-dependent antigens will hikely remain intact, because signaling
through the B-cell co-receptor complex is not needed for their initiation.

4. Immunize a mouse with an antigen of choice. After 7-10 days, isclate T lvmphocyies
and accessory cells from the spleen. From the latter, purify surface antibody-positive B
cells by cell sorting, and use them as the antigen-presenting cells.

5. Chleroquing, because it affects the acidic vesicular compartment (the pathway of
antigen processing that leads to the joining of peptides with MHC Class IT melecules).

6. CDGOL {or CD154). Antibody specific to CDE0L should abrogate the B-cell growih
and antibody production.

7. The default pathway of CI40 signaling {in the absence of B-cell antigen recepior
signaling) leads to the up-regulation of Fas and its binding by Fas ligand; the parallel
activater signaling through CD4) and TRAF is not strong encough to overcome this
effect. The CD40-mediated activation of B lvmphocytes can take place only 1f the cell
is rendered resistant to Fas-mediated killing, which is exactly what the signaling
through the B-cell antigen receptor amnd cytokine receptors does. The genes to be
knocked out for the analysis of this phenomenon are CDa(, CDI0L, Fas, FasL, a
number of genes that code for PTE, adaptor proteins (including precursors of
FADD), and transcription factors.

8. Perhaps they will be indistinguishable from normal, for two reasons: (1) The gene
codes an inactive form of caspase-#, which becomes active only after it “docks" to
the assembled FADD. (2) Even if an active form of the enzvme is made, its negative
effect on lvmphocyte survival will be counteracted by the signaling through the anti-
gen—receptor complex.
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0. If the antibody prevents LFA-1 from binding te ICAM-1, the lvmphocytes cannet
form clumps (adhere to each other). It may be that in the absence of homotypic
adhesion, PLCy1 is not activated strongly enough, and the phospholipid breakdown

does not occour even if surface antibodies are cross-linked.

10. An interaction between OX40-expressing T lvmphocytes should lead to B-cell prolif-
eration and differentiation. An antibody 1o OX40 should prevent the class-switch to
IgE in the presence of OX40 protein and TL-4.

11. Because the IgM binds complement (thus activating the B-cell co-receptor complex),
but does not bind FeyRITB. The IgG may also hind complement, but they simmulta-
necusly bind FoyRIIB and thus inhibit the signaling (antibody feedback).

12, Because the marginal zone of the spleen is a unique anatomic site where polysaccharide
antigens are stored and recognized by B cells. Most surface antigens in encapsulated
bacteria are polysaccharides,

13, First, ene can study B-cell antigen receptor signaling in these cells. If it leads to B-cell
activation, that would mean that the CD5 protein and not ENA {or the transcriptional
activity of the gene) serves as a negative signaling protein in B-1 Ivmphocytes. If,
hesvever, the above signaling in “sister” B cells leads to apoptosis, one can suggest
that it i8 the transcriptional activity of the CID5 gene that plays the negative regulatory
role. To test this hvpothesis, one might attempt to transter the CDS mRNA 1o B-2
hmphocytes and study the above signaling in these cells.

14. The first mimics plasma cell differentiation; the second, the memory cell differentiation
pathway.

15. Test its expression in B lvinphocytes stimulated through the CD0 ligand in the pre-
sence or absence of B-cell antigen receptor and cytokine signaling.

MATCHING

LE2E 3 Cd, G5 6, H, 7, B: B, F: 9, D 10, A



CHAPTER 9

Immunologic
Tolerance

Introduction

Immunologic tolerance can be defined as a state of unresponsiveness to an anfigen
that is induced by prior exposure to that antigen. Obviously, such a sharp “weapon™
as the immune system must be kept under tight control in order to prevent it from
developmg mjurious responses to self antigens. As was discussed in earlier chap-
ters, the intrinsic molecular mechanisms that create antigen receptors and their
diversity do not depend on external factors like antigens. Because of that, anti-
bodies and TCR specific to self are being constantly produced and something must
either elimmate them, or render them functionally silent. It is exactly this purpose
that tolerance to self antigens serves. In addition. the immune system may develop
telerance to foreipn antigens. As we will detail in the Discussion, there are several
different ways in which lymphocytes can become tolerant to self as well as foreign
amtigens. In all cases, tolerance is strictly antigen-specific and develops only after the
recognition of the antigen. Many more details about the development of immumno-
logic tolerance have become known recently, after the mtroduction of such power-
ful tools as transgenic and knockout animal models. Nonetheless, many details
that are essential for the understumdimg of the molecular mechanmism of tolerance
mduetion are still not known.

We will begin cur discussion with a description of early experiments performed
on animal models, especially nonidentical twin cattle and newborn mice. These
experiments showed convincingly that tolerance to antigens is specific to these
amtigens, and that it can be induced by an experimenter, thus putting the studies
of immunologic tolerance into the framework of experimental dissection of the
functions of the specific mmune system, We will continue with more recent studies
on the development of immunelogic tolerance to self which, as we will see, takes
place in the central {or generative) as well as in peripheral lymphoid organs. We

Copynght 2002 by The MeGraw-Hill Companies, Inc. Click Here for Terms of Use.
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will then proceed to a characterization of tolerance to foreign antigens,
Throughout the chapter, we will try to pay special attention to molecular mechan-
isms that underlie the phenomena comprising the immunologic tolerance.

Discussion

9.1 Who discovered immunologic tolerance, and how was it
discovered?

At the very beginning of the 20th century, Paul Ehrlich postulated that a mechan-
ism should exist that would not allow organisms to produce antibodies to their
own antigens. Ehrlich called this putative mechanism “horror autotoxicus™ (*a
fear to poison (or damage) oneself), but he did not elaborate on its nature or
address it experimentally, Later, Traub showed that mice that had been inoculated
with a virug in wrero, after their birth developed a lifelong infection and never
produced anti-virus antibodies. These data suggested that the immune system of
the mice could develop a state of unresponsiveness to spevific antigens if these were
imtroduced in the organism during its embryogenesis. In 1945, Owen reported an
observation that he made on nonidentical cattle tewins, If the calves that grew in
the same uterus developed vascular anastomoses that resulted in an exchange of
their blood, they later did not produce amtibodies to each other’s red blood cells in
spite of the fact that their ABO blood groups were different. Like Traub’s experi-
ment, Owen’s observation suggested that a fetal contact with an antigen renders
subsegquent specific lack of responsiveness, or tolerance, to that antigen in the
developimg adult.

In 1953, the laboratories of P. Medawar (Great Britain) amd M. Hasek
{Czechoslovakia) reported that specific mmunclogic tolerance could be induced
m ammals that received injections of allogeneic cells during the recipient’s very
early postnatal development. In Medawar’s experiments, inbred mice that
belomged to a stram A received imjections of cells of mice that belonged to a strain
B. When the A recipients grew to adulthood, they could accept skin grafis from
the strain B mice, but not from mice that belonged to a third strain, These experi-
ments firmly established the notion that specific immunologic tolerance can be
mmduced and that the time of the antigen encounter i crucial for its development.
Further, these experimental findings were accommodated im F.M. Burnet’s clonal
selection theory (see Chaprer 1}, Burnet mterprered the above data to mean that
lymphocyte clones. which encounter antigens {(usually self antigens. but also
expermmenter-imduced foreign antigens) early in the ammal’s life, become ~“forbid-
den clones,” 1.e., a mechanism exists that results in the deletion of these clones.
Later, Lederberg medified this view, suggesting that the facter that determines
whether a clone would be “forbidden™ is not the age of the animal but the matura-
tional status of the clone itself. Accordimg to Lederberg, immature lyvmphocytes
would always be deleted when they encounter their antigens. This hvpothesis later
received a =zolid experimental support, but was also modified. Currently, it is
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thought that immature T and B lymphocytes are indeed rendered unresponsive to
their gpecific antigens 1f they encounter them, but their fate is not necessarily a
physical deletion (see later sections). Although these studies and hypotheses per-
taimed mostly to self-tolerance and were not always correct in detail, they lLaid a
solid foundation for a further development of the concept of mmmunological
tolerance in general,

9.2 How can immunologic tolerance be classified?

As already mentioned, the tolerance can be subdivided into tolerance to self and
tolerance to foreign antigens. Depending on where does it develop, it can be also
subdivided into central tolerance and peripheral tolerance, The former develops in
central lvmphoid organs (the thymus and the bone marrow), and the latter in the
peripheral lymphoid organs. Tolerance to self can be central or peripheral: most of
the lymphocyte clones that are spevific to self antigens are made tolerant in central
Iymphoid organs, but some escape developing tolerance there and are made
tolerant in the periphery. Tolerance to foreign anfigens ix almost exclusively
peripheral, because central lvmphoid organs contain almost no foreign antigens.

8.3 What is the mechanism of central T-cell tolerance?

To understand this. one needs to take a closer look at the events of selection that
accompany the maturation of T-cell precursers in the thymus (Fig, 9-1). In this
organ, T-lymphocyte precursors undergo a vigorous selection that has a dual
purpose: to ensure that the resulting mature T cells will be able to react with self-
MHC and not able to react with self peptides, at least with high affimity, The
first purpose iz achieved through the process of positive selection, This selection
is, essenftially, a screening of T-cell precursers that enter the thymus for their
ability to associate with self MHC. The precursors that emigrate from bone
marrow and enter the thymus begin to rearramge their TCR V-region genes,
express TCR, and use the expressed TCR for binding to peptides presented to
them in the context of self MHC molecules expressed by thymic nonlymphoid
cells. (These nonlymphoid vells are largely a special class of epithelial cells ealled
“nurse cells,” and also macrophages and dendritic cells that express both classes
of MHC melecules ) The precursors that failed te rearrange their TCR V-region
genes produetively, or these that have rearranged these genes but have TCR that
are unable to associate with self MHC molecules, camnot bind to the MHC-
presenting cells and do not receive signals from these cells. Notably, the pre-
cursors that enter the thymus have already imitiated their apoptotic programs.
The positive signals that these precursors receive from the MHC-presenting cells
reacue them from apoptesis, If they do not asscciate with self MHC, they
mmevitably die “by neglect.”

The precursors that are able to associate with self MHC and therefore do
receive a positive, rescuing signal, are further screened on the basis of the affinity
of their TCR. Since essentially all peptides that are present n the thyvmus are self
peptides, the precursors that would bind to self MHC with a hagh affmity are likely
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Cellilior and Afolecidar Tnmpwaalaer, fowrth editon, W B Someders, 2000, p 150 (e Fig. 7200

to be those that recopnize self peptides in the context of selt MHC. These anto-
reactive of polentially antoreactive precuisors of T Iymphocivtes are elimdnated
throngh the mechani=m of negafive selecfion. The moleomlar mechanism of this
process 15 =6l not koowo, bt it i thought that in the caze the affimity of the TCE-
selfl MHC mteraction iz high, the precorsor receives a negative, deletenions signal
trom the MHC-presenting cefl. Like the death by neglect. the death of negatively
selected cells is thought to be apoptotic. The efficiency of negative selection in the
thymus 15 amarmngly high, as udged from the fact that normally, very fow if any
antoreactive T hmphocytes can be fovnd in the peripheral lymphoid organs and in
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the tissues, If some autoreactive T cells still escape the thymic deletion, they are
made tolerant in the periphery (see later sections),

9.4 How was the thymic selection demonstrated
experimentally?

The experimental demonstration of the clenal deletion of self-reactive T cells in the
thvimus relied on the transgenic murine model, The idea behind the experiment.
which was conceived and performed by the laboratories of P. Kisielow and H. von
Boehmer in the late 1980s, was as follows. If autoreactive T cells are really deleted,
and if maturing thymocytes are exposed to an antigen that is ubiguitously
expressed both in the thymus and in the periphery, the animal will essentially
lack peripheral T cells. Kisielow and von Boehmer made transgenic mice that
expressed an MHC Class I-restricted TCR. specific to the so-called H-Y antigen.
The latter is a protein encoded by a locus of the Y chromosome and, as such, 18
expressed exclugively im males. The tissue distribution of the H-Y antigen is very
broad, so that virtually all cells of the male organism express it, Kisielow and von
Boehmer observed that in female mive that were transgenic for the amti-H-Y TCR.
the development of T-lymphocytes was normal. In the male transgenic littermates,
however, one could find large numbers of maturing T-lvmphocyie precursors in
the thymic cortex, but no CDE ™ MHC Class I-restricted precursors in the medulla
and ne mature CDEY MHC Class [-restricted T lvmphocytes in the periphery.
These data strongly imphed that the T-lvmphocyte precursors that recogmze self
peptides in the context of the self MHC are not allowed to mature, being instead
deleted.

9.5 Are autoreactive B lymphocytes also deleted in the
central lymphoid organs?

Not necessarily. While a large fraction of self-reactive B lymphocyies are ren-
dered tolerant in the bone marrow, their fate is not always physical deletion. The
possible outcomes of self antigen recognition by immature B lvmmphocytes in the
bone marrow were studied m detail m the late 1980s and early 1990s. Goodnow
designed a transgenic murme model where the mice tramsgemc for hen egg
Iysozvme (HEL) were crossed with the mice transgenic for anti-HEL antibody,
In the resulting double fransgenic mice, virtually all of the immature B lvmpho-
cytes expressed the anti-HEL antibody, and HEL was either expressed on the
surface of the murme cells or secreted (depending on the promaoter). If the latter
was expressed on the cell surface. most of the mmarure B lvmphocytes were
deleted. If, however. HEL was secreted, moest of the transgenic B lymphocyies
remained alive. Instead of being deleted, they entered the state of amergy, or
functional quiescence. This meant that these B lymphocytes expressed a reduced
number of surface IgM, and peither proliferated nor secreted antibodies when
adoptively transferred or cultured with the antigen or pelyclonal activators in
vitro. Subsequent experiments showed that the affinity and awvidity of the self-
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reactive antibody is a major factor determining the fate of the lvimphocyte that
expresses it, If the affinity and avidity were high (for example, when HEL was
expressed on the cell membrane at high density, causing the antibody cross-
limking), the B cells that carried the tramsgemc anti-HEL antibody were deleted.
If they were low (for example, when HEL was secreted), they entered the state of
anergy.

9.6 1Is the negative selection against autoreactive B
lymphocytes in the bone marrow as ruthless as the
negative selection against autoreactive T lymphocytes
in the thymus?

No., In fact, unlike precursors of T lvimphocytes, immature B lymphocytes that
recognize celf antigens in the bone barrow have one more chance to change the
gpecificity of their antibodies, The recently discovered process that allows them to
do it is called receptor editing. Essentially, receptor editing means re-activation of
RAG-1 and RAG-2 genes and the enzymes that they code, so that the immature B
lymphocyte becomes able to launch another antibody V-region gene rearrange-
ment (see Chapter 4). This “re-rearrangement” oceurs usually in the V. locos: the
“old™ VI, unit is deleted and replaced by a “new” V_ I, (or. rarelyv. V,1,).
Receptor editing was observed both m transgemc and in nontransgenic murine
B lymphocytes, as well as in human B lymphocytes. Very recent data indicate that
TCR V-region genes can also be “edited,” but rather rarely.

9.7 How do peripheral tolerance mechanisms work?

We should begm this part of the discussion with penpheral T-cell wolerance.
Durmg the last decade, it has been firmly establicshed that T Ivmphocevies can be
readily made tolerant in the periphery if they encounter their specific antigens
(peptide-MHC complexes) in the absence of co-stimulators. Schwartz et al.
worked with a CD4" T-cell clone that recognized a known peptide in the context
of an MHC Class II molecule. If the clone was exposed to the peptide presented in
vitro by the MHC-compatible antigen-presenting cells, it responded by vigorous
proliferation. If, however, the same clone was exposed to the peptide-MHC com-
plex mserted mto liposomes (tiny microscopic spheres that are formed by an
artificial lipid bilayer), no proliferative response was observed. Further, if the
clone was first exposed 1w the peptide-MHC complex embedded m liposomes
and then to the same peptide-MHC complex presented to it by the MHC-com-
patible antigen-presenting cells, it still fmled to proliferate, ie., was apparently
rendered tolerant. These data were interpreted to mean that the recogmtion of the
gpecific TCR ligand (ie., peptide plus MHC) alene triggers T-cell telerance rather
than T-cell activation, This explanation fit inte the hypothesis of Bretecher and
Cohn (1970) that the activation reguires two signals (one from antigen amd one
from co-stimulator), while the tolerance can be mduced if only the “signal one™ 18
delivered.
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9.8 How was it shown that it is the lack of the “‘signal
two,” i.e., of the co-stimulatory molecules, that causes
tolerance?

It was directly shown using the same liposome model. The T-cell clone was
exposed to liposomes in which the peptide-MHC complex had been embedded,
and, during the exposure, stimulated with an anti-CID28 antibody (see Chapter 7).
Under these conditions, a stromg proliferative response was detected, indicating
that the engagement of CID28 by the antibody (which, in this case, mimicked the
co-stimulator molecule B7) delivered the “second signal™ necessary for the T-cell
activation.

9.9 What is the fate of the T cells that are made tolerant
because of the lack of co-stimulatory signal?

It is generally considered that the majority of T lymphocyies that are made
tolerant in the periphery because of the lack of “signal two™ are not deleted,
but rather enter the state of anergy. We will discuss molecular mechanisms of
anergy and deletion m later sections of this chapter.

9.10 Is the lack of co-stimulation the only mechanism of
peripheral T-cell tolerance induction?

MNo. There exist two other ways to mduce T-cell tolerance in the periphery. In
addition to the tolerance due to a lack of co-stimulation, T cells may be made
tolerant in the periphery if they are: (a) exposed to a persisting antigen and co-
stimulators and activated repeatedly (in this case they are deleted, and the phe-
nomenon is called activation-induced cell death); andjor (b) exposed to a peptide
that has an altered (mutated) anmno acid sequence at the site of the TCR contact.
Finally, T lvmphocytes can be rendered tolerant in the periphery because of the
action of other T lvimphocytes.

9.11 How does the activation-induced cell death work?

Activation-imduced cell death means, essentially that recently activated T lympho-
evles, when exposed to high concentrations of the same antigen undergo rapid
activation, followed by apoptosis. It can be observed, for example, when an anti-
CD3 antibody polyclonally activates peripheral blood T Ivmphocytes. Thiz anti-
body mimics the activator signal triggered by antigen and transmitted from the
TCR to the CD3 molecule. If the anti-CID3 antibody is added to a T-vell culture, it
triggers a strong proliferative response that peaks at days 3—4 of culturing. If the
same anti-CD3 antibody is added at that tume (ie.. at the peak of the proliferative
reaponse), the Ilvmphocytes rapidly die by apoptosis, The same phenomenon is
obser when T-vell clones specific to particular antigens are activated by their
amtigens and then, at the peak of their proliferative response, exposed to high
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concentrations of the antigen again, The phenomenon of activation-induced cell
death i believed to be accountable for elimination of T-cell clones gpecific to those
self antigens that are not expressed m the thymus, but are abundantly expressed in
the periphery.

9.12 How does the tolerance induced by altered peptides
work?

This phenomenon was discovered when T-lvmphoeyte clones with known peptide—
MHC spevificity were exposed to peptides with altered amine acids at the region of
the peptide - TCR contact. As expected, these clopes did not respond to the altered
peptides but, somewhat unexpectedly, they lost the ability to respond to their
original antigen, i.e., they acquired tolerance. The peptides in which the amino
acid was changed at the region of the peptide MHC contact were called altered
peptide ligands or peptide antagonists. In contrast to activation-induced cell death,
the tolerance cauvsed by altered peptide gands manifests itself as clonal anergy
ather than deletion. Until recently, the significance of this phenomenon was not
appreciated enough, but it received closer attention after it was discovered that
peptide antagonists can prevent an autcimmune disease called experimental auto-
muymune encephalomyelitis {see later).

9.13 What is known about the molecular mechanisms of
the activation-induced T-cell death?

It is generally agreed that the T Ivmphocyie clonal deletion resulis from unwinding
of the apoptotic programs, and is a result of the Fas—Fas ligand mteraction. When
T lymphocytes are activated, they simultaneously express Fas and Fas higand. The
imteraction between these two melecules on the same cell or on two neighboring
cells may lead to apoptesis because it initiates the production of active caspases,
similar to the process described in Chapter 8 (Section §.14), During repeated
stimulation of previously activated T lvmphocytes with large concentrations of
the same antigen, vnusually large amounts of a cytokine called interleukin-2 (11.-2)
are produced. Although [L-2 was discovered as a growth factor for actvated T
lymphocytes, i large concentrations it significantly increases the susceptibility of
the vells to Fas—Fas ligand-mediated apoptosis.

9.14 Is the mechanism of death of T-cell precursors that do
not receive positive selection signals the same as the
mechanism of the activation-induced T-cell death in
the periphery?

No. Recent studies have firmly established that although the “death by neglect”

and the activation-imduced T-cell death are both apoptotic, they are mediated by
different molecular mechamsms. When a T-cell precursor dies from the lack of
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positive selection, it does not up-regulate the expression of Fas and Fas ligand.
In this case, the primary mediator of the cell death is eyviochrome ¢ — a protein
that is involved m oxidative phosphorylation and 18 normally stored in mito-
chomdria. If the T-cell precursor is not rescued from apoptosis by positive selec-
tion signals, it allows the cytochrome ¢ to leak from the mitochondria, When in
the cytoplasm, the cytochrome ¢ binds another protein. called Apaf-1 (*apopto-
sis activating factor 1). The complex of evtochrome ¢ and Apaf-1 binds to, and
activates an inactive cytoplasmic precursor of an enzyme called caspase-9. When
this enzyme is activated, it in turn activates a cascade of the so-called effector
caspases, These cleave a variety of protein substrates on their aspartic acid
residues and thus cause the fragmentation of the nucleus, the so-called “bleb-
bing” of the vellular membrane and, eventually, the death of the cell. On the
contrary, the activation-induced T-cell death in the periphery mvolves up-regu-
lation of Fas and Fas ligand and the binding of Fag to Fas ligand on the same
or neighboring cell. This leads to clostering of the Fas molecules. The cytoplas-
mic domains of three identical clustered Fas molecules bound by a special
adapter protein called FADD (Fas-associated death domam: see also Section
§.14) activate an inactive cyteplasmic precursor of an enzvme called caspase-8.
which activates a number of effector caspases, eventually leading to the apopto-

tic death.

9.15 What is known about the molecular mechanism of the
reversion of apoptosis?

It has been established that a variety of stimuli that reverse or prevent apoptosis
(for example, antigen stimulation, co-stimulation. moderate concentrations of
growth factors like IL-2) prevent apoptesis by up-regulating molecules that
belong to the so-called Bel family. The two most known representatives of this
family, called Bel2 and BelX, inhibit apoptosis by blocking the release of
cytochrome ¢ from mitechondria, and by binding to Apaf-1 and imhibiting the
activation of caspase-9. A different mechanism is employed for prevention or
imhibition of the activation-induced cell death. Thiz mechanism invelves a pro-
tein called FLIP. (The name of this protein is an abbreviation of “FLICE-
inhibiting protein™; “FLICE” stands for “FADD-ike ICE”; and “1CE”
means “interleukin-I-converting protein,” These names are histerical, and reflect
earlier findings of the role of caspases in the conversion of an inactive precursor
of the eytokime imterleukin-1 (IL-1) mto its active form.) FLIP binds 1o caspase-
&, mhibiting its binding to Fas-associated protein complex, thus preventing the
development of apoptosis. It has been shown that naive T lymphocytes express
large amounts of FLIP, but in the presence of high concentrations of 11-2, the
expression of this protein is shut down. This explains why naive T cells can be
activated by antigen and co-stimulators without undergomg apoptosis: although
they do up-regulate Fas. they are resistant to Fas-mediated apoptosis. because
FLIP efficiently turns off the entire Fas signaling pathway. Recently activated T
cells, however, are very sensitive to Fas-mediated apoptosis because IL-2 down-
regulates FLIP.
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9.16 What is known about the molecular mechanism of
anergy?

The exact molecular mechanism of clonal anergy as an outcome of deficient co-
stimulation or exposure to peptide antagonists is rather poorly defimed. Perhaps
the best way to chamcterize the status of amergic T and B lyvmphocytes in
molecular terms is to say that they have a partial or selective defect in their
mtracellular signaling. In T-cell clones that are rendered anergic, engagement of
TCR does activate some PTKs. but not others. In anergic B cells from double
transgemic mive described n Sectiom 9.5, the density of surface IgM (but not
Igl))y is dramatically reduced and the kinetics of calcium flux in response to
surface [ghd triggering differs from that in normal B cells. Also, the activity of
some PTK and protein phosphatases appeared to differ from that in nonanergic
B lymphocytes.

9.17 What is known about peripheral B-cell tolerance?

B lymphocytes that are reactive with self antigens and fail to edit their antibody
receptors can escape central telerance. These mature autoreactive B cells can be
made telerant in the periphery, the principal reason being the absence of specific T
cell help. The cellular and molecular mechamism of this phenomenon was
addressed mm a modified HEL-anti-HEL double transgenic system (see Section
9.5), where HEL -specific B lvmphocytes were transferred to mice transgenic for
HEL mits circulating form. In such mice, HEL-specific T vells are deleted, bevause
HEL is present in the thymus. The fate of the “T cell-helpless® HEL-specific B
lymphocytes in this system is long-lasting anergy. The anergic B cells show a
partial or selective defect in cellular signaling (see Section 9.16). For example,
they fail ro activate syk and, although they are able to respond to the antigen
bv a rise in [Ca® "], they are unable to maintain the high levels of Ca in the way
that functional B vells do. Also, importantly, anergic B cells lose the ability to
migrate into lymphoid follicles of the spleen and lymph nodes. This phenomenon
of fellicular exclusion is thought to play a significant role in the prevention of
antibody responses to self antigens,

9.18 What can make foreign antigens tolerogenic?

For a foreign antigen to induce tolerance, several factors are important. First of
all. the form of antigen itself determines whether the tolerance to this antigen will
be established. For example, purified protein antigens mjected mto the blood-
stream often mduce telerance; the smme antigens. however, mduwe vigorous
mmune response if they are emulzified in cily substances called adjovants, and
then injected intradermally or subcutaneously. [f a protein is injected into the
bloodstremm without adjuvants and then subcutanecusly with adjuvants, the
response will not develop, i.e., the first encounter with the antigen will result in
true immunclogic telerance, Thus, the same antigen can exist in an IMMUOOEENCc
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form (i.e., mduce an immune response) and in a tolerogenic form (ie., induce
tolerance).

The exact cellular and molecular mechanisms responsible for the mduction and
mamtenance of immumologic toleramce to foreign antigens are not yet completely
elucidated. One very important factor that influences the development of tolerance
15 known, however, and that is the lack of up-regulation of co-stimulatory mol-
ecules m the tissues that encounter the foreign antigen. It is generally thought than
nonspecific, innate defense mechanisms such as local mammation (see next chap-
ters) must first influence on the local antipen-presenting cells, making them up-
regulate co-stimulatory molecules such as B7-1 and B7-2. The reason why the
addition of adjuvants makes antigens immunogenic rather than telerogenic is
perhaps that they mduce local inflammation, and hence up-regulate co-stimulatory
molecules im local antigen-presenting cells.

9.19 What is the consequence of the encounter of a foreign
peptide presented by an antigen-presenting cell with
little or no co-stimulators?

If co-stimulatory molecules are not present, the T lvmphocyte that recognmizes the
foreign peptide will not receive “signal 2. and will therefore enter the state of
anergy. A different outcome, however, is possible if an antigen-presenting cell
expresses small amounts of B7-1 and/or B7-2. In this case, the “signal 27 will
be delivered, but it will be most likely inhibitory for the responding T lymphocyte.
The reason for this inhibition is that if the amount of B7 is Lmiting, the T-cell
structure that is likely to bind B7 molecule(s) will be not CD2E, but the inhibitory
molecule CTLA-4, which has a higher affimty to B7 molecules than CD2E. It is
currently believed that CTLA-4 plays a significant role in the maintenance of
peripheral T-vell tolerance to both self and foreign antigens. It is not clear how-
ever, why — and under what circumstances — do T lvmphocytes preferentially use
either CD28 or CTLA-4.

9.20 Other than the form in which antigens are
administered, what else determines their immuno- or
tolerogenicity?

The route of antigen entry is also an important factor. As has already been men-
tioned, systemic administration of an antigen (inte the bleodstream rather than
locally, under the skin or in the skin) tends to be tolerogenic. It has also been
established that oral admmistration of some protein antigens leads to lasting
tolerance. This phenomenon of oral tolerance is thought to play a major role in
the prevention of immune responses to food antigens, and is behieved to be related
to the overproduction of an inhibitory eytokine TGE-J (see next chaprer). Not all
proteing induce oral telerance however, It remains to be mvestigated why some
proteins — for example protein components of the polio vaccine — mduce very
strong immune responses and long-lasting immune memory instead of tolerance.
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9.21 How do other lymphocytes influence the development
of immune response or tolerance?

As early as the late 1960s, immunologists knew that some T lymphocyvies tended to
mhibit mmune responses mediated by other T and B lymphocytes. In the early
1970, there appeared a notion that certain T lvmphoeytes belong to a separate
class or lineage of the so-called suppressor cells, The evidence in favor of the
existence of T lvmphocytes with properties of suppressors was based mostly on
the adoptive transfer techmque. For example. if a mouse is immunized with a large
dose of antigen, and its splenic cells are then adaptively transferred into a naive
revipient, such a recipient will not respond to any dose of the antigen at any time.
Durmg the 1970s and 1980s, many attempts were made to obtain pure populations
of suppressor cells, but these were unsuccessful. Likewise, imvestigators failed to
purify soluble factors that were at some time believed to mediate the specific
mmmunosuppressive function of suppressor cells, or to clone the genes that code
for such factors, At present, it is thought that “suppressor T lvmphocytes” do not
exist as a separate class or lineage, Rather, some Ty, cells cam produce evtokines
that inhibit certain immune responses, thus exerting suppressor functions. For
example, the previously mentioned TGF-fi profoundly inhibits most immune
responses. inducing a kind of immunclegic tolerance. As will be seen in Chapter
10, the Ty cells that produce such cviokines as IL-4 and 11-13 (T2 cells) dra-
matically inhibit immune responses of the Ty, cells that produce such cyvtokines as
mterferon (IFIN} v and mterleukin-2 (Ty1 cells), and vice versa. However, Ty 1 cells
strongly stimulate the responses of T cells that belong to their “kind,” and =0 do
the Ty,2 lvimphocyies. Based on these factors, it makes more sense to talk about
immunoregulatory T lvmphocytes imstead of “suppressor T lvmphocytes.”

9.22 (Can B lymphocytes be immunoregulatory?

This guestion 1s still unresolved. B lvmphocytes are not immuncregulatory in that
they do not produce inhibitory cytokines, However, some mmunclogists believe
that B cells can, and do. regulate immune responses through produetion of anti-
idiotype antibodies. As mentioned in Chapters 4 and 7, idiotype is a marker of the
antibody or TCR V-region genes utilized by the given clone of lvmphocytes, Since
an idietype may be unique, not shared with other lvmphocyte clones, it can be
taken by the immune system as bemg a foreign antigen, triggermg the production
of an anti-idiotype antibody. The existence of anti-idiotype antibodies has been
demonstrated experimentally, The epitope en the antibody moelecule that is physi-
cally bound by an anti-idictype antibody is called an idictope. (In this regard, an
idiotype can be viewed as a sum of idiotopes.) Some idiotopes actually overlap
with, or even are identical to, the sites of complementary mteraction between the
antigen and the antibody to which they are specific, In this case. the anti-idiotype
antibody can compete with the antigen. and may medify or regulate the response
to this antigen. In other cases, when the site of the anti-idiotvpe antibody binding
does not overlap with the site of antipen—antibody interaction, the anti-idiotype
antibody may not have any influence on the response to the antigen. Yet, in any
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case, the anti-idiotype antibody itself has its own idiotype and can trigger the
production of anti-anti4diotype antibodies,

In 1974, Niels Kai Jerne (the author of the “natural selection™ theory of immu-
nity mentioned in Chapter 1) offered the so-called “network hypothesis.™
According to this hypothesis, all Ivmphocytes are interconnected through idic-
type—anti-idiotype interactions, Whenever an antibody or a TCR. i made, the anti-
idiotype response immediately follows, being itsell immediately followed by an
anti-anti-idiotype response, and so on. In the absence of antigen, the net result of
the work of this “network™ of idictype-anti-idiotype mteractions is immunclogic
homeostasis, i.e., such a state that not one single lyvmphocyte clone iz expanded
and ite antibody or TCE overpreduced. The rele of antigen, according to this
hypothesis, i to shift this balance, causing not only an expansion of the specific
clone but also a disturbance in the entire network of idiotype-anti-idiotype inter-
actiong, The network hypothesig, however, remaing largely an elegant intellectual
vonstruetion that lacks a substantial experimental support, in part due te the fact
that idiotypes and anti-idiotypes are extremely diverse, This in turn makes it an
enormously difficult task to trace the regulatory influenve of any particular idio-
type—anti-idiotype interaction.

Questions

REVIEW QUESTIONS

1. Self-reactive lymphocytes cceasionally fail to recognize or respond 1o some self anti-
gens in the periphery, but neither die nor become anergic. This phenomenon is called
clonal ignorance and is a comimoen simation during the encounter with sequestered self
antigens, i.e, the antigens of the central nervous system or the eve, What, if any, is the
difference between the clonal ignorance and the immunclogc tolerance?

2. How would the positive thymic selection work in mice that are transgenic for Bcl-2
andfor BclX?

3. There are two T-cell precursors, A and B, both recognizing the same peptide X and
restricted to H-2K“. The precursor A binds the peptide X with a K4 of 107°M; the
precursor B with a B of 105 M, Which of the Imdpremlrsn[s iz more likely to be
subject to negative selection in the theymus of an H-29 monse?

4. In mice, staphylococcal enterotoxin B acts as a superantigen, recognized by all T
lvmphocytes that express the TCR coded by a V17a gene, In the mid-1980s, P,
Marrack and I. Kappler showed that peptides that mimic parts of this superantigen
are presented to thymic precursors by the I-E molecule, How many mature T cells that
utilize Vp17a do you expect to find in the periphery, if: (a) the mice express I-E; and {b)
the mice do not express I-E (actually, some strains that do not express I-E molecules
o exist)?
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5. In the mid-1980z, D. Nemazee’s laboratory perfonmed an experiment zimilar to that of
Goodnow with double transgenic mice, except that instead of HEL and anti-HEL
thew used H-2K and anti-H-2K transgenes. How do you imagine the fate of B Ivin-
phocyvtes in Nemazee's system?

6. In a follow-up to Schwartz's experiment, the T-cell clone was exposad to its specific
peptide-MHC complex expressed on chemically fixed antigen-presenting cells. Such an
expostire rendered the T lvmphocytes tolerant, If, however, the clone was presented
with its antigen by a mixture of fixed and freshly isclated antigen-presenting cells, the
tolerance was not induced. Explain this finding,

7. In the late 1980s, P. Lipsky’s laboratery developed a fissue culiure system where B
hmphocytes are stimulated by T lvmphocytes that have been seeded into plastic wells
preceated with an anti-CID3 antibody, Some T cell ines, however, cannet replace the
normal T lvmphecytes in this system, because when thev are seeded into anti-CID3-
precoated wells, they show signs of apoptosis after a few hours, What phenomenon
does this remind you of?

8. What feature of altered peptide ligands 18 consistent with the idea that immunologic
tolerance develops exclusively after the antigen recognition?

9, Mame three consecutive events that follow the leakage of cytochrome ¢ from mito-
chondria during the development of “death by neglect,” and three consecutive events
that follow the up-regulation of Fas and Fas Ligand during activation-induced cell
death.

10. What will be the phenotype of mice transgenic for FLIPY

11. Why is the phenomenon of follicular exclusion beneficial?

12. What defects would vou expect to see in the knockout mice that lack the CTLA-4
pene?

13. As was mentioned in Chapter 3, antibodies that belong to the IgA class are produced
mestly i the muwosal compartment of the immune system, On the other hand, 1t 1s
known that TGE-J is a factor that promotes the antibody class switch to IgA. Offer a
hypothesis that would link these two phenomena,

14. How would youl siunmarize the current opinion abetit suppressor T cells?

N, &L

15. What 15 nmmune homeostasis (in the terms of Jerne's “network hypothesis™)?

MATCHING

Direction: Match each item in Column A with the one in Colimnn B to which 1t 15 most
closely associated, Each itern in Column B can be wsed only once,

Coluirmn A4 Colwrn B
1. Necnatal AL T cells mtact
2. TCR. affinity B. Anti-idictvpe regulation
3. Females with anti-H-Y TCR. tiansgens C. Mimics signal 2
4. Extracellular HEL D, Mediates “death by neglect™
5. Recepior editing E. Important for oral tolerance
6. Anti-CID2E antibody F. Medawar's experiment
7. Caspase-8 G, Activation-indneed cell death
. Caspase-9 H. B cells anergic
9. TGF- I ¥, rearrangement

10. Metwork hypothesis I, Crncial for negative selection
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Answers to Questions

REVIEW QUESTIONS

1. The clonal ignorance may mean that the recognition simply did net eccur, while the
clonal tolerance absolutely requires previous antigen recognition,

2. It will not work at all, because in such mice the “death by neglect™ will not be possible
{the transgene products will prevent it).

3. The precursor B, because it has a higher affinity to the peptide X,

4. {a) Zero or close to zero; (b) normal numbers,

5. Thev will likely be deleted, because H-2K antigens are expressed on the surface of all
nucleated cells and can cross-link the transgenic antibodies.

6. The freshly isclated antigen-presenting cells provide the necessary co-stinmilators,

7. Activation-nduced cell death.

8. The substitution exchusively in the region of physical peptide-TCR contact.

9. In “death by neglect,” cytochrome ¢ binds to Apaf-1, the complex of the two activaies
a precursor of caspase-9, and the latter triggers effector caspases, In activation-induced
cell death, Fas molecules cluster together, FADD hinds the three clustered Fas cyto-
plasmic domains, and this activates a precursor of caspase-£,

10. Therr lvmphocytes will be resistant to Fas-mediated apoptosis, but the “death by
neglect™ (e.g., during positive selection in the thymus) will proceed normally.

11. Because it ensures that autoreactive B cells that received T cell help {e.g.. if some
autoreactive T cells escaped negative selection) do not undergo proliferation, differ-
entiation, and especially class switch and affinity maturation in the germinal centers.

12. Their T vinphocytes will be constantly activated in the periphery, which may lead to
autoimmune disorders,

13. Perhaps mucesal T cells are specialized in the production of TGE-[.

14. They do not exist as a separate ineage; helper T cells may exert suppressor functions
towards other helper T cells or antipen-presenting cells,

15. The lack of “disturbance” in the idiotyvpe—anti-idiotype network that does not allow
any particular idiotype bearer {clone) to expand; if 18 femporarily abolished during an
antigen invasion,

MATCHING

LEF:2L3,A 4 H5 L6, CTGEDxSE 0B



CHAPTER 10

Cytokines

Introduction

Cytokines are soluble mediators that play an important role m immumity. In pre-
vious chapters, we mentioned that cytokines produced by activated T lvmphocyies
direct antibody class switch (Chapter 3, 4, and 8) and T helper cell differentiation
{Chapter 2), thus affecting the effector phase of mmmunity and regulating the
mmmune response (Chapter 9). The role of cytokines is much broader however;
these polypeptide, hormone-like substances act in both imnate and acquired mu-
mty, as well as in the maturation of lvmphocytes and other hemopoietic cells from
their progenitors, Cytekines influence on a wide variety of cells that do or do not
belomg to the immune system.

In our discussion, we will analvze some common features that all cvtokine have.
Instead of @mving an exhaustive defimtion of a cytokime. we will try to convey the
concept of a cvtokine through the properties of these molecules, taking a “cyto-
kine is what cvtokine does” approach. We will focus on the role that cytokines
play i mmate and acquired immunity, and especially on how the production of
cytokines affects an outcome of the immune reaction. Also, we will pay special
attention to the structure of individual cytokines, their interaction with specific
receptors, and the transduction of the signals that are delivered upon this inter-
action. Throughout the chapter, we will highlight the most important avenues of
the climical use of cytokines.

Discussion

A. COMMON PROPERTIES OF CYTOKINES

10.1 What are the origins of the term “‘cytokine?"”

Durmg the late 1960s and 1970s, mmunclogists discovered that leukocytes
derived from recently immunized mice and cultured i vitro secrete substances

Copynght 2002 by The MeGraw-Hill Companies, Inc. Click Hene for Ternmos of Use.
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that affect the biological properties of other lvmphocytes. For example, the super-
natant of such leukocyte cultures strongly enhances the response of thymocytes to
submitogenic conventrations of polyclonal T-cell activator. Supernatants of cul-
tured immune leukocytes are also capable of stimulatimg antibody production by
B lymphocytes, thus partially replacing helper T Iymphocytes, Migration of T and
B lvimphocytes observed in vitro was also affected. In 1976, it was shown that
polyclonally activated T lymphocytes secrete a factor that sustains the survival
and growth of other activated T lvmphocytes. Although each of the groups of
experimenters coined a name for their “facter,” mvestipators agreed on a collec-
tive name for all these factors, and called them imterleukins — factors that are used
for a “communication’” between different leukoceytes, This name appeared o be
convenient for the “factors™’ nomenclature. The “factor™ that stimulated thymo-
cvies became known as interleukin-1 (1L-1), the one that sustained the survival of
activated T cells as interleukin-2 {IL-2), ete. Since interleukins were believed to be
produeced by activated lyvmphocytes and affect other lvinphocvies, they were also
called lymphokines. It became clear, however, that not all of the “factors™ fit this
defimtion. IL-1 was found to be actually produced by adherent monocytes rather
than lvmphocytes. Because of that, [L-1 and other monocytemacrophage-derived
interleukins were called monokines, However, some miterleukins (for example, 11-1
or y-interferon) vam be produced by more than one type of cell. This made the
imvestigators agree that a broader name is needed for these “factors,” and the term
cytokines appeared the best in this regard. However, the name “mterleukins™ was
alse retained, because it appeared to be convenient fer the use in eyvtekine nomen-
clature.

10.2 Since cytokines are obviously so numerous and
diverse, what properties unite all of them in a single
group of substances?

Such commaon properties mdeed exist. All cyrokines are polypeptides. Although
structurally diverse, they always contain regions that mediate their binding to
their gpecific receptors. The binding of cvtokines to their receptors 18 character-
ized by a high affinity: the K4 of such binding is usually less than 107 M, but
sometimes as small as 1072 M. This means that very small amounts of cvtokines
are enough to saturate their receptors and to mitialize the signaling through the
latter. The expression of these receptors is regulated by external signals, which
makes the responses to cytokines subject to regulation by these signals (see
later),

Cytokines are usually secreted by the cells that make them; they do not
remain expressed on the cell surface. and neither are they stored m cellular
depots, The secretion of a cytokine is always a brief and self-limited event, trig-
gered by either a specific (antigen) or a nenspecific stimulus (e.g., invasion of
lipopolysaccharide expressing Gram-negative bacteria). The action of eytokines
is often pleiotropic and redundant. Pleiotropy means that one cytokine performs
more than one function. acting on a variety of cell tvpes, Redundancy means
that ahnost always, the funciion of one particular cvickine is “backed™ by the
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identical activity that can be performed by one or more other cytokines, In other
words, multiple cytolkines exert similar functional effects (which explains why
knockout mice deficient for any one cyvtokine may be phenotypically normal).
Fimally, one other common property of cytokines is their ability to induce tran-
scription of new genes. and to serve as growth factors, ie., to stimulate the
proliferation of their target cells.

10.3 What is the current working classification of

cytokines?

All cytokines are classified mto the following three categories:

.

I

Mediators and regulaiors of innate immunity. These cytokines are produced
mostly by macrophages activated by hipopolysaccharide (LPS) produced by
Gram-pegative bacteria, or viral products such as double-stranded RNA.
These cyvtokines can also be secreted by macrophages activated by antigen-
stimulated T lymphocytes; this illustrates a conpection between the innate
and the adaptive mmmumity, The major function of these vytokines is to
induce early mAammatory reactions to infectious agents. The examples of
cytokines that belong te this proup are TINF, IL-1, Type I interferons, I1.-6,
IL-10, 11-12, T1-15, and chemokines.

Mediators amd regulators of adaptive immunity. These cyvtokines are pro-
duced mainly by activated T' lymphocytes in response to specific antigens,
Some of these cytokines act primarily on other lvmphoceyte populations,
regulating their growth and differentiation; other cytolines of this group
affect mostly nonlymphoid effector cells (macrophages and inflammmatory
leukocytes). The examples of cytokimes that belong to this group are 1L-2,
IL-4, interferon y, IL-5, lymphotoxin, TGF-i, 1L-13, IL-16, IL-17, and
migration inhibiting factor {MIF),

Stimulators of hemopoiesis. These cytokines are produced by bone marrow
stromal cells, leukocytes. amd other cells and act as growth and differentia-
tion factors of leukocvte precursors of various lineages, The examples of
cytokines that belong to this group are stem cell factor (al:o known as
“steel factor” or c-kit ligand), 1L-3, IL-7. granulocyie-monocyte colony-
stimulating factor (GM-CSF), IL-9, and IL-11.

10.4 Is there a classification of cytokine receptors?

Yes. The current classification of cytokine receptors divides them into five distinet
SroUps:

1.

Type 1 cytokine receptors, or hemopoietin receptors. Their “signature”
feature is the presenve of one or more copies of an N-proximal domain
that containg two conserved pairs of cysteine residues, and a membrane-
proximal sequence WSXWS, where W ix tryptophane, § is serine, and X
is amy amimo acid residue. The name “hemopoletin receptors™ comes from
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the fact that these receptors serve for bindimg of hemopoieting, or cyte-
kines that stimulate hemopoiesis (see Section 10.3; M-CSF and stem cell
factor are exceptions). They are also the receptors for IL-2, IL-4, IL-5,
IL-6, [1-12, TL-13, and some noncytokine hormones (growth hormone
and prolactin).

B

Type I1 cytokine receptors. Theze are similar to type 1 cvtokine receptors in
that they have two extracellular domains with conserved cysteines, but they
do not have the WSXWS motif. The type 2 eyvtokine receptors serve for the
binding of mterferons alpha, beta and gamma, and of 11L-10.

3. Cytokine receptors thal belong to the immunoglobulin superfamily, These
receptors  contain  extracellular  immumoglobulin-like  domains  (see
Chapter 3) and serve for the binding of IL-1, M-CSF, and stem vell factor.

4. TNF recepiors., These are receptors with cysteine-rich extracellular
domaing; as menticned m Chapters 7 and ¥, thev have evtoplasmic domains
that bind signaling proteimns collectively called TRAF. The receptors of this
family bind TNF, CIM0 ligand, Fas lgand, lvmphotoxin, and nerve
growth factor,

5. Serpentines. or receptors with seven tramsmembrane alpha-helical domains.
have a peculiar structure: they span the cell membrane back and forth seven

times (thus resembling the coils of a serpent, hence the name), These recep-
tors bind chemokines,

10.5 What is the subunit compesition of these receptors?

Only TNF receptors consist of one polypeptide chain, Other cytokine receptors
consist of unigue higand-binding chains and one or more signal-transducing
chains. The latter can be umque for the particular eytokine receptor, but alse
can be {and often are) shared with other evtokine receptors. For example, the
IL.-2 receptor consists of the alpha, beta, and gamma chains, and its gamma chain
is identical to the gomma chain of the IL-4 receptor (-R) and of the IL-15R. The
I.-5K and the GM-CSFE share their beta subunits, and the IL-6R and the T1-
11R- the subunit called gpl30

10.6 How are the signals generated by cytokine binding
transduced inside the cell?

Cytokines employ a number of signal transduction pathways, of which the best
studhied and perhaps the most importamt is the so-called JAK-STAT pathway. used
by type [ and type Il cyvtokine receptors, Other pathways include signaling through
GTP-binding proteins similar to described in Chapter 7 (chemokine receptors),
signaling through TRAF or “death domains™ (TNFR family, see Chapters § and
9), signaling through receptor-associated tyrosine kimases (hemopoieting), and
signaling through a protein called Toll (IL-1R, IL-18R) {(more about the Toll
pathway in Chapter 11),
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10.7 What is the JAK-STAT signal transduction pathway?

Thiz pathway was discovered and dissected in the late [1980s and early 199(s,
during the analysis of interferon signaling (see later sections), but 1s currently
thought to be principally similar in all cells that express type I and type I cytokine
receptors. JAK stands for “Janus kinases™ — tyrosine kinases named after the two-
headed Roman god Janus, because these molecules have two kinase domains,
(JAK also stands for “just another kinase,” the name given to this family of
molecules because for several years their ubiquitous expression was known, but
their function was not.) STAT stands for “signal transducers and activators of
transcription” — tramscription factors activated by JAKs and capable of up-regula-
tion of gene tranzcription. Four individual YAK molecules, called JARK-1, -2, -3,
and tyk-2, and seven individual STAT molecules, called STAT-1. -2, -3, -4, -5a,
-5b. and -6, were identified im mammals. The curremt working hypothesis states
that the unigque amino acid sequences in the different eytokine receptors provide
the scaffolding for specifically binding, and thereby activating, different combina-
tions of JAKs and STATs,

The tramsduction of the signal triggered by the binding of a cytokime to its
specific receptor begins with the activation of a JAK enzyme, which is a large
{120-140 kIDa) molecule loosely attached to the eytoplasmic domain of a cytokine
type I or type 1 receptor. Such activation becomes possible when two subunits of a
cytokine receptor, each containing an attached JAK, are brought together as a result
of the evtokine binding. When this juxtaposition happens, the two JAKs mutually
phosphorylate (transphosphoryvlation), and they also phosphorylate tyrosine resi-
dues of the recepter subunits to which they are attached. This, in turn, allows
mactive cytosclic STAT proteins to bind to these newly appearing phosphotyro-
sime residues. One monomeric STAT (mol. wt. 8090 kDa) binds to each of the
two phosphorylated JAKs, After this, the bound STAT proteins immediately
become phosphorylated by the receptor-asscciated JAKs, after which the two
STAT melecules bind to each other, forming a dimer, and disseciate from the
receptor. The STAT dimers are then tramslocated to the nucleus, where they bind
to DINA sequenves of the promoter regions of evtokine-responsive genes and
activate gene transcription. Interestingly, once a STAT dimer dissociates from
the recepior. new STAT monomers can mmediately bind to the vacated phos-
photyrosine residues of the receptor—JAK complex, be phosphorylated, dimerize.
dissociate, and be translocated. Thus, the high-affmity binding of one cytokine
molecule to its specific receptor imitiates a long series of sequential phosphoryla-
tiong, dimerizations, and nuclear translocationg of STAT molecules,

10.8 Is the JAK-STAT signal transduction pathway the only
one that can be activated by the binding of cytokines
to cytokine type I and type II receptors?

No. Cytokines that bind to these receptors may, in addition to the JAK-STAT

pathway, activate other pathways of signal transduction. For example, IL-2 can
activate the Ras-MAF pathway described in Chapter 7.
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10.9 Are negative signals also transduced upon cytokine—
cytokine receptor interaction?

Yes. Recently. a group of proteins collectively called suppressors of cytokine
signaling (SOCS) were identified. The eight known members of this group of
proteins exert a negative effect on cytokine signaling. In addition, SHP-1 phos-
phatase (described in Chapter 8) can also be engaged during cytokine signaling,
and its activation can provide a negative feedback on the cytokine signal transduc-
tion similar to the suppression of B lymphocyte activation described in Chapter 8.
Finally, a group of proteins was recently discovered, where individual members
can selectively inhibit individual STATs. These proteins were called PIAS (for
“protein  inhibitors of individual STATs"). Their biclogical role remains
unknown,

B. CYTOKINES THAT MEDIATE AND REGULATE INNATE
IMMUNITY

In this and the following sections we will list the cytokines that mediate and
regulate innate mmunity, as given in Section 10,3,

TUMOR NECROSIS FACTOR (TNF)
10.10 What are the principal functions of TNF?

The name “tumor necresis factor™ (TNE) iz actually a misnomer, Thig cytokine
was discovered m the early 1980s as a serum factor produced im mice treated with
LPS. A similar factor was isolated from cultures of LPS-activated murine and
human macrophages, macrophage-derived cell lines, and some leukemia cell lines.
This factor was called TNF because it showed a cytotoxic and cytostatic effect of a
number of malignantly transformed cell lines and caused necrosis of tumors in
vive. Later, however, it became apparent that the anti-tumor effect of TINF is
caused by very high concentrations of this agent, while smaller, physiologic con-
centrations of this evtokine cause other effects. The principal physiologic effect of
T'NF is to mediate an acute inflammatory response to Gram-negafive bhacteria and
some other infections microorganisms. Large concentrationg of TNF cause pathe-
logic effects that melude tissue necrosis and other phenomena (see later sections).

10.11 What is the cellular source and the target of TNF?

T'he principal source of TNF is an LPS- or enferotoxin-activated macrophage, In
vive, macrephages become activated by LPS and enterctoxin during acuote and
chrome infections by Gram-negative bacteria that express these substances. In
addition, TNF can be produced by antigen-activated T lymphocytes, natural killer
{INEK) cells, and mast cells (see Chapter 2). The target of TINE is virtually any cell,
because all mammalian cell types examimed express TNF receptors.
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10.12 What is the structure of TNF and its receptor(s)?

TNF is matially svothesized as a transmembrane protein that belongs to the so-
called type Il proteins, This means that, unlike in most transmembrane (type 1)
proteins), its N-terminus is cytoplasmic and its C-terminus is extracellular. It is
expressed as a homotrimer, in which each of the three subunits has a molecular
weight of 25 kDa. After the homotrimer is expressed, a membrane-bound enzyme
cleaves from each of its subunits a 17-kDa fragment; the three cleaved fragments
assemble together, forming a pyramidike secreted 51-kDa homotrimer. The recep-
tor-binding sites are at the base of the pyramid; this allows more than one TNF
receptor to be bound by one TNF molecule simultaneously.

There are two types of TNF receptor, the so-called TNF-RI and TNF-RIIL. The
TNF-RI is a 55-kDa protein. to which TNF binds with the K of 107° M. The TNF-
RII is a 75-kDa protein. to which the cytokine binds with the Kg of 5 x 1077 M.
Both receptors are expressed ubiquitously, but there is a difference in the way they
transduce the signal upon the TNF hinding. Most biologic effects of TNE are
mediated through its binding to TINF-EL, which is followed by recruitment of an
adapter protein, ¢-E10. This protein, when recruited, activates intracellular cas-
pases and leads to apoptosis (see Chapters 7-9). Alternatively, the bimding of TNF
to TNF-RI can recruit an adapter protein, Grb2, This protein simultaneously binds
to another evtoplasimic mediator protem called SOS, leading to the activation of ¢-
Raf-1 kinase pathway and eventually to the up-regulation of gene transcription by
activated transcription factors. It is not clear what factors play the decisive role in
the balance berween cellular activation triggered by the Grb2-SO8-Eaf pathway
and apoptesis triggered by c-El0-caspase pathway, The binding of TINF to TNF-
R1l leads to the attachment of TEAF proteins to the cytoplasmic portion of the
receptor, to the recruitment of RIP adapter protein, and to activation of transcrip-
tion factors similar to that induced by CD40L-CD40 mteraction (see Chapter ¥).

10.13 What are the physiologic effects of TNF?

Asg we mentioned in Section 10,10, TNF is a cytekine whose major physiclogic
effect is to induce and promote inflammatory reactions. The latter invelve recruii-
ment of the so-called “inflammatory leukocytes™ (neutrophils and monocytes) to
the site of infection, and activation of these cells. Briefly, the inflammatory reac-
tions stimulated by TINF can be described as follows, The binding of TNF to its
receptor on the endothelial cells makes these express adhesion molecules (which we
already mentioned in Chapters 7 and 8). Among these molecules, there are struc-
tures (called “addressins™) that are able to bimd selectins and other reveptors
expressed by leukoevtes, Because of the interaction between addressins and their
counterparts on leukocytes, the latter are reiained on the surface of endothelial
vells and eventually migrate from bloodstream to the tissue at the site of mfection.
In parallel, TNF stimulates endothelial cells, and also macrophages, to secrete
chemokines (see about them in later chapters), which further increase the migra-
tion of leukoeytes from bleod to tissue through chemotaxis, TNF alse stimulates
the secretion of IL-1 by macrophages (see later). Finally, TNF induces apoptosis in
some cells that it binds; the biological significance of this effect is unknown.
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10.14 What are the pathologic effects of TNF?

The injurious effects of TINF develop after a severe bacterial imfection, when this
cviokine 15 secreted in large amounts in response to a strong stimulus, Under these
conditions, TINF enters the bloodstream and functions at long distances, as an
endocrine factor. The principal systemic actions of TNF are the following: (1) its
bindimg to its receptor expressed on neurons of the hypothalamus (a region i the
brain) triggers production of prostaglandims, resulting in fever; (2) its binding to
hepatocytes (liver vells) stimulates the latter to produce amyloid A and other pro-
teins of the so-called “acute phase response™ of the liver to inflammation, as well as
fibrimogen; (3) TINF induces cachexia, a rapid loss of muscle and fat tissue, partially
due to the mhibition of appetite and partially because TINF inhibits enzymes that
control the utilization of circulating lipids by tissues; (4) at very large concentra-
tions, TNF inhibits cardiac muscle contractlity and vascular smooth muscle tone.
resulting in the rapid loss of blood pressure (shock); (5) also at very large concen-
trations, TNF causes disseminated imtravascular coagulation (or intravascular
thrombosis) by shifting the normal balance between procoagulant and anticoagu-
lamt factors secreted by endothehial cells; (6) TNF may cause a profound decrease in
blood glucose concentration, in part because of the overutiization of glucose by
muscle and in part because of the liver failure, The combination of the blood
pressure loss, disseminated intravascular coagulation, fever, and severe hypoglyce-
mia is indicative of the septic shock, and may result m death.

10.15 (Can septic shock be diagnosed and treated?

Yes. The most informative parameter indicative of septic shock is the serum von-
centration of TNF, It is now possible to measure it in patients, because many
standard diagnostic kits that include monoclonal anti-TINF antibodies are avail-
able. Unfortunately, these antibodies are not efficient as therapeutic devices, per-
haps because of the rechmdancy of cytokines (see above). The treatment of septic
shock includes intensive antibiotic therapy and detoxication therapy {(mfusions of
glucose, polyvinylpyrrolidone, balanced salt solutions, diuretics, etc.)

IL-1
10.16 What is the main function of IL-1?

Although 1L-1 was originally discovered as a factor that enhanced the prolifera-
tion of thymocytes (see Section 10.1). it is now clear that its main function is
sinrilar to that of TNF, ie., to induce and promote the imflammatory reaction in
response to Gram-negative bacteria and some other mfectious microorganisms.

10.17 What is the cellular source and the target of IL-1?

The major cellular soorce of IL-1 is the same as for TNF, ie, the activated
macrophage. Unlike TNF, however, IL-1 can be also produced in smaller



CHAFTER 10 Cytokines

quantities by a rather broad range of cells that includes neutrophils, epithelial cells
{especially keratinocyvtes), and endothelial cells,

10.18 What is the structure of IL-1 and its receptor(s)?

There are two forms of IL-1, called IL-1er and IL-2, coded by separate genes and
showing only 30% of the structural homology but, nevertheless, binding to the
same I1-1 receptors, Both of them are synthesized as 33-kDa precursors and are
then enzymatically cleaved. resultimg in the formation of the active 17-kDa pro-
tein. (1L-1, but not IL-10, can be active in its 33-kDa form as well). The enzyme
that cleaves 1L-1f is called “interleukin-1 converting enzyme™ (ICE); we men-
tioned it in Chapter 9 as being historically the first enzvime belonging to the family
of apoptosis-inducing caspases. Most of the IL-1 found in the circulation is IL-1[.

There are two forms of IL-1 receptor (1L-1R), called IL-1R type 1 and IL-R1
type 2. The IL-1R type 1 is expressed ubiquitously and actually mediates the
biclogical responses to IL-1. The IL-1R type 2 18 expressed exclosively on B
lymphocytes and is nonfunctional, It may be a “decoy™ that mhibits the biclogical
effect of IL-1, competing for the cytokine with the 1L-1R type 1. The cyvtoplasmic
portion of the 1L-1 R type 1 is homologous to the Drosophila surface protein called
Toll. As we will detail in Chapter |1, mammalian homelogs of Tell play a sig-
mificant role m the innate as well as adaptive immunity, The binding of 1L-1 to IL-
IR type 1 activates a signaling pathway similar to the one activated by CD40L-
CD40 interaction (see Chapter §).

10.19 What are the physiologic and pathologic effects of
IL-1?

They are very similar to those of TNF. The two differences in the effects of the two
evtokines are that: (1) 1L-1 does not induce apoptotic death of cells even at high
concentrations; and (2) IL-1 does not lead to septic shock, even although at high
concentrations it can induce hepatic acute phase responses, fever, intravascular
thrombesis, loss of appetite, hypoglycemia, and other metabolic disturbances.

Momonuclear phagoceytes are capable of producing the so-called IL-1 receptor
antagonist (11-Ea), which is structurally similar to 10-]1 and able to bind the same
reveptors, but is biclogically inactive, IL-Ka ix thought to be a natural antagonist
of IL-1 and a means of regulation of the cytokine’s biclogical effects.

TYPE I INTERFERONS

10.20 Which cytokines belong to the category of type I
interferons, and what is their principal function?
This category includes interferons alpha (IFN-o) and beta (IFIN-[). The principal
function of these cytokines is to mediate the early innate immune response to viral
imnfections.
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10.21 What is the cellular source and the target of IFN-a
and IFN-f3?

IFN-g, which is, actually, a family of molecules (see next section), 1 produced by a
subset of mononuclear phagocytes, and it is also called leukocyte interferon. TFN-[3
is a single substance produced by a varety of cell types, most notably fibroblasts,
and is alse called Obroblast interferon. The target of type I mterferons is, essen-
tially, any cell. The preduction of both type I interferons is strongly activated by
viral infection. Experimentally, it can be also activated by double-stramded RNA.
which is thought to minnc viral infection.

10.22 What is the structure of type I interferons and their
receptors?

The IFN-o family includes approximately 20 spevies of molecules, each coded by a
separate gene. These molecules consist of five mdividual alpha-helical subunits, of
which four are held closely together and ope ig “loose.” The IFN-p is a single
polypeptide coded by one single gene. There is very little structural homology
between the IFN-P and any of the 20 representatives of the IFN-o family, In
spite of this pronounced structural difference, all 20 molecules of the IFIN-oz family.
as well as the IFN-, bind to one single type I interferon receptor. This receptor is
expressed ubiquitously. It is a heterodimer of two polypeptide subunits, sometimes
called INFAR-1 and INFAR-2, each of which has a binding site for a type I
imterferon molecule. As discussed in Section 10.7, simultanecus binding of the
two interferon receptor subumits by two type I interferon molecules activates the
receptor-bound JAKSs and triggers the JAR-STAT pathway of mtracellular signal
transduction.

10.23 What is the physiologic effect of type I
interferons?

Type 1 mterferons were known for a long time to be capable of “inducing an
anti-viral state” in target cells. By inducing the expression of target cell
enzymes such as 2 §-oligoadenylate syvnthetase (OAS) upon binding to their
receptors, type I interferoms inhibit viral replication, Type 1 mterferons enhance
the expression of MHC Class 1 antigens by target cells, thus facilitating their
recognition by the MHC Class I-restricted CDS" cytotoxic T lymphocytes and
providing a link between innate and adaptive innuunity to viruses, These two
effects are performed in both paracrine fashion (Le., a neighboring cell serves
as the target for the produced cytokine), or in an autocrme fashion (the same
cell that secretes the cytokine is its target). Type | interferons also enhance the
expression of IL-12 receptor, thus promoting the Tyl pathway of T helper
differentiation (see later sections). Finally, these cvtokines inhibit the prolifera-
tion of many cell types; the biologic significance of this effect 15 not quite
understood.
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IL-6
10.24 What are the main properties of IL-67

This evtokine functions in inmate as well as in adaptive immumity. Its role in innate
ity is to stimulate the synthesis of acute phase proteins by hepatocytes, simi-
lar to the effect of TNF at large concentrations (see Section 10,14), By stimulating
the acute phase response. IL-6 contributes into the body’s systemic inflammatory
reaction. In adaptive immunity, 1L-6 serves as a growth factor for cells of the
B-lymphocyte lineage, especially ternmnally differentiated plasma cells. 1L-6 is
also capable of prometing growth of plasmacytemas (or myelomas) and hybrido-
JITHES

IL-6is produced by mononuclear phagocytes, endothelial cells, fibroblasts, and
other cells, m response to microbial infections and to other cytokines (especially
IL-1 and TNF). Some activated T lvmphocytes also produoce [1-6. The cells
respondmg to IL-6 are the cells that produce it (macrophages, endothelial cells,
and fibroblasts), and also differentiated antibody-producing B lyvmphocytes and
plasma cells. Structurally. IL-6 is a homodimer. congsisting of two subunits with
globular domams. Its receptor s a two-subunit structure; one of the subumts binds
IL-6 and the other one (called gpl30) transduces the signal by activating the JAK-
STAT =ignaling pathway,

IL-10

10.25 What are the main properties of IL-10?

IL-10 is a major inhibitor of activated macrophages. It is produced by activated
macrophages, and thus serves as a negative feedback in macrophage activation. By
mhibiting macrophage responses, 1L-10 down-regulates and ternminates many
reactions of imnate mymunity that involve these cells, This cytokine inhibits the
preduction of macrophage-derived TNF and I1-12, thus suppressimg inflamma-
tory reactions as well as the Ty pathway of T helper cell differentiation. 1L-10 also
down-regulates the expression of Class I MHC molecules and co-stimulatory mole-
cules on the affected macrophages. Fmally, IL-10 plays an as yet not very clearly
defined role in adapted immunity, because it enhances the proliferation of B lym-
phocytes. In combination with IL-2, 1L-10 stimulates the differentiation of CID40-
stimulated B lymphocytes into plasma cells (see Chapter § and later sections of this
chapter). IL-10 is a polypeptide with four e-helical demains that binds to a typical
type I cytekine receptor and activates the JAK-STAT signaling pathway,

IL-12

10.26 What are the main properties of IL-12?

IL-12 is a principal mediator of the early innate responses to intracellular
microbes, and a key inducer of cellular immumnity to these microbes. It is a
cvtokine that serves as a very good illustration of a link between innate and
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adaptive immmumty, The two principal sources of 1L-12 are activated macro-
phages and dendritic cells. Structurally, IL-]12 ig a heterodimer that consists of
a 35kDa subumit (p35) and a 40-kDa subumt (p40). Interestimgly, the pd
subumit of this cytokine is homologous to the receptor of another cvtokine,
namely of the IL-6K. The receptor for 1L-12 is a heterodimer composed of [l
and (2 subumits and a typical activator of the JAR-STAT signaling pathway,
Cytokines, notably interferons. strongly up-regulate the 2 subunit of the recep-
tor. The latter (but vot the former) subumt serves as a signal tramsducer. The
stimuli for IL-12 production include LPS, viral mfection, and infection by intra-
cellular bacteria (for example, Listeria monocviogenes and M. iwbereufosis).
Activated helper T lvmphocytes can mduce macrophages and dendritic cells to
synthesize IL-12, mainly through the CD4OL-CD40 interaction. Interferon
gamma (IFN-y, see later) alse stimulates 1L-12 production.

The biological role of I1-12 is, essentially, to initiate a series of responses invol-
ving macrophages, NK cells, and T Iymphocytes. 11-12 is a potent stimulator of the
Tyl pathway of helper T cell differentiation (see later sections). It is also a potent
stimulator of IFN-y by NK cells and T lymphoceytes. and an enhancer of the
cvtolytic functions of activated NK cells and CD8™ cytolytic T Ivmphocyvies.

IL-15 AND IL-18

10.27 What are the main properties of IL-15 and IL-18?

T'hese cytokines are invelved in mnate immunity; both of them are strong activa-
tors of NK cells. 1L-15 is structurally homologous to 1L-2, and may serve as its
functional analogue early in the response to imfectious agents, when reactions of
adaptive ity are still not developed, IL-18 is structurally homelogous to IL-
1 and signals through a Toll-like receptor, but functionally 12 homelogous to 1L-12
rather than to IL-], and shows a strong synergism with IL-|2.

CHEMOKINES

10.28 What are chemokines, and what are their main
functions?

The name “chemelkine” is a fusion of the terms “cytokine’ and “chemotaxis,” the
[atter meaning the movement of cells toward a chemical stimulus or attractant.
Just as the name indicates, chemolkines promote leukocyvte movement and regulate
the migration of leukocytes from blood to tissues. Obviously, if they possess such
am ability. they play an important role in mflammatory reactions. However. recent
studies showed that chemokines alzo play a role in lymphocyte homing in second-
ary lymphoid organs, as well as in the development of Tyl and T2 pathways of T
helper cell differentiation, in the function of B lymphocytes, dendritic cells, in the
viral infection of lvmphocytes, in angiogenesis, and metastatic processes. No won-
der that chemokimes and their receptors have been a major focus of an extensive
research,
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10.29 What is the source of chemokines, their structure,
and receptor(s)?

Chemokines are produced by leukocytes and by several types of tissue cells, no-
tably by endothehal cells, epithelial cells, and fibroblasts. The stimuli for their
production include microbial infections, TNF, 11L-1, and also antigen-activated T
cells. Thus, chemckines provide yet another important link between innate and
adaptive mmunity, While most chemokines require the above stimuli. some are
produced constitutively: these later are believed o play an especially sigmificant
role in the lymphocyte homing. (For example, & chemokine has been recently
identified that controls the migration of murine B lymphocytes into the follicles
of secondary Ivmphoid organs.y Chemokines may be secreted, but they alsc may
be displayed to leukocytes while being associated with heparan sulfate proteogly-
vans on the surface of endothelial cells. In this case, their high local concentration
facilitates the leukocyte migration very strongly. Chemokines also control the
nature of the inflammatory infilirate, because different chemokines act on different
leukocytes; for example, the chemokine called 11L-8 preferentially recruits neutro-
phils, while the chemokine called eotaxin preferentially recruits eosinophils.

The large family of chemokines includes more than 50 individual molecules:
they are 8- to 12-kDa polypeptides that contain two internal disulfide loops,
Chemokines are vsually divided inte two subfomilies. The first of these subfamilies
is called CC, and includes chemokines in which the two terminal cysteines (“C*)
are adjacent. The second subfamily, CXC, includes chemokines in which the two
terminal cysteines are separated by one (varying) amine acid, The receptors for
CC cytokines do not bind CXC chemokines, and vice versa. There are as many as
ten known receptors for the COC, and six known receptors for the CXC chemo-
kines. These receptors show overlapping specificity for chemokines within each
family, and are expressed on leukocytes, T lymphocytes show the largest number
of distinet chemoekine receprors on their surface, Chemekine receptors consist of
seven o-helical domains and signal as GTP exchange proteins (see Chapter 7).
Certain chemokine receptors, notably CCRS and CXCR4, act as co-receptors for
HIV (see Chapter 185).

C. CYTOKINES THAT MEDIATE AND REGULATE ADAPTIVE
IMMUNITY

IL-2
10.30 What are the principal functions of IL-2?

As was mentioned at the beginming of this chapter. IL-2 was discovered in 1976 as
a T eell growth factor™ (TOGF). In those early studies. 11L-2 was characterized as
a polypeptide that was released into the culture medivm by polyclomally activated
T lvmphocytes; it acted om other activated T lymphocytes, supporting their survi-
val and proliferation in culture, Cuorrently, I1-2 is viewed as a major growth factor
for antigen-activated T lymphocytes thai is responsible for T-cell clonal expansion
after antigen recognition. However, it is now clear that IL-2is a typical pleiotropic
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cytokine that exerts a number of effects on a variety of cell types. In particular,
I-2 stimulates the growth and differentiation of B Ivmphocyvtes, activates NE
cells, and potentiates apoptotic death of antigen-activated T lymphocytes.

10.31 What is the source of IL-2, and what is its structure?

IL.-2 is produced by activated T lymphocytes, mostly CD4™" T cells and, in smaller
amounts, by CD8" T cells. Activation of T cells by antigens and co-stimulators
(or polyclonal activators like plant lecting PHA and ConA) is the necessary pre-
requisite for the production of TL-2. As was mentioned in Chapter 9, T lympho-
cvtes that recognize antigen in the absence of co-stimulators are rendered tolerant
and do not produce IL-2, The 11L-2 production becomes possible after the tran-
scriptional activation of the IL-2 gene as a result of antigen- and co-stimulator-
triggered signal tramsduction (see Chapter 7). IL-2 production is transient. its
peak oceurring §-12 hours after activation.

IT-2 m ite mature secreted form is a 14-kDa to 17-kDa glycoprotein with a
globulm tertiary structure. Like all eytokines that interact with type 1 eytokine
receptors, it contains four o-helces that contact the chaims of its spevific receptor.

10.32 What is the structure of the IL-2 receptor (IL-2R)?

The receptor conzists of three non-covalently associated transmembrane proteins
called e, B, and v sobunits, The ¢ subumt has a molecular weight of 55 kDa, does
not formally belong to the type 1 cytokine receptors, and is expressed exclusively on
activated T lvmphocytes. 1t was the first of the three subunits to be identified by a
monoclonal antibody called “anti-Tac,” This subunit binds 11L-2, but the binding of
the cytokine to thig subunit alone has no biclegic effects since the o subunit does
not transduce any signals. The affimity of the IL-2-11-2R« interaction i very low.
The [} chain of the 1L-2R is expressed at low levels on resting T lymphocytes and on
NE cells in association with the I'L-2R 7 chiin. The latter is also called “common
(or “shared.” or “promizcuous™) y chain™ (yc), because this chain is also a com-
ponent of other cytokine receptors (notably IL-4, IL-7, and IL-15). The affimty of
the binding of IL-2 to the complex of IL-2R and IL-2Rye (Kg ~107° M) is some-
what higher than the affimity of the cytokine’s binding to the IL-2Ra alone, and the
complex of IL-2Rp and 1L-2Ryc does transduce activating signals. (Becauze of
that, IL-2 can activate WK cells as well as IL-R yc-expressing B cells at relatively
high concentrations.) When cells are activated by antigen and co-stimulators, the IL-
2R is rapidly expressed; this leads to the formation of the complex of all three
subumnits (IL-2Ra, IL-2R, and IL-2E+yc). The binding of 11.-2 to the three-subunit
complex is characterized by very high affinity (K ~107"" M), allowing the activated
T cells to respond to small concentrationg of the cytokine, The transduction of
activator signals after the cytokine binding involves the JAK-STAT pathway (see
Section 10.7), and also the PLCy- and the Ras signaling pathways (see Chapter 7).
Chromic T-cell stimulation leads to shedding of IL-2Ra; when this subunit is
detected in the serum, it i= indicative of a strong antigemc stimulation, and is
used as a diagnostic marker in tramsplantation climes.
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10.33 What are the biologic effects of IL-2?

As already mentioned, these include the promotion of the antigen-activated T
vells” clonal expansion: the activation of NK cells: the promoten of the B cells®
proliferation and antibody production, and the potentiation of the activated T
vells” apoptotic death. A brief examination of the mechamisms of these effects is
worthwhile at this point,

(a)

(b)

()

(@)

Stimulation of activated T cells. The principal mechamsm of this effect is
thought to be mediated by proteins called cyclin D2 and cyclin E. These pro-
teins. whose concentration rises upon the binding of 1L-2, activate a number of
cyvclin-dependent kinases. The latter phosphorylate and activate a variety of
cellular proteins that stimulate transition from the Gy to the S phase of the cell
cycle. On the other hand, the binding of 11L-2 reduces the concentration of a
cellular protein called p27. his latter protein inhibits cyclin-dependent kKinases,
IL-2 thus lifts the suppression of cell cyvcle mediated by p37. The cytokine
binding also increases the concentration of the anti-apoptotic protein Bel-2 (see
Chapter 9}, thus increasing the T- cell survival, IL-2 also promotes the secretion
of other T-cell-derived cytokines (notably IFN-y and 1L-4}), All these effects are
mostly autocrme (1e., the same cell that made I1.-2 responds to it), but they
may be also paracrine (i.e.. the adjacent T vells also may respond).

Activation of NK cells. This effect is mediated through the IL-2Rp-IL2Eyc
complex and, because of the properties of these subunits described in Section
10,32, can be seen only at high concentrations of 1L-2, Asx was mentioned
previously, 1L-15, which is structurally homologous to 11L-2, can mimic this
effect. NK cells activated by 1L-2 or 1L-15 are called LAK (from “hvmphokine-
activated Killer cells™). The appearance of LAK serves as a diagnostic trait
indicative of strong antigen stimulation, e.g., in transplantation climes during
acute transplant rejection.

Prownotion of B-cell proliferation and antibody produoction. Since B lymphocvtes
do noet express IL-2R, it 1s likely that I1-2 mediates this effect through some
molecule that serves as its mimic. The signal is likely to be transduced through
the v subumit of IL-4R, which B vells express. Little is known about the mol-
ecular mechamsm of this effect; notably, the moderate activation of antibody
production by IL-2 is not accompanied by class switch, IL-10 acts synergistically
with IL-2 te promote the antibedy preductien in CD40-activated B Iyvmpho-
cytes,

Potentiation of the activated T cells’ apoptotic death. As was mentioned in
Chapter 9, IL-2 acts as a powerful promoter of the activation-induced cell
death, because it inhibiis the anti-apoptotic protein FLIP (see Section 9.15), 1t
may be that if an immune response is persistent and T cells are exposed to
increasing quantities of 11L-2, this pro-apoptotic property of 11-2 takes over its
pro-survival property described in (a). Knockout mice lacking IL-2 or IL-2R
develop a svstemic autoimmune disorder, imdicating that normally, 11-2 elim-
inates autoimmune T-cell clones that are repeatedly stimulated by self anti-
FETIS,
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IL-4
10.34 What are the main functions of IL-4?

IL-4 was discovered as a factor produced by activated T cells and capable of
enhancing the preliferation of B lymphocytes stimulated by antibodies to surface
IgM. Initially, IL-4 was called “B cell growth factor-1" (BOGE-1) or “B cell
stimulatory factor-17 (BSF-1). As it often happened with cyvtekines. it became
soom apparent that IL-4 1s a pleiotropic cytokine, and that the activity associated
with it at the time of its original discovery was not its major function. Currently, it
is considered that the major function of I1-4 is fo stimulate the development of T2
cells from naive CD4™ helper T lymphocytes, amd to direct antibody class switch to
the production of IgE.

10.35 What is the source, the target, and the structure of
IL-4?

IL-4 is produced predominantly by activated CD4" helper T lymphocytes that
belong to the Ty2 helper cell subset. Activated mast cells and basophils can also
produce some [L-4. The target of IL-4 are activated T cells, B cells, mast cells, and
basophils, [1-4 is a typical member of the four a-helical cytokine family (see above).

10.36 What is the structure of the IL-4 receptor, and how
does it transduce signals?

T'he 1L-4 receptor (1L-4R) is a heterodimer that consists of the cyvtokine-binding o
chain (structurally distinet from the IL-2Ro) and (in Ivmphocytes) the signal-
transducing ye chain, which is shared with the 1L-2R. Nonlymphoid cells express
the IL-4R. o chain in association with a different protein, which is also a compo-
neni of the receptor for 11-13 (see later). IL-4R transduces its signal through the
JARK-STAT pathway and the pathway that involves the so-called insulin response
substrate 2 (IRS-2). Most biclogic properties of 1L-4 are associated with the JAK-
STAT pathway. and. in particular. with the STAT6 protein. which seems 1o be
umiquely activated by IL-4,

10.37 What are the biologic effects of IL-4?

The most important biclogic effect of 1L-4 is to pronote IgE- and mast cellf
eosimophil-mediated reactions, aml to suppress macrophage-mediated reactions.
This effect iz mediated through promotion of the Th,2 pathway of T helper cell
differentiation (discussed later). In addition. IL-4 serves as a growth factor of
B lyvmphocytes and acts in strong synergy with anti-CD40 antibodies or CID40
ligand to stimulate B-cell growth, antibody production, and class switch to IgE
in B lymphocytes cultured in vitro. This is presumed to reflect the in-vivo role of
this cytokine in B-cell differentiation,
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IL-5

10.38 What are the principal function and properties of
IL-5?

IL-5 is an activator of eosinophils that serves as the link between T-cell activation
and ecsmophilic inflammation. The principal sources of IL-5 are the T2 subset
of activated CD4" T lymphocytes and activated mast cells. The IL-5 receptor
(IL-5R) is a typical type 1 cytokine receptor. Its 150-kDa signaling subumnit is
shared with receptors for 1L-3 and GMCSF, and is sometimes called the com-
mon beta chain. Signaling through [L-5R 18 mediated through the JAK-STAT
pathway,

[L-5 stimulates the growth and differentiation of eosinophils (see Chapter 2),
and activates mature ecsinophils. The latter express Fe receptors that can bind IgE
antibodies, which feature prominently in immediate hypersensitivity reactions
{dizcussed in later chapters). IL-5 acts in concert with IL-4, which is alse produced
by the Ty2 cells and stimulates the class switch to IgE, Eosinophilic inflimmmation
is a consequence of the immediate hypersensitivity reactions, and is thought to
play a major role in the protection against hehminthes and arthropods (see later
chapters). In addition, IL-5 stimulates the proliferation of B lvimphocytes and the
production of [gA antibodies,

IFN-y
10.39 What are the principal functions of IFN-y?

IFN-y (also called immune interferon or type 11 interfercon) is the principal activa-
tor of macrophages and the “signature cytokine™ of the Tyl subset of helper T
Iymphocytes. [FN-y possesses some anti-viral activity but, unlike in type 1 inter-
ferons, this activity is not very strong. Instead, IFN-y functions mainly in the
effector phase of immune reactions, and serves as a eritical link between innate
and adaptive immunity.

10.40 What is the source of IFN-y?

IFN-y is produced by NK cells. CD4" Tyl cells, and CD8" cells. NK cells
produce IFN-y in responsge te an unknown micrebial product or 11-12. T cells
produce IFN-y in response to antigen recogmtion, and this production is
enhanced by 1L-12.

10.41 What is the structure of IFN-y and its receptor?

IFN-y iz a homodimeric protein containing twe 21-kDa to 24-kDa subumits, It
receptor ([FN-yR) is genetically and structurally distinet from the receptor of
type 1 interferons, and consists of two strocturally similar subunits, one of which

binds the cyvtokine and the other which transduces the sigmal. The 1IFN-yR
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belongs to the type I cvtokine receptor family and transduces the signal through
the JAE-STAT pathway,

10.42 What are the biolegic effects of IFN-y?

IFN-y 18 a pleiotropic cytokine that exerts the following biclogic effects: it
activates macrophages; euhances the expression of Class I and Class II MHC
molecules and co-stimulators on anfigen-presenting cells; promnotes the differentia-
tion of naive CD4" T cells to the Tyl subset; inhibits the proliferation of T2
cells; promotes class switch to IgG subclasses (in mice; notably Ig(2a); inhibits
class switch to IgE; activates neutrophils; and eulances the cytolytic activity of
NK cells,
The mechamisms of these effects may be briefly outlimed.

¢ Macrophage activation. This effect is mediated through the STAT-1 protein
component of the JAK-STAT pathway, which serves as a transcriptional
activator of the genes that control production of biclogically active substances
by macrophages. These substances include reactive oxygen intermediates and
reactive mtrogen intermediates (to be discussed in more detail in later
chapters).

 NHC and co-stimulator op-regulation. This effect is alzo mediated through
STAT-1, which serves as a transcriptional activator of MHC and co-stimulator
genes, as well as genes that code for several important proteins mvolved in
antigen processing (TAP, LMP-2 and LMP-7 components of proteasome,
HLA-DM, and others; see Chapter 6).

¢  Promotion of the T;1 subset apd inhibition of the T;2 subset. This effect is
thought to be indirect; it is perhaps mediated through the production of 11L-
12 by macrophages activated by IFN-y. IL-12 is stimulated through transcrip-
tional activation by STAT-1. 1L-12 directly activates the differentiation of
naive (“Ty0") CD4" cells into Ty, 1 vells and inhibits the proliferation of T2
cells {see Section 10.26),

*  Promotion of IgG subclass switch and inhibition of IgE class switch. This effect is
thought to be mediated through the mechanism of switch recombination (see
Chapter 4).

* Activation of neutrophils and enhancement of NK-mediated cytolytic activity.
These eftects are thought to be mediated through the JAK-STAT pathway,
similarly to the effect of IFN-y on macrophages.

TGF-p
10.43 What are the main properties of TGF-j?

As the name indicates. transforming prowth factor-beta (TGE-[) was origin-
ally discovered as a cyvtokine that conferred on normal cells some properties
of malignantly transformed cells. In particular, cells treated with TGF-p
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acquired the ability to survive in culture media with low percentage of serum
or in semisolid agar. Subsequently, it was shown that TGEF-P is actually a
family of three polypeptides designated TGF-P1, TGF-B2, and TGF-f3.
TGF-x is structurally related to these molecules, but its fumction, as well
as the functions of TGF-B2 and TGF-B3, is not related to the immune
system. Operationally. TGF-f1 in the context of mumunclogy can be called
TGF-[3.

T'he principal functions of TGF-f are to inhibit the proliferation of T lympho-
cytes aml the activation of macrophages, and o enhance the production of IgA_
Because of its strong nepative effect on T cells and macrophages. TGE- is
sometimes called an “anti-cytokine.” TGE-[ 15 also able to inhibit the recruitment
of inflammatory leukocytes (mostly neutrophils) to the site of inflammation, and
to stimulate the synthesis of extracellular matrix proteins like collagen, thus pro-
moting tissue repair. The scurce of TGE-B is mostly a subset of antigen-acti-
vated T helper cells (sometimes called *“Ty,3" to stress on their unmque suppressor
properties, distinguishing them from both Tyl and Ty2). In addition, LPS-acti-
vated macrophages and other cells produce TGF-[i. TGF-[f is a homodimer that
iz secreted after proteclytic cdeavage of an mactive precursor, There exist two
distinct TGF-p receptors (TGF-PRI and TGF-PRIT), both of which signal
through a serine-threonine kinase domain.

LYMPHOTOXIN (LT)
10.44 What are the main properties of LT?

LT is a eyvtokine that is very similar to TNF in regard to its structure and
biclogical effect; because of its close similarity to TNF, the latter is sometimes
called TNFo and the LT is called TNF}. However, while TNF is proeduced by
LPS-activated macrophages, LT is produced by some anfigen-activated T lym-
phocytes. Since the quantities of LT made by T cells are much smaller than the
quantities of TNF made by macrophages, L'T pever exerts amy systemic effects,
but acts like a local promoter of mfammation. Studies in knockout mice
showed that LT alse has an interesting rele in the development of lymphoid
organs. In particular, mive lacking LT (a membrane-associated form of LT)
show wvarious defects in the architectomics of their lvmph nodes, Peyer’s
patches, and spleen.

IL-13

10.45 What are the main properties of IL-13?

IL-13 ig a cytekine structurally similar to IL-4 and is produced by Ty2 cells and
some epithelial cells. Its receptor ig expressed on macrephages, 11-13 suppresses
macrophage activation, acting in concert with IL-4, [L-10, and TGF-[ and antag-
onizing IFN-y.
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IL-16, IL-17, AND MIF

10.46 What are the main properties of IL-16, IL-17, and MIF?

Although these cytokines have been identified as distimet molecules, their functions
refnain unclear. IL-16 is implicated in the chemotaxis of eosinophils, IL-17 ix
thought to mimic proe-mflammatory effects of TNF and LT, and MIF {as the
mame indicates) imhibits the migration of macrophages,

D. CYTOKINES THAT STIMULATE HEMOPOIESIS
STEM CELL FACTOR (C-KIT LIGAND)

10.47 What are the main properties of stem cell factor?

Stem cell factor, or c-kit ligand, is a cytokine produced by bone marrow stemn cells
and actimg on bone marrow stem cells, immature thymocytes, amd mast cells. Stem
vell factor promotes the survival of these cells and stimulates their proliferation. It
is thought that stem cell factor alge makes bone marrow stem cells receptive to
cother hemopoietins. The name ~c-kit ligand™ originates from the fact that this
cvitckine binds to a cell surface-expressed tyvrosine kinase coded by a cellular
proto-oncogene c-kit, Stem cell factor is also known as “steel factor” because
the mutant mouse strain that does not have its secreted form is called steel. In
these mutants, the development of mast cells im mucosal tissues is impaired, but all
other pathways of hemopoiesiz are normal, suggesting that membrane-bound
form of stem cell factor 1s of a greater importance for hemopoiesis. Elimmation
of both forms of stem cell factor by gene knockout is lethal.

IL-3
10.48 What are the main properties of IL-3?

In the mouse, IL-3 is a cytokine produced by CD4”™ T Iymphocytes and acting on
immature bone marrow progenitors of various lineages. Precursors of all known
blood cells have been shown to be affected by 1L-3, Because of that, and because
IL-3 and other hemopoieting are often assayed for their ability to stimulate the
formation of colomies m culture, 1L-3 is also called “multilineage cytokine™ or
“multi-CSF” (where CSF stands for “colony-stimulating factor’), IL-3 is a mem-
ber of the four-w-helical cytokines, Its receptor is a heterodimer with the signaling
subumt transmitting the signal through the JAK-STAT pathway. In the human.
IL-3 has been biochemically characterized and its gene has been cloned, but 1ts

function remains unclear.,
IL-7

10.49 What are the main properties of IL-7?

IL-7 ix a four-e-helical evtokine that is prodoced by bone marrow stromal cells and
acting on immature bone marrow progenitors committed to B- and T- Iymphocyte
lineages. This cytokine seems to be crucial for lvimphopoiesis because knockout
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mice lacking 11L-7 have decreased numbers of B and T lymphocytes, The receptor
for IL-7 signals through JAK-STA'T and involves the JAK -3 kinase. Interestingly,
IL-7 mfluences also on mature T lymphocytes cultured i vitre, mimicking IL-2. 1t
is unclear whether it possesses such an activity in vive.

GM-CSF, M-CSF, AND G-CSF

10.50 What are the main properties of GM-CSF, M-CSF, and
G-CSF?

GM-CSF stands for “granulecyte-macrophage eclony-stimulating facter,” M-
CSF- “monocyte colomy-stimulating factor,” and G-CSF- “gramulocyte colony-
stimulating factor.” These three eytokines are produced by activated T cells, inacro-
phages, endothelial cells, and bone marrow stromal cells. They act on the respective
bone marrow progenitors to increase production of mflammatory leukocytes,
GM-CSF was also shown to activate macrophages and to promote the differentia-
tion amd maturation of dendritic cells (see Chapter 2). These cytokines are success-
fully vsed in bonme marrow transplantation clinics to stimulate the growth and
maturation of the progenmitors in marrow grafts,

IL-9 AND IL-11

10.51 What are the main properties of IL-9 and IL-11?

These two cytokines are produced by bone marrow stromal cells, and their exact
role in hematopoiesis is unclear, IL-9 stimulates the growth of some T-cell lines, as
well as mast cell progemitors, in vitre. IL-11 is known to stimulate megakaryo-
cytopoiesis (maturation of megakaryocytes, the immediate precursors of platelets),
and is used to treat patients with platelet deficiencies.

g2 Questions

REVIEW QUESTIONS

1. Of the two terms coined by early immunelogists to refer to cytokines, “interlenkins
and “lvmphokines,” why does the first one stay and the second not?

2, Why is it beneficial that the production of most cytokines is a brief and self-limited
event?

3. Which of the two terins - “type [ cytokine receptors” amd “hemopoietin receptors' -
would you consider being a better one? Why?

4. In the literature of the 1980s and early 1990s one can often find the term “promiscucus
sibunit," referring to a cytokine receptor subunit. Explain the term, and give ex-

amples.
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5. Would signal transduction through the JAK-STAT pathway be possible if the density
of the cell membrane increased to such an extent that latersl movement of tranamem-

brane proteins were no longer permitted?

6. How would T-cell-dependent and T-cell-independent immiine responses be affected in
mice transgenic for SHP-17 In mice that ave knockout for SHP-17

7. What is the advantage of the pvramidal shape of TNF? What other immunclogically
nmpertant melecules have this shape?

8. What facts about the patient, and what svmptoms should you consider, when you
think about prescribing a test for circulating TNE?

9. Will the functions of TL-1 be affected in mice that are knockout for the ICE gene? If
not, why net?

10. Is it, in your opinion, easy or difficult to obtain an anti-IFN-o meneclonal antibody
with cytokine-neutralizing properties?

11. It has been known since perhaps the late 1970s that hybridoma clones grow better
when peritoneal macrophages are used as a *feeder layer.” How woulld we explain this
situation now, knowing so much more about cytokines than immunclogists knew
then?

12. What 13 the difference between the OC and the CXC families of chemokines?

13. If freshly 1zolated hiopman peripheral blood lymphocytes are incubated with I1-2, thew
will show a proliferative response, but only if I1L-2 is present at large concentrations
and the cultures are kept for at least 7 days. Explain this finding.

14. What 15 the connection between I1.-2 and cyclins?

15. You have two cultures of B lvimphocytes with identical starting B-cell numbers. One of
them is supplemented with recombinant CD40 ligand and IL-4, and the other one with
recombinant CD4E0 Ligand, I1.-2, and IL-10. In which of them would you expect to find
more antibodies? In which of them would you expect to find a larger concentration of
IgE?

16. How deoes IFM-y regulate the expression of MHC molecules, and what are the con-
sequences of this regulation compared to tvpe I interferons?

17. Immunclogists say that the production of TGE-P is one of the means that tumor cells
use to avold immune sirveillance. Explain this idea.

18. Why is I1.-3 called a “multilineage cytokins?™

19. In what way are IL-4, the secreted form of stem cell factor, and IL-9 redundant?

MATCHING

Direction: Match each item in Colwnn A with the one in Column B to which it is most
closely associated, Each itemn in Coltunn B can be used only once.

Codwnm A Colwnn B
. Redundancy A, Precedes the binding of STAT
2. Hemopoietin receptors B. TGF-p
3. Serpentines . Shares a subunit with IL-13R
4. Jnxtaposition of two JAKs . Acts on T- and B-cell precursons
5.80C8 E. Eosinophils
6. Tvpe I protein F. CCRS

T Amylod A G Is up-regulated by I1-2
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B. INFAR-2 H. Inhibits class switch to IgE

9. gpl30 I GM-CSF

10. Down-regulates co-stimmulators 1. Cytokines back-up each other
11. Production triggered by M. tuberculosis K. Bind IL.-2, TL-3, IL-4, prolactin
12. Acts as a co-recepior for HIV L. Inhibit cytokine signaling

13, Binding of I11.-2 to the three-subumt cornplex M. High concentration of TNF
14. Bcl-2 N. Is inhibited by IL-4

15. IL-4R O. Bound by IFN-w and IFN-J
16. Tyl P. Binds IL-6

17. Activated by IL-5 Q Ky~ 10"M

18, TEN-y E. Span membrane seven fimes
18. Enhances collagen build-up. 5. Saome as c-kif ligand
200, Steel factor T. TNFR
21 IL-7 . IL-12
22, Stimulates hemopoiesis i vve V. IL-10

Answers to Questions

REVIEW QUESTIONS

1. Becanse some cytokines are either not produced by lvmphocytes, or do not act on
Ivmphocytes. On the other hand, the production or reception of most cytokines
involves leukocytes, and the abbreviation IL, followed by a munber, is convenient
fior nomenclature.

2, Because for cytokines to exert their physologic effect, small concentrations are suffi-

cient, and the timing of the release 1s important. Large concentrations of cytokines

produce pathologic rather than physiologic effects (e.g., TNE).

The first, because some hemopoietins {e.g., GM-CSF) do not bind to these receptors.

It indicates that signal-transducing subunits can be shared by several cytokine recep-

tors, e.g., IL-Ryc is shared by IL-2, IL-4, IL.-7, and IL-15.

5. Mo, because to imtiate the signaling, two cytokine receptor subunits must be juxta-
posed; for this to happen, some lateral movement is needed.

6. In transgenics, both types of responses will be suppressed; in knockouts, they will be
enhanced.

7. Three binding sites can hind three identical TNF receptors simultanecusly. Other
examples are C4() ligand and Fas hgand.

B. It is important to establish whether the patient was infected by Grom-negative
bacteria, and to consider such svmptoms as fever, loss of blood pressure, cachexia,
hypoglycemia. and signs of abnormal blood clotting.

0. No, because other cytokines (notably, TNEF) will mask the defect.

10. Very difficult, because there are more than 20 different molecular species of IFMN-o.

3
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11. Perhaps peritonea]l macrophages are in contact with Gram-negative bacteria and/for
substances that mimic LPS; because of that, they produce IL-6.

12. They are structurally different and bind each to its own receptor.

13. Because unless T cells are activated by antigen and co-stimulators {or polyclonal
activators like PHA), they express only Jow-affinity IL-2R {IL-2RJ and yc subunits).
Low-affinity interactions require higher concentrations of the ligand, and more time,
to produce an effect.

14. I1.-2 signaling enhances their intracellular concentration.

15. There will be more antibodies m the second one, but more IgE antibodies in the first
One.

16. By activating the transcription of MHC genes through STAT-1. This leads 1o
enhanced expression of both MHC Class T and MHC Class IT molecules, while tyvpe
I interferems up-regulate Class I and down-regulate Class I1.

17. TGE-p is known to inhibit the proliferation of activated T cells, thus, possibly, sup-

pressing local anfi-tuimor immune responses.
18. Because it affects all ineages of hemopetesis (at least in mice).
19. Both of them activate mast cell progenitors.

MATCHING

L2 K3 B4, AcS L6, T 7, M; B, O 9 P; 10, V; 11, U; 12, F; 13, Q; 14, G; 15, C; 16,
N; 17, E; 18, H; 19, B; 20, §; 21, D; 22, 1



Innate Immunity

Introduction

1182

Innate immunity is a complex series of reactions that provide the first line of
defense against infections. As the name indicates, the mechamsms of mmate
mmunity exist before an encounter with infectious agents, but these agents
rapidly activate them. As we mentioned in Chapter 1, innate immunity 18 alse
called nomspecific or nonadaptive, “Nonspecific” means that the reactions of
immnate immumnity do not discern between various infectious agents the way reac-
tions of specific immunity discern between antigens. Diverse cellular clones that
express clonospecific receptors are not characteristic for the innate immune system.
MNonetheless, vells of the innate immune system (neutrophils, macrophages, NK
vells) do express surface receptors. amd these receptors as well as other molecules
of the inmate immune system (e.g., chemokines or complement protems) are able
to tell mfectious microorganisms from the tissues of the heost. “Nonadaptive™
means that the innate mmune system dees not develop immune memory and
secondary responses, thus not “adaptimg™ to developing a faster, stronger, and
qualitatively better response to a next encounter with the same invader the way
that the adaptive immune gystem does. Yet, responses generated by the innate
mmune gystem are rapid and in many cases strong enough to eliminate infec-
tious agents on the first encounter with them.

CUne important feature of innate immumity is that it is not just a “back-up™ for
adaptive mmmunity. Phylogenetically, mmate immunity i€ much older: many
mechamsms of innate immmnity function i iovertebrate animals. including
arthropods and worms, Some of these mechamsms can be traced in plants. In
higher (jawed) vertebrates, adaptive immumty is intertwined with specific immu-
mty. The latter greatly enhances the former; moreover, the latter cannot exist
without the former. The specific immune system used nonspecific mechanisms of
mmnate immunity to develop effector reactions against antigens, For example, B
lvmphocytes (part of adaptive immumnity) produce antibodies, and these molecules,
after they bind their specific antigen, bind and activate complement (part of mnate
mmumity). T lymphocvtes (part of adaptive immunity) produwe eytokimes that

Copynght 2002 by The MeGraw-Hill Companies, Inc. Click Here for Terms of Use.



CHAPTER 11 Innate Immunity > 183 J

activate macrophages, NI cells, and inflammatory leukocytes (parts of nmate
mmunity). Adaptive immunity focuses the mechanisms of innate immunity at
the sites of antigen mmvasion and uses them agamst specifically recognized antigens,
thus making them even more efficient.

In the discussion, we will go through some basic features of innate mumity.
We will analyze its cellular and molecular components and their functions, Special
attention will be given o receptors that are expressed on cellular mediators of
nonspecific immunity (neutrophils, macrophages, WK cells). We will see how these
receptors, although not clonally distributed and not nearly as diverse as specific
anfigen receptors, recognize certain molecular patterns that “warn™ the organism
about mfection. We will dissect the transduction of signals through these receptors
and analyze the mechanics of the activation of cells that express them. Finally, we
will describe the effector phase of innate mmumity and go through examples that
illustrate the significance of these effector reactions for protection against infec-
Hous microor Eamsmms,

Discussion

11.1 What are the components of the innate immune
system?

The innate mmune system consists of three principal components:

® Physical barriers. These mclude the skin and the mucosal surfaces of the
respiratory and gastromtestinal tract. Their role in imnate immunity is to
guard against free entrance of potentially or actually infectious micro-
organisms into the systems of the host.

* Circulating cells that specialize in recopmzing amd eliminating micro-
organisms. These mclude leukocytes (in particular, neutrophils and macro-
phages), and some T and B lymphocvtes with limited diversity of their
antigen receplors,

* Circulating proteins that exert microbicidal effects. These include complement
system, as well as a wide variety of other antimicrobial proteins (lvsozvime,
collectin, pentraxin, coagulation factors, ete.)

11.2 Specific immune responses include recognition,
activation, and effector phases; does this also apply
to innate immune responses?

Yes. Reactions of innate immumity mclude all of the above phases, although the
basic features of these phases are distinct from the features observed during adap-
five lImmune responses,
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11.3 What are the basic features of innate immune
recognition?
Similarly to what is characteristic for adaptive imnmnune system, mnate ity
uses specialized receptors m order to recognize its target structures. However,
receptors expressed on cellular components of mmate immune system recognize
structures that are characteristic of microbial pathogens and are not present on
mana lian cells, This is a fundamental difference from the recognition of antigens
by the adaptive immumne system. For example. T cells can recognize peptides
derived from bacterial or viral proteins. but also from mammalian proteins
{including those made m the host). or synthetic peptides. B cells can recognize
virtually any structure that can be bound by antibody V-regions. The microbe-
recognizing receptors of innate immune system are not clonally distributed. Again,
this 15 a fundamental difference with antigen receptors of lymphocytes, where each
lvmphocyte clone produces a receptor with vmique spevificity. The receptors of
mnate immune system are encoded in the germline. In contrast, as was discugsed in
Chapters 4 and 7, genes that encode antibodies and TCR undergo somatic re-
arrangement. Because of the germhine codmg, the receptors of inmate immune
system possess a limited repertoire of specificities. Receptors of the innate immune
system recognize certain molecular pafterns. Such patterns can be found in the
DNA, proteins, lipids, and carbohydrates made by certain classes of pathogenic
microorganisms. For example, double-stranded ENA is peculiar to rephcating
viruses; immethylated CpG DINA sequences, LPS, or mannose-rich ohigosacchar-
ides are characteristic of many bacteria, ete. (gee later). On the other hand, these
patterns are completely lacking in mammalian tissues. Notably, the molecular
patterns recognized by the innate immune system play a crueial role in the survival
of microorganisms and, unlike antigens recognized by the adaptive immune system,
are conserved (do not mutate). This makes innate immune responses very efhcient.

11.4 What is remarkable about the physical barriers and
their role in innate immunity?

One obvious characteristic of the above-mentioned physical barriers is their integ-
rity, which does not allow microbes to penetrate freely inside the host, However,
the epithelin of the skin, and gastrointestinal and respiratory tracts also produce
substances that actively kill micreorganisms, The best known of these “natural
antibiotics™ are peptides called defensins. These are 29-34 amino acid long.
cysteine-rich peptides that are present in the skin of manyv species, Their svnthesis
is greatly enhanced by locally produced TINF and I1-1; the latter can be produced
by keratinocytes of the skin epithelium (see Chapter 10), The epithelinm of the
mtestine secretes substances similar to defensins, which are called eryptocidins.
Yet another important feature of the nmatural barriers is that they contain
lymphocytes with receptors presumably specific to abundantly expressed microbial
components, These lvimphocytes mclude intraepithelial T lymphocytes, B-1 lym-
phocytes, and mast cells. We have already mentioned these cells in the respective
chapters about adaptive immumity. Nonetheless, they can be also viewed as com-
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ponents of innate immunity because of their location and function, Intraepithelial
T lymphocytes are located in the epidermal layer of the skin, mterspersed between
epithelial and dendritic (Langerhans) cells. In the mouse, many of these cells
express 76 TCR (Chapter 7), and im both mouse and human, these cells possess
a limited TCR repertoire. B-1 Ivmphocytes (Chapter 2) are located predominantly
on the mumediate cutside of the gastreintestinal and respiratory barriers — in the
peritoneal and pleural cavities. They. too. express antigen receptors with limited
repertoire of specificities and are thought to recognize “molecular patterns™ char-
acteristic of common microorganisms. It has been hypothesized that the target of
B-1 lymphocytes are microorganisms that colonize the gastrointestinal and
respiratory tracts early in life and stay there as commensals (e.g., E. coli, possibly
Haemophilus influenzae. ete.). Mast cells contain granules that can be released
upom recognition of microbes, which causes inflammation.

11.5 What is the principal role of phagocytes (neutrophils
and macrophages) in natural immunity, and what are
their main properties?

As the term itself explains, the principal function of these cells 1= o phagocytose,
1e., to eat,” engulf and digest. microbial particles. Neutrophils and macrophages
both are able to perform this funchon; it is more intense in macrophages, however.
Neutrophils are weaker phagocytes, but the advantage of having them is that they
mediate very early mmflammatory responses (hours after mfection). We have
already given a brief description of neutrophils in Chapter 2, They are small
cells (1215 pm in diameter), with numerous ciliary projections, segmented nuclei,
and gramules in their cytoplasm. There are two kinds of neutrophil granules: the
so-called “‘specific granules,” filled with degradative enzymes like lysozyme, col-
lagenase, and elastase, and the so-called “azurophilic grannles,” which are in fact
lysosomes, These granules are not stained strongly by either acidic or basic dyes,
hence the name of the cell. Neutrophils are produced in the bone marrow, this
process being stimulated by G-CSF (see Chapter 10). In adult humans, about
6 » 10" neutrophils are made each day, and the life span of a circulating neutro-
phil is only about 6 hours. If the cell is not recruited into a site of mAammation, it
undergoes a programmed cell death and is engulfed and digested by macrophages
in the spleen or hver.

Macrophages are perhaps phylogepetically the oldest mediators of nmate
mmunity. Cells resembling macrophages can be identified in Drosophila, in
worms, and even m plants. We have given a description of a macrophage in
Chapter 2. As mentioned there, macrophages are descendants of bone marrow-
derived circulating cells called monocytes. These cells differentiate into macro-
phages after they migrate from bleod into tissues. and the resulting macrophages
have been in the past given different names depending of the tissue where they
reside (e.g., Kupfier cells in the liver, microghial cells in the nervous system, etc.).
One important difference between a macrophage and a neutrophil is that the for-
mer has a much longer life span: macrophages can live for many days and even
weeks after they move mio a site of inflammation. While neutrophils dominate
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mflammatory sites early after infection, macrophages are the predominant cell type
at these sites later, |-2 days after the infection. Interestingly. the differentiation
from monocytes into macrophages is not terminal: differentiated macrophages
still retain the ability to undergo mitotic division at inflammatory sites.

11.6 How do neutrophils and macrophages recognize
microbial particles?
As was already mentioned, they do it with the help of germline-encoded, nonclonal
surface receptors. The predominant type of receptors that are expressed on
neutrephils and macrophages and uged in the recognition of microbial agents are
the so-called seven tramsmembrane alpha-hefical receptors or serpentines (see
Chapter 10). As was discussed m Chapter 10, these receptors bind chemokines.
Serpentines expressed on neutrophils and macrophages bind predominantly
chemokines of the C-X-C family, and especially IL-8. Other serpentine receptors
of theze cells bind short peptides containing NV-formylhinethionyl residues. This fea-
ture allows neutrophils and macrophages to detect and respond to bacteria and not
to mammalian cells, because the former always contain membrane proteins that are
mitiated by N-formylmethionyl residues, Yet other receptors of neutrophils and
macrophages bind peptides derived from complement proteing (e.g., CSa—see
latery; these peptides are generated when complement is activated. Finally. a num-
ber of neutrophil and macrophage receptors bind lipid mediators of inflammation.
These include platelet-activating factor (PAF), prostaglandin E (PGE), and leuko-
triene By {(LTHy). Binding of ligands to these receptors initiates signal transduction
that ultimately results in such cellular responses as migration, activation of the so-
called respiratory burst, production of microbicidal substances, and phagocytosis.

11.7 How do neutrophil and macrophage seven
transmembrane alpha-helical receptors transduce the
signal inside the cell?

The major signal-transducing system employed by these receptors is the system of
trimeric GTP-binding proteins, These proteing are attached to the evtoplasmic
portion of serpentine receptors, and consist of three subumits, G, GJi, and Gr.
In resting neutrophils and macrophages, Ga subunits of the trimer contain
attached GDP. When a ligand binds a serpentine receptor, GDP is exchanged
for GTIP, and the trimer dissociates inte Go-GTP and the GJ-Gy dimer. Both
of these entities act as allosteric activators of a membrane enzyvime called phos-
pholipase C-f (PLC-P). Recall from Chapters 7 and ¥ that T and B lymphocytes
employ a different 1soform of PLC, called PLC-v: both PLC-y and PLC-[f catalyze
the breakdown of membrane phospholipid and convert phosphatidylinositol
biphosphate (PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG).
The appearance of IP3 and DAG leads to a rapid mcrease in the concentration
of intracellular free ionized calcium ([Ca” " ],) and to activation of protein kinase C
{PEC) (Chapters 7 and §). Activated PEKC and calcivm-calmodulin complexes
strongly promote actin-myosin cyioskeletal changes, leading to cell spreading
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(which allows migration through endothelial layers), and the growth of psevdo-
podia (which allows phagocytosiz), PEC also enhances the avidity of lenkocyte
imtegrins (e.g., LFA-1) to their igands expressed on the endothelium, thus further
enhancing the cell migration towards the site of mAammatory response.

11.8 What other receptors, besides serpentines, do
phagocytes express, and what is their role in innate
immunity?

In addition to serpentine receptors, neutrophils and macrophages express two
other kinds of receptors that play important roles in innate immunity, namely,
receptors for opsonins and the receptor for LPS.

11.9 What are opsonins and receptors for opsonins?

Opsonims 18 a collective name of substamees or particles that enhance phagocytosis
upon their binding to their receptors expressed on phagocytes, Bacterial cells,
components of their cell walls, and also various plasma proteins can serve as
opsonins. The plasma proteins can be classified into specific opsonins (antibodies)
and nonspecific opsonins (components of the complement system, and a number of
other plasma molecules like fibronectin, fibrimogen. mannose-binding lectin, and
C-reactive protein). The group ef opsonin receptors thus includes several kinds of
receptors for components of bacterial cell wall, and several kinds of receptors that
bind spevific and nonspevcific plasma opsonins. Among the opsonin receptors that
bind components of bacterial cell wall, the mest important ones are the mannose
receptor; several different scavenger receptors (these bind mostly modified low-
density lipoproteins expressed by a variety of bacteria), and integrins (for example,
Mac-1 or CD11bCD1E — the molecule that serves as a complement receptor as well
as the receptor for a number of microbial proteins). Among the receptors for
specific plasma opsonins (antibodies) the most important is FeyRI, which serves
as a high-affinity receptor for the Fe fragment of Igl antibodies. Among the
receptors for nonspecific opsonins, the most important are receptors for the C3
fragments, which we will describe in more detail during the discussion about the
complement system, and alse receptors for the above-mentioned nonspecific
plasma proteins, Binding of opsonins to their receptors enhances phagocytosis;
specific opsonims — IgG antibodies — are the strongest enhancers of phagocytoss,
but the role of nonspecific opsonins is also important because they appear early
after mfection, when gpecific antibodies are not yet made.

11.10 What is the receptor for LPS, and how does it
function?
The receptor that binds bacterial LPS is called CD14 (Fig. 11-1), and is synthesized

and expressed by macrophages. This protein can alse be shed from the macro-
phage surface and attach to surfaces of other cells; in this case, the cells that
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passively harbor CD14 on their membranes, acquire the ability to respond to LPS,
but only to relatively large concentrations of this substance. Macrophages, on the
other hand, respond to as hittle as 10 pg/ml of LPS. The actual entity that is bound
by CDD14 is the conserved lipid moiety of the bacterial LPS (the polysaccharide
maiety is highly variable and is a major antigen of bacterial capsules, recognized
and responded to by specific antibodies). The lipid portion of LPS represents a
typical “molecular pattern™ recogmized by macrophages through CDI14 (see
Section 11.3).

The reception and response to LPS has some important features. First, LPS
expressed on the bacterial cell wall, or LPS that is shed from the bacteria and
circulates in body fluids, cannot be bound by CD14. For the bindimg to occur, the
circulating LPS must be “delivered” to CID14 by a plasma protein called LBP
{from hipopolysaccharide-binding protein). Second, CD14 does not tramsduce the
signal upon the binding of the LPS-LBP complex. A protein called mammalian
Toll-like recepior protein 4 performs this function, Thus, macrophages have a
three-component “LPS-sensing system™ (Fig. 11.1), which allows them to bind
bacterial LPS and generate responses to it.

11.11 How does the Toll-like receptor transduce the LPS
signal, and what responses does it generate?

As was mentioned in Chapter 10, Toll-like structures are known to be used for

signal transduction by some cyvtokine receptors, e.g., IL-1R. Toll is a protein that
was first identified in the fruit Ay, Drosophila melanogaster. In Drosophila, Toll
plays an important role during development, and several additional Toll-like pro-
teins serve in the fly’s defense against bacteria and fungi, n Drosephile, Toll
signals to activate a transcription factor called Dorsal, which is homologous to
NF-xB. In mammals, the binding of ligands (e.g. LPS-LPB complex) o structures
associated with Tell-like receptors (e.g.. CD14) promoetes the attachment of an
inactive receptor-asseciated kinase te an adapter protein (zee Fig |1-1). The
kinase becomes thus activated and phosphorylates itself, as well as TRAF6, a
representative of the TNF receptor-associated factor (TRAF) family (see
Chapters 7-10), TRAF6 initiates the cascade of events leading to the activation
of transcriptional factors NF-«B and AP-1 (see Chapter 7). We have already
discussed one of the principal effects of LPS recognition, i.e., the production of
TNF, m Chapter 10. This effect is possible because the transcription of TNF gene
is activated by the LPS signal through NF-xB, AP-1 and, possibly, other tran-
scription factors, The other principal effect of LPS signaling, which iz called
respiratory burst. will be discussed in later sections of this chapter,

11.12 Are there special receptors that recogmize
unmethylated CpG DNA sequences?

It i not known so far, Macrophages are known to respond to these sequences,
which are much more frequent in bacterial than in mammalian DNA, by produ-
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cing I1-12 and type I interferons, The exact mechanism of the recognition or
“sensing” these sequences has not been elucidated, however,

11.13 How are leukocytes recruited to the sites of
infection during innate immune responses?

The process of their recruitment iz stimulated by cytekines, and depends on
the mteraction of the leukocvtes’ homing receptors with the ligands of these
receptors expressed on endothelial cells. The crucial evtokines that control this
reaction are TNF and chemokines. TINF especially strongly stimulates endothe-
lial cells to express molecules that mediate the preferential attachment of
different kinds of leukocovtes, The earhiest endothelial molecule to be expressed
is E-selectin, which appears within just 1-2 hours after exposure of endothelial
vells to TNF. Within 6-12hours after exposure, these cells begm to express
ICAM-1 (a ligand for an integrin molecule LFA-1, see Chapter 7, and a
complement receptor Mae-1), and VCAM-1 (the lhgand for an integrin mol-
ecule called VILA-4). Integrims expressed on leukocvtes imteract with these
newly expressed endothelial ligonds, which leads to a stable attachment of
leukoevtes to endothelium. The so-called “multistep model of lenkocyte recruii-
ment” presumes that this attachment is preceded by brief stages of "tethering™
and “rolling.” These stages are followed by the imteraction of serpentine
receptors expressed on leukoeytes with chemokines bound to endothelial sur-
face heparan sulfate glucosoaminoglycans. In response to chemokines, leuko-
cvtes rearrange their cytoskeleton, spread from a spherical to a fattened shape,
and become more motile, They stop “rolling” over the endothelinm. but
mstead slowly move towards interendothelial cell junctions and penetrate
through the fibrin or fibronectin scaffold that is formed m these junctions,
leaving blood vessels and ending up in the infected tissue, Eecently, a new
adhesion molecule called PECAM-1 (from platelet-endothelial cell adhesion
molecule), or CD31, has been implicated in this provess.

11.14 How do phagocytic cells actually phagocytose?

Phagocytosis (Fig. 11-2) is a eytoskeleton-dependent process that includes engulfing
of large (= 0.5 mm in diameter) particles and destroyimg them by means of pro-
teolysis and “potsonimg™ with the so-called “reactive oxygen intermediates” (ROIT).
A phagocvie attaches 1o its “vietim™ particle with the help of its various surface
receptors, forms a cup-like membrane projection around it, and has this projection
“zip up” on the particle, The result of such an engulfing iz the so-called phagosome
— a vesicle that contains the engulfed particle that is surrounded by the *“pinched
oft” pece of cellular membrane. The next step is fusion of this phagosome with a
Iysosome, which results in the formation of a phagolysosome. After the phagoly-
sosome is formed. the process of destruction of the engulfed particle begins,
Interestingly, the receptors that attach to the particle that is subject to phagocy-
tosis also signal (mostly through GTP-exchange proteins) for turming on the pro-
vesses of proteolysis and ROI formation.
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Fig. 11-2. FPhagocytosis. A schematic diagram showing phapocytosis and processing of the phago-
cytosed material.

11.15 How does the proteolysis of engulfed particles occur?

Onwee the phagolvsosome is formed. their content becomes exposed to lvsosomal
proteclytic enzyvmes. Neutrophil granules are especially rich in elastase, an enzyme
that can digest elastin and a varety of microbial protems. Macrophages use
mostly other proteclytic enzymes, and can present the resultimg peptides to
CD4" T cells via their MHC Class 1T molecules (see Chapter 6).

11.16 How are ROI formed, and what do they do?

Thesze entities are formed as a resuli of the catalyiic conversion of molecular
oxygen to oxyhalide free radicals. Neutrophils and macrophages have two enzy-
matic systems that form free radicals: the oxidase system and the inducible nitric
oxide synthase (iNOS) system. The first is operating with the help of the large
multisubunit enzvme oxidase. which in activated phagocytes iz assembled in
plasma membranes and in the phagolysosome membrane. Oxidase reduces mol-
ecular oxygen into superoxide radicals, which are then converted into hydrogen
peroxide with the help of superoxide dismutase. Hydrogen peroxide reacts with
halide ions (this reaction being catalyzed by the enzvme myeloperoxidase) to
form hypohalous acids. The latter compounds are extremely toxic to bacteria.
The iNOS is a cyvtosolic enzyme that is absent m resting phagocytes but rapidly
imduced in response to LPS, especially in the presenve of IFN-y. iNOS converts
arginine into citrulhne; this reaction is accompamed by release of nitric oxide
(NO). The latter diffuses into phagelyscsomes, combines with hydrogen peroxide
or superoxide, and forms peroxymitrite radicals. which are also extremely roxic
to bactera.
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11.17 Can the proteolytic enzymes and the ROI injure the
host’s tissues?

Yes. When nevtrophils and macrophages are recruited to the site of infection in
large numbers and activated strongly, their proteclytic enzymes and ROI can, and
do, imjure the host’s tissues. As mentioned previously, oxidase assembles not only
in the phagolysozome membrane but also in the cuter plasma membrane, which
makes ROI very prone to penetrate inte the extracellular space. Proteolytic
enzymes of phagolysosomes also can penetrate into the cvroplasm as well as in
the extracellular space when phagocytes are activated very strongly. To some
extent, these enzymes are neutralized in the cvtoplasm by enzymes like alpha-1-
antitrypsin, but they still can damage the cytoplasm and the extracellular matrix,
One extreme manifestation of such damage is the so-called abscess — a pocket of
liquefied tissue comtainimg pus, which is a collection of cell debris and dying
neutrophils.

11.18 If pus contains mostly neutrophils, does it mean
that macrophages do not injure host tissues?

The tissve injury inflicted by macrophages is “milder™ than that of neutrophils, for
a number of reasens. First, as already mentioned, macrophages have little or no
elastase. For proteclvsis. they employ other enzymes. mostly metalloproteinases,
which are less mjurious, easier to neutralize, and of a narrower spectrum of
activity. Second, activated macrophages produce factors that participate in the
repair of tissue damage (“tissue remodeling™). Among such factors are platelet-
derived growth factor (PDGF), which stimulates the proliferation of fibroblasts,
TGF, which in turn stimulates the growth of extracellular fibrous matrix
{(Chapter 10), and other factors. Therefore, m the settimgs of prolonged activation,
macrophages mediate tissue fibrosis (formation of scars) rather than abscess
formation.

11.19 What is the role of natural killer (NK) cells in innate
immunity?

As was discussed in Chapter 2, NK cells are bone marrow-derived cells that
resemble lvmphocytes (and sometimes are called “large granular lvmphocytes™),
but do not make clonally distributed antigen receptors. These cells are able to
release their preformed cyvtotoxic granules and kill cells infected by viruses or by
some intracellular bacteria. In addition, NK cells are powerful producers of cyto-
kines, especially TFN-y.

11.20 How do NK cells recognize their targets?

NK cells express three kinds of receptors that serve for the recogmition of
their targets. The first of them 1s used to recognize cells coated by antibodies,
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and 12 actually an Fe receptor (see Chapter 3) called FeyRIIl or CIM6. It is a
low-affinity receptor that binds 1gGl and IgG3 antibodies in the human (IgG1
and IgG2a antibodies in the mouse). The binding of an NK cell to the target
cell via the CD16-IgG mteraction leads to the release of the NK toxic gran-
ules and the Killing of the target cell. This process ix called antibody-dependent
cell-mediated cytotoxicity (ADCC), and will be discussed in more detail in the
chapter about effector mechanisms of humoral immunity. Remarkably. CD16
has a signaling subumit that is homologous to the TCR  chain and contains
ITAMs that are phosphorylated upon higand binding, similarly to what hap-
pens during T-cell activation (Chapter 7). The end result of CD16-mediated
activation of NE cells is, however, the release of their granules and not the
clonal expansion or differentiation, as in T cells. The second type of NK-
recognizing receptors is used for the binding to infected cells in the absence of
antiboedy, Such binding leads o the activation of the NK cell, and therefore
receptors of this second type are called activatory receptors, They have not
been identified as distinet molecules, although studies show that some mol-
ecules not unique o NK but, rather. shared between NK and T cells (e.g..
CD2 and imegring) can play this rele. The third kind of NK receptors are
called inhibitory receptors. Theze molecules are represented by three types (see
below) and recognmize particular alleles of MHC molecules, especially HLA-A
and HLA-B alleles in humans., The binding of these receptors to MHC mol-
ecules inhibits the WK vcells, and prevents them from releasing their toxic
eranules, If, however, an NK cell approaches a cell of the host and binds
o it through integrins or other surface receptors, bul does nol engage the
imhibitory receptor because of the lack or down-regulation of the MHC mol-
ecule. this NK cell would release its granules and kill the host cell. This
function of NE cells iz very important because in fact, many viruses down-
regulate MHC melecules on the cells that they infect, Such a down-regulation
makes CD&" T-cell-mediated killing of the targets difficult; therefore, NK
serve as a crucial alternative in this case.

11.21 What three types of NK inhibitory receptors exist,
and why are they needed?

Two of these types have been recently identified in humans. and one in rodents.
The first type is called the KIR family (from killer inhibitory receptor), and is a
group of molecules that belong to the immunoglobulin superfamily. These mol-
ecules signal through immunoreceptor tyrosine-based imhibitory motifs (ITINVs) of
their cytoplasmic portions, and recruit tyrosine phosphatases, similarly to the
FeyRII signaling described in Chapter 8. The second type of NK inhibitory recep-
tors 1s represented by the so-called CD92-NRKG2 heterodimers. In these heterodi-
mers, CD92 is an invariant protein and NKG2 is a variable lectin. They are
thought to signal through I'TTMs as well, The third type of NK inhibitory recep-
tors was identified exclusively in rodents and is a lectin called Ly49. Interestingly, a
subset of KIR family contains ITAMs instead of ITIMs and functions as activa-
Lory receptors,
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11.22 What is the mechanism used by NK cells to kill
target cells?

When NK cellz attach to their target and are activated, they release their preformed
cytotoxic granules. The granules contain a wide variety of proteims, of which two are
most important for the killing of target cells. One of them is valled perforin. This
large, multi-subunit protein acts like a drill, making “holes,” or pores, in the plasma
membrane of the target cell. The other iz called granzyme; this smaller protein
penetrates through the pores made by perforin. and causes apoptosis of the arget
vell. This mechanism is actually almost identical to the mechanism of killing used by
CD& " eytolvtic T lvmpheocytes (CTL) (see Chapter 12). However, CD8Y CTL need
a rather long time (approximately 48 hours) to synthesize granules after the contact
with their target, while NK cells symthesize granules in advance. Therefore, the
nonspecific kilting mediated by NK cells is much more rapid. The cytolytic function
of NK is greatly potentiated by cytokines of innate immunity, especially by IL-15 and
IL-12, Activated NEK cells preduce large amounts of IFN-y, which activates macro-
phages and stimulates their production of IL-15 and 1L-12; thus, there exists a
positive feedback in the effector function of WK cells.

11.23 What are tumor targets of NK cells, and what is the
significance of these cells’ anti-tumor effect?

NE cells indeed can lyse a number of tumor cell lines in vitro, this lysis being a
classical laboratory test of NK activity, This lysis perhaps occurs because many
tumor cell lines either down-regulate their MHC molecules, or express aberrant
forms of these molecules. In neither case can the inhibitory NK receptors be
engaged, and the cytotoxic granules are released by NK cells upon their binding
to tumor cells. However, there iz doubt that NEK possess a strong anti-tumor
effect m vive. Tumor-associated inflanmatory infiltrates do not usually have
many WK cells, The only in-vive setting where WK cells are really abundant
and thought actively to kill their target is the so-called graft-versus-host disease
{(GvHD). This situation will be discussed in detail in the chapter about trans-
plantation immunity,

11.24 What is complement, and what is its role in innate
immune reactions?

Complement will be discussed in detail in the chapter dedicated to the effector
mechamsms of humoral immunity. Here, we will just briefly highlight some most
basic characteristics of the complement system,

Complement i a complex mixture of proteins that have functions of zymogens.
iLe., they show no enzymatic activity when they are just synthesized, but acquire
such activity when they are modified (e.g., cleaved) by other proteins. Components
of the complement gystem form “cascades” of zymogens, where cleavage of one of
the components generates products that activate another component. These cas-
cades can be triggered in two different ways. One of these ways is called the classical
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pathway of complement activation; it starts when one of the complement proteins,
called C1, binds to an Ighd or 1gG antibody bound to an antigen. The other way to
imtate complement “cascades”™ is called the alternative pathway of complement
activation. It starts when a derivative of one of the complement components, called
C3b, binds directly to the microbial cell wall. When complement ix activated by
either of the pathways, a variety of products are formed, some of which serve as
agents of inflammation. recruiting neutrophils and macrophages o the sites of
imfection. Others act as opsonins, bindimg complement receptors on neutrophils
and macroephages and enhancing phagocytosis, Finally, proteins called C5, C6, C7,
C8, and C9 form a multimeric complex called “membrane attack complex™ {MAC).
This complex acts like a drill, boring holes in microbial cell walls and killing
bacterial and other cells.

11.25 What other circulating proteins are important for
innate immunity?

The so-called collectin family of molecules plays an important role ininnate immune
responses, The name “collectin™ origmates from words “collagen™ and “lectin™, and
18 piven to these molecules because they are proteins that have a cellagen domain
and a lectin (ie.. carbehydrate-bindimg) moiety. One mteresting representative of
collecting s mannose-binding lectin (MBL) — a plasma protem that functions as an
opsonim. MBL 18 structurally similar to a component of the complement system
called Clg. This protein 18 able to bind to microbial cell wall glycoprotems that
vontain mannese and fucose. It can alse bind to Clq receptor and alzo to teve other
complement proteins, Cls and Clr, and thus to trigger the classical pathway of
complement activation. Through its binding to yet another complement compo-
nent, C3, MBL can bypass both classical and alternative pathways of complement
activation and to trigger the so-called lectin pathway of complement activation.

Ancther important dreulating protein that plays a role in innate immunity is
called C-reactive protein (CRP). The name of this protemn orginates from its
ability to bind capsules of pneumococeal bactenia. It belongs to the so-called
pentraxin family of plasma proteins, This protem enhances phagocvtosis by bind-
ing to Clq receptors or directly to Fey receptors of phagocytes. It can also trigger
the classical pathway of complement activation by binding to Clg.

Yet another important family of circulating proteins that participate in nate
immunity ig the family of coagulation factors (see physiclogy and pathology text-
books for details).

11.26 How exactly are the above-described components of
innate immunity involved in the stimulation of
adaptive immunity?

The innate immunity serves as the initial warning signal for the adaptive immune
system to mount a specific response. In more precise terms, it means that molecules

produced or up-regulated during innate immune responses, such as co-stimulators,
cytokines, and complement breakdown products, function as secomd signals for
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lymphocyte activation, We have already discussed some of these second signals,
Eecall the role of B7-1 and B7-2 (the molecules that are up-regulated by local
mflammatory reactions) in T-cell activation or the role of C3d in B-cell activation,
or the role of 1L-12 in regulating Ty 1 and T,,2 T-cell subsets. Co-stimulators like
B7-1 and B7-2, cvtokines like [L-12, and complement products like C3d are pro-
ducts of mnate immumnity. Up-regulation of co-stimulators by local inflammatory
reactions is the mechanism of a well-known effect of adjuvants — derivatives from
microbial cells that trigger local inflammatory reactions and strongly enhance the
mmunogemcity of antigens injected m the same site (usually together with an
adjuvant under the skin),

Innate immunity does not merely enhance specific immune responses; it also
plays an important role i “customizing” the latter, determiming the nature and
character of specific immune responses. For example, macrophages that engulf
bacteria up-regulate co-stimulators and produce eytokines that activate T-cell
adaptive regponses. Compoenents of complement that bind circulating bacteria
can selectively activate B-cell responses. Finally, mteractions between immate and
adaptive immunity are bidirectional. Activated lymphocytes produce cytokines
that can mhibit or enhance the function of inflammatory leukocytes,

REVIEW QUESTIONS

1. Why 15 imnate imumunity called “the first ine of defense against infection?™

2. Unlike adaptive immunity, innate imminity is not known to attack self’ tissues, Does
this mean that innate imominity is unable to distinguish them from foreign tissues?

3. What 1s the role of keratinocytes in innate immunity?

4. The so-called “natural antibodies” are predominantly low-affinity Ighl antibodies that
are widely cross-reactive, hinding epitopes on a number of substances inchuding bacteral
polysaccharides. The appearance of these antibodies is not associated with deliberate
immunization. In the early 1990s, it was shown that injections of distilled water in a
certain anatomical location of mice greatly reduce the titers of “natural antibodies.™
What is this location, and what components of innate immunity are affected?

5. How would you prove that inflammatory infiltrates consist mestly of neutrophils early
in the response, and become rich in macrophages later? What are the reasons for this
change?

6. What feature of neutrophil 2nd macrophage cytoskeleton is especially important for
recruitment of these cells from circulation info tissues?

7. How can the “division of labor™ between innate and adaptive immunity be demon-
strated in the case of responses to bactenzl lipopolysaccharide?

B. What exactly do chemokines do to facilitate the penetration of leukocytes thretigh the
endothelial layer?
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9. Why is the tizsue injury mediated by macrophages “milder” than the one mediated by
neutrophils?

10. Mame three differences between the killing of targets by WK cells and the killing of
targets by CDE™ CTL,

11. What can be said about the anti-tumor effect of WE. cells?

12. Can complement be activated in genetically deficient mice that have no hmphocytes?

13. While MBL and CEP are both opsonins, what are the differences in the way they
opsonize mictobes?

14. How o factors of innate immunity serve as second signals for the activation of
adaptive tmmunity?

15. A rabhit is immunized with bovine seriom albumin intravenously, Another rabhbit is
immumnized with the same protein emulsified in mineral oil that contains a suspension
of kalled Af. mebercudosis, subcutanecusly. In which case wollld you anticipate anti-BSA
T lymphocytes to be activated, and why?

MATCHING

Direction: Match each item in Colnmn A with the one in Cohunn B to which it is mmost
closely associated, Each itemn in Coltunn B can be used only once,

Codrm A Colummn B
. Molecular patterns A, Bind low-density ipoproteins
2. Cryptocidins B. Are lvsosomes
3. Azurophilic granules . Contain ITIMs
4, N-Formylmethiony] residuss [, Absent in mammalian tissues
5, Scavenger receptors E. Binds to IgM bound to antigen
6. Mammalian Toll-like protein 4 F. Produced in the intestine
7. VCAM-1 G, Ligamd for VLA-4
8. Mealloproteinase H. Contains homolegue of zeta chain
9 1INOS [. On bacterial peptides

10. CD16 1. Produces NO

11, KIR family E. Transdiices LPS signal

12.C1 L. Participates in phagocytosis

Answers to Questions

REVIEW QUESTIONS

1. Because its components are ready to attack microbes when the respenses of adapted
immunity have not yet developed.
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2. No, innate imrmunity can distinguizsh self from foreign if this foreign 1z of microbial
origin, It does not attack self tissues because they have no molecilar patterns pecoliar
1o microbes.

3. They produce IL-1 and enhance the effect of defensins,

. The peritoneal cavity, The cells that will be affected are B-1 lvmphocytes,

5. Microscopically. neutrophils can be identified as cells with nucler that consist of several
lebes, while macrophages are mononuclear. The reason is because neutrophils are
recruited into tissues by chemokines and other early signals, but have a much shorter
life: span than macrophages.

6. Actin and myesin of their cytoskeleton can be activated by calcium-calmodulin com-
plexes after transduction of signals from their surface receptors,

7. Variable polysaccharide moieties of LPS are targets of antibodies, while invariant lipid
moieties are recognized by the LPS-sensing system of macrophages.

B. They bind to their receptors on leukocytes and stop them from rolling over the
endothelial layer,

9. Because macrophages do not employ elastase; their proteclytic enzvmes, metallopro-
teinases, do little damage to extracellular matnix. Besides, macrophages produce
PDGE and TGF-f, which promete tissue remnodeling,

10, NE recognire a variety of tarpets with down-regulated MHC, while T cells recopnize
targets that present specific antigens; NK cells have preformed granules, while T cells
need to produce granules after contact with their antigens; WK cells kill if inhibitory
receptors are not engaged, while cytelytic T cells do not employ inhibitory receptors
for the killing of targets,

11. Tt has little significance in vivo, because tmor infiltrates vsually contain few NE cells,

12, Yes, through the zlternative and lectin pathways,

13. MBL binds Clg, Cls, and Clr, while CRP hinds Clg or FeyR,

14. They up-regulate co-stimulators on T cells (B7-1, B7-2), B cells {C3d-CID21), and
enhance the production of cytokines and complement breakdown products.

15. In the second rabbit, because mycobacteria derivatives act as adjuvants,

=Y

MATCHING

LD 2 F, 3 B4 I; 5 A6 K;7,G 8 L; 9 1; 10, H; 11, C; 12 E



Effector
Mechanisms of
Cell-Mediated
Immunity

Introduction

Previous chapters were dedicated to mechanisms of antigen recognition and acti-
vation of immune cells. It is obvious, however, that the effector phase of Tmmune
reactions needs a special attention because durimg this phase, potentially or actu-
ally dangerous antigens are purged from the organism. In this chapter, we will
dissect the effecior phase of cell-mediated immumnity.

Historically, adaptive immunity was classified into hamoral and cellanediated
mmmumity (Ch). While antibodies mediate the former, cells, more precisely anti-
gen-activated T lymphocytes, macrophages, and other leukocytes, as the name tells,
mediate the latter. T cells play a central rele in these reactions, They can recognize
anfigens and “execute the sentenve™ on these antigens themselves. That happens
when the peptides generated from mtracellular antigens end up in the cyvtosol, and
are presented to CDE " eytolytic T lvmphoceytes (CTL) in the context of MHC Class
I molecules (see Chapter 6). The typical mtracellular antigens that generate cytosolic
peptides are viral and tumor-asseciated antigens. The effector phase of CMI in this
vase 1s the direct killing (cvtolysis) of the cell that harbors the antigen. In the case
when antigens are captured and mternahzed by professional antigen-presenting cells
(dendritic cells, macrophages, or B lvimphocytes) and the peptides generated from
these antigens end up in the cell’s acidic vesicular compartment, these peptides are
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recognized by CD4 " helper T lymphocytes (Ty) in the context of MHC Class 11
maolecules (Chapter 6). The effector phase of CMIin this case is different. Ty, still play
a central role in the effector reactions bevause they direct these reactions to, and
focus them on specific antigens. However, it is not the T lyvmphocytes themselves,
but macrophages and other leukouvytes, activated by antigen-specific CD4 " helper
lvmphocytes, that “execute the sentence™ on the antigens.

As we shall discuss in this chapter. the effector renctions directed by CD4 ™"
helper T lymphocytes greatly depend on the exact “background™ that is created,
essentially, by innate immunity developing upon the encounter of a particular
antigen, Many microbial antigens activate the mechanisms of innate mpmumnity
described in Chapter 11; these mechanisms invelve the preduction of a crucial
evtokine, IL-12, by macrophages and dendritic cells. 1L-12 stimulates the differ-
entiation of Ty into the subset called Typl, which produces mostly IFN-y and
strongly activates macrophages (Chapters 7, 9, 10, and 11). In other cases, how-
ever, due to mechanisms that are not yet fully elucidated, Ty, Ivmphocytes differ-
entiate into the subset called Ty2. This subset produces mostly [L-4 (Chapters 7, 9,
and 10), and strongly mhibits the activation of macrophages, as well as the expan-
sion of the Ty, 1 subset, It activates a reaction. mediated predominantly by ecsino-
phils and mast cells, which may be of significance in the defensze against helminthes
and some arthropods,

The knowledge of factors that influence on the differentiation of naive T,
(sometimes referred to as Ty0) into either Tyl or T2 is crucial for our under-
standing of the effector phase of CMI. Throughout the following discussion, we
will try to highlight important features of both subsets, and ponder on the inter-
action of adaptive and inmate immune mechanisms in their differentiation and
function.

Discussion

12.1 How was it first demonstrated that cells can mediate
the effector phase of immunity?

As was mentioned in Chapter 2, Eli Metchnikoff observed in the 1880s that cells
could engulf foreign particles. This was perhaps the first demonstration of the cell-
mediated effector phase of innate immumity. In the 1950s, G. Mackaness proved
that cells could also mediate the effector phase of adaptive immunity. Mackaness’s
experiment was performed on mive immunized with an mtracellular bacterium
Listeria monocviogenes. and employed the teclmique of adeptive transfer (see
Chapters 1 and &). Mice were immunized (or “primed”) with doses of L. mono-
criogenes that were not lethal, but conferred immunity to subsequent imjections of
lethal doses of the bacterium, Mackaness discovered that cells, but not sera, of the
primed mice could adopiively transfer this immunity. In later experiments, it was
shown that the protection of mice agamst L. monocytogenes 1s mediated by macro-
phages, but depends on T lymphocytes; when mice are primed, their T cells
“instruct” their macrophages te develop an attack on the bacterivm,
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12.2 Why is the Listeria experiment of Mackaness so
significant?

Mackaness’s experiment actually revealed that protection against infectious agents
could be conferred through T lymphocyte-mediated macrophage activation. We
now know that this is one of the most common effector mechamisms of CMIL It
is also a good illustration to the point that innate and adaptive immumity in higher
vertebrates are intertwined and interdependent. In CMI against L. monocriogenes
as well as other mtracellular (or phagocytosed) antigens. the specificity of the
response 18 due to T lvmphocytes (which are cellular components of adaptive
mmmunity). The effector functions are provided by macrophages {(cellular compo-
nents of innate immunity). The commumnication between the two cell types is
provided mostly by evtokines (molecules that function in both innate and adaptive
immumnity). Using cytokines, T cells stimulate the function and focus the activity of
macrophages (or, broader, phagocytes), thus “converting” the latter into agents of
adaptive mpmunity,

12.3 What other observations supported Mackaness's
experiment?

There exists a common pattern of organisms’ responses to infectious agents or
their derivatives, and to some chemicals, This pattern was called the delayed-type
hypersensitivity (DTH). This reaction develops when a person or an ammal is
immunized (“sensitized””) with a microorgamism and then immunized again (or
“challenged™) by injecting the same antigen intradermally, In this persen or
ammal. typical signs of local inflammation (swelling, redness, local rmsing of
the temperature, and pain) accompanied by the induration (hardenming) of the
tissue around the injection site, develop in 2448 hours after the “challenge.”
DTH 12 widely vsed in chnics as a standard test to establish whether a person
has been infected or previously vaccinated with M. rwberculosis, As far as its
mechamism 18 concerned, however, 1t is a typical case of T-cell-mediated macro-
phage activation, very similar to the phenomenon observed by Mackaness in his
Listeria experiment.

12.4 What are the mechanisms of DTH?

The process of DTH can be divided into a number of steps. The first of them is
called induction and corresponds to “sensitization,” when naive T lymphocytes
first epcounter the antigen in peripheral lymphoid organs. The specific T-vell
clones recognize their antipens. are activated, preliferate, and differentiate into
effector T celle, The next step in the development of DTH takes place after the
“challenge™, and is the migration of the differentiated effector T lvmphocytes, as
well as other leukocytes, to the site of the challenge. We have already discussed
some of the mechamsms of leukocyvte migration in Chapter 11, and will stop at
mechanisms peculiar to T-lvmphocyte migration in later sections of this chapter.
Finally, the third step in the development of DTH is macrophage activation.
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The latter is actually responsible for the elimination of the antigen and for the
remodeling of the infected and possibly injured tissue,

12.5 What features of the induction step of the DTH are
important for its further course?

Before T cells recognize them, the antigens that attack the organism (in particular,
microbial agents) are either phagocytosed by macrophages. or are picked up by
Langerhans cells {see Chapter 2), Both cell types transport the antigens to regional
lymph nodes, and Langerhans cells differentiate into mature dendritic cells on
their way there {Chapter 2). Since both macrophages and dendritic cells are pro-
fessiomal antigen-presenting cells that express Class 11 MHC molecules, they can
(and do) present antigenic peptides to Class I-restricted CD4 ™" Ty,. Therefore, the
T vells that participate in the induction of DTH are naive Ty, {Ty0) lyvmphocytes,
However, micrebial antigens abwvays elicit innate immune responses when they
mvade (see Chapter 11). Factors produced during these early mnate responses,
especially evtokines like 1L-12, IL-18 and a variety of other factors whose role is
less well elucidated, influence on the differentiation of the effector Ty, cells into Tyl
or Ty, If the net effect of the innate Immumty “background™ is Tyl differentia-
tion. the IYTH response may predominate

12.6 What features of leukocyte migration after the
“challenge’ are most important for further
development of the DTH reaction?

To develop efficient responses against antigens. leukoceytes must “locate” them,
Le,, move from the crculation into the tissues where antigens have entered. The
effector T Ivimphocytes must migrate from the sites of their differentiation (i.e.,
local draining lvmph nodes) to the circulation, and then into the tissue site of
antigen invasion. In order to move towards the antigen and cross the endothelial
barriers, leukocytes express and use a number of surface receptors mentioned in
Chapter 11. These receptors bind to their counter-structures expressed on
endothelial cells and in the tissues. We have given some details of the migration
of neutrophils and macrophages across the endethelial barrier in Chapter 11, As
far as the effector T vcells are concerned, one major factor that helps them to
proveed successfully from the lvmph node to the circulation and then o tissues
is the down-regulation of some selecting and the up-regulation of other adhesion
molecules, In particular, naive T lyvmphocytes express high levels of the homing
reveptor L-selectin (or CD62L), This molecule binds te sulfated glucosoaminogly-
cans expressed on high endothelial venules of Iymph nodes, or their analogues
expressed in Peyer’s patches and elsewhere m the secondary lvimphoid organs (see
Chapter 2). Once a T cell encounters its specific antigen and is activated in the
presence of co-stimulators, it rapidly down-regulates L-zselectin and instead
up-regulates the expression of a series of other adhesion molecules, Among the
latter, there are ligands for E-selectin and P-selectin, as well as integrins LFA-1 and
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VLA-4, and a molecule called CDdd, E-selectin and P-gelectin, as well as counter-
structures for LFA-1, VLA-4, and CD44, are expressed at high levels on the
endothelial cells outside of the secondary lyvmphoid organs, and in peripheral
tissues, The imteraction between the above structures helps effecton T cells to
adhere to the endothelium of blood capillaries and o penetrate through it, as
well as to be remined in tissues at the site of antigen invasion. For example, the
ligands (“addressins™) that bind VLA-4 and CID44 are such common components
of the extracellular matrix of the connective tissue as fibronectin and hyaluron-
date, respectively.

12.7 Which factors are the most essential for the
development of full-blown macrophage activation
during the DTH reaction?

Macrophage activation is a rather vague term. It refers to the ability of a macro-
phage to perform certain activities that canmot be performed by the immediate
precursors of tissue macrophages. 1.e., resting circulating monocytes, For example,
a macrophage will be called “activated™ if it phagocvioses, or produces ROI
(Chapter 11}, or performs some other activity that can be tested in vitro. In this
regard, macrophages may be activated in some respect and not activated in
another. Yet, regardless of what is considered ““activation,” macrophages are
activated, principally, by iwo signals. One of them is a direct contact of the macro-
phage with an activated Ty vcell; this contact invelves an interaction between
CDAOL expressed on the activated Ty, and CD40 expressed on the macrophage.
The other signal i1s IFN-y. As was discussed in Chapter ¥, B lvimphocytes are
similarly activated by twe signals, one of which is CDIOL-CDE0 interaction,
and the other a =et of cvtekines. CD4OL knockout mive were shown to have a
profound defect in the development of IDXTH reaction against phagoeytosed micro-
organisms. 1FN-y knockout mice develop a similar defect. A somewhat less dra-
matic, but also pronounced defect im macrophage activation develops i mice with
the knockout of the [L-12 gene,

12.8 What events actually take place at the site of antigen
invasion during macrophage activation in the DTH
reaction?

T-cell-induced macrophage activation at the site of antigen imvasion usually man-
ifests in phagoeytosis and respiratory burst. We have already dissected the molecular
mechanisms of both of these phenomena in Chapter 11, Here, let us re-emphasize
that the activation of macrophages iz a “double-edged sword:™ it can lead to the
destruction of antigen, but it can also cause tissue damage. We have already men-
tioned in Chapter 11 that macrophages are not as prone to cause the formation of
abscesses, as are activated neutrophils, but instead are capable of inducing fibrosis,
Omne of the extreme manifestations of macrophage-related tisspe damages not men-
tioned i Chapter 11 1s the so-called gramlomatous inflammation (Fig. 12-1). This
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happens when macrophages are chronically activated and fail to eradicate the
microbes that resist digestion in phagolysosomes and the toxic action of ROI. In
this case, the effector Ty, 1 lvmphocytes continue to produce evtokines in response to
persisting antigen, and the macrophages, accumulated m large numbers, undergo
certain changes in response to these persistent cytokine signals, These changes
mclude an increase mm the cytoplasm and cvtoplasmic organelles, The macrophages
that undergo this change begin 1o look like epithelial cells, and are sometimes called
“epithelivid cells.” The epithelioid cells often fuse and form multinucleate ~giant
cells ” The formation of granulomatous tissue that contams epithelicid and giant
vells often takes place in the lung during tuberculosis, when a DTH-like T-cell-
mduced macrophage activation is a typical, but not very efficient response, It is

Fig. 12-1. Granulomatous inflammation. The diagram shows how contipnous stimulation of
macrophapes by Tyl cells keads to the development of granulomas.
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accompanied by tissue fibrosis and a gradual replacement of the alveoli by tumor-
like granulomatous tissue, which results in profound impairment of respiration.
The gramulomatous inflammation during tuberculosis is an example of tissue injury
that has very little to do with the primary cause of tuberculosis (M. twherculosis),
but rather with unsuccessful, chromc activation of the immune system,

12.9 What are the conseguences of T2 involvement in
CMI?

If Ty, 2 cells mediate the effector phase of mmumty, the consequence is mostly B-
Iymphocyte activation andjor a peculiar reaction called “immediate hypersensitiv-
ity.” In both cases, antibodies will serve as actual effector molecules. Because of
that, it is more logical to discuss the consequences of Ty involvement in the next
chapter, which will be dedicated to the effector phase of humoral inomumnity. If
CDE ", MHC Class I-restricted CTL are involved, the effector phase of CMI will
be, essentially, characterized by the direct lysis of antigen-presenting target cells.
We will discuss mechanisms of the CTL reaction in next sections.

12.10 What are the “rules of engagement” of CTL?

As was discussed in Chapter 2, CTL are a subset of T lymphocytes that are
capable of synthesizing eytolytic granules and, by releasing these granules i the
vicinity of a target cell, kill the target cell directly, CTL recognize antigens pre-
sented by the MHC molecules of the target cell. Most CTL are CD8 ™, MHC Class
I-restricted T lvmphocytes, although a minority of them are CD4" MHC Class 11-
restricted T lymphocytes. The CD8" MHC Class I-restricted CTL can recognize
peptides presented by MHC Class I molecules on the surface of any nucleated cell,
because all nucleated cells in higher vertebrates express these molecules (see
Chapters 5 and 6). Therefore. the CDE" Class [-restricted CTL can recogmze
and kill an enormously wide range of cellular targets. The peptides that they
recognize are generated m the cytosol, mostly from viral or tumor-associated
antigens, However, the CDE" Class I-restricted CTL are alse involved in cyvto-
toxic responses against allografts (see later chapters) and aganst those micro-
organisms that are normally phagocytosed, but escape the phagolysosome and
are processed in the cvtosol of the phagocytosing cell.

12.11 At what stage of their development do T lymphocytes
actually become CTL?

When T-cell precursors mature in the thymus, they undergo a stage when they
express both CD4 and CDE molecules. When the maturimg precursors contact
peptides presented to them by MHC molecules, they lose one of the two accessory
molecules at random. The cells that happen to be specific to peptides presented in
the context of MHC Class 1 molecules and to lose CIM (and to retain CDE), are
able to survive if the athmty of their TCR interaction with the peptides is moderate
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(see Chapter 9). Importantly, the resulting CID4", CDEY T lvmphocytes can be
considered mature, and yet they are still not functional C'TL, because they contain
no cytolytic granules. These cells, sometimes called “pre-CTL,” exit the thymus,
and populate the secondary lvmphoid organs. Their final progression into CTL
requires two signals; one of these iz the contact with the specific antigen, but the
nature of the other signal needs special consideration,

12.12 What is the second signal for the development of CTL?

The nature of the second signal necessary for the mduction of CTL activity has
been very elusive. Obviously, siwe most pre-CTL are MHC Class I-restricted, they
are able to kill many types of cells that are not known to express co-stimulatory
molecules ke B7-1 and B7-2. Yet, at least three wavs in which pre-CTL can
obtain the second signal seem to be possible. First, since many vells that are
imfected by viruses or affected by the process of malignancy are apoptotic, they
are phagocvtosed by the resident macrophages or other professional antigen-pre-
senting cells. The cytozolic peptides of the infected or malignantly transformed
cells may be presented to T cells by the MHC Class I molecules of the antigen-
presenting cell, and this same cell will simultanecusly provide co-stimulators for
the T cells” CD28 molecule. The phenomenon where a cell generates cytosolic
peptides from foreign antigens. but is then ingested by an antigen-presenting
cell that actually presents the peptides and co-stimulators is called cross-priming,
Another possibility is that for pre-CTL, the second signal is delivered not through
the contact of avcessory molecules with co-stimulators, but by cytokines produced
by Ty, in the vicinity of the CTL—target cell interaction. The exact cytokimes that
may play such a substitute role, and the exact sequence of events in this scenario
have not been identified however. Finally, it may be that there is an interaction
between CID40L on activated Ty and CD40 on professional antigen-presenting
cells (e.g., macrophages, which do express CD40) and the preduction of cytokines
by T, in the vicinity of the interaction of developing CTL and target cells. As a
result of CDAL-CDE0 interaction and cvtekine production, target cells may
begin to express co-stimulatory molecules that are recognized by the developing
CTL as second signal.

12.13 What happens during the transition of pre-CTL into
ce?

The developing CTL undergo a strong, extensive clonal expansion and differentia-
tion, It is notewerthy that the extent of antigen-induced pre-CTL’s preliferation is
much greater than that of antigen-induced Ty, preliferation, For example, in mice
at the peak of viral mfection, a 50,000~ to 100,000-fok] increase in the number of
CDSs" T cells specific to the amtigens of the virus cim be detected. Because of such
a tremendous proliferation, up to one-third of the CDE™ cells of the spleen in
mfected mice iz gpecific to the antigens of that virus, A similar extent of prolifera-
tion can be observed in humans infected with Epstein—Barr virus or HIV, when up
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to 10% of the circulating CDE™ cells are specific to the virus during the acute
phase of infection. The differentiation of pre-CTL inte CTL involves the synthesis
of characteristic membrane-bound granules that contam a number of proteins,
including perforin and granzyme (see below). It also includes the transcriptional
activation of vytokine genes and secretion of cytokines, notably IFN-y, LT, and
TNF (see Chapter 10).

12.14 What are the mechanisms of the CTL-mediated killing?

The most mmportant features of this killing are the following: the killing i strictly
antigen-specific, contact-mediated, and directed towards the target. Because of these
features. CTL kill target cells that express the same MHC Class [-associated
antigen that triggered the activation of pre-CTL, and do not kill neighboring
umnfected (or untransformed) cells that de net express this antigen, Moreover,
CTL themselves are not injured by the toxic granules that they relense, The process
of CTL-mediated killing consists of: antigen recognition; activation of the CTL
and delivery of the “lethal hit,” and release of the CTL.

12.15 What happens during the recognition step?

The recognition of the target includes the mteraction between the following
molecules: (1) TCR of the recognizing CTL and the peptide presented by the
MHC Class I molecule on the target cell; (2) the CD8 melecule on the CTL and
the MHC Classe 1 molecule on the target cell; and (3) the LFA-1 melecule on the
CTL and the ICAM-1 molecule in the target cell. Microscopically, the inter-
acting CTL and their targets look like “comjugates™ of cells. Antibodies to either
of the six above-mentioned molecules can abrogate the conjugate formation. The
recognition leads to clustering of TCE and geperates biochemical signals that
activate the CTL.

12.16 How does the activated (TL deliver the “lethal hit?"’

Within a few minutes of the CTL recopnizing its target. the latter undergoes
changes that lead te its apoptotic death within 2-6 hours, Remarkably, the CTL
may (and usually does) detach from the target. but the apoptotic dving of the
target continues (hence the term “delivery of the lethal hit™). The central moment
of the delivery of the ~lethal hit™ is the directed release or the delivery of evtotoxic
granules to the target cell recognized by CTL (Fig. 12-2). Immediately after recog-
nition of the antigen of the target, the activated CTL recrganizes its cytoskeleton
in such a way that itz micretubule-crganizing center comes to proximity with the
target. The evtotoxic granules become concentrated in the same area; the granule
membranes fuse with the CTL membrane and are exceytosed onto the surface of
the target cell. The process of cytoskeleton reorganization and granule fusion is
thought to be mediated by TCR-triggered activation of such GTP-binding pro-
teins as Rho and Rab.
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Fig. 12-2. Molecular mechandsms of “lethal hit.,” Propesed model of kiling target cells by a
mechanizm that includes the formation of perfordn pore and the activation of apoptosls
via Fas ligand-Fas pathway. S8cc text for details.

12.17 Why, and how, do the cytotoxic granules kill the
target cell?

The evtotoxic granules contain, among other proteing, enzvmes called perforin and
granzymes, Perforin is a “drill,” a pore-making protein that is present in the
amules in its mactive monomeric form. Once the granules are released, the
perforim moncomer comes into contact with high extracellular concentrations of
calcium {(about 1-2mM) and polymerizes. The resulting polyvmer forms an ion
channel in the lipid bilayer of the target cell, that is permeable to water and jons
(including calcium). If a sufficient number of perforin chanmels are formed, the cell
becomes unable to exclude water and ions and dies. Interestingly, this mechanism
is very similar te the action of the MAC (Chapter 11: see also Chapter 13), and
perforin is structurally homologous to the ninth component of complement (C9),
which is the principal constituent of the MAC. Granzymes are serine proteases, the
most important one being granzyme B. These proteins enter the target cell through
channels made by perform, and cleave a variety of proteing on serine and aspartic
acid residues, As a result of this cleavage, some intracellular enzvimes are activated,
among them effector caspases (see Chapters 7-9) that mediate the process of
apoptosis. Some of these caspases activate the target cell nucleases, which degrade
the target cell DINA that is especially mmportant for the eradication of viral mfec-
tion.
In addition tw the perform-granzyme-mediated killing, CTL uvse another
mechamsm of cyvtolysis; this alternative mechanism involves the imteraction
between Fas and Fas ligand (Chapters 7-9).
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12.18 Why is the CTL not injured by its own cytotoxic
granules?

The answer to this guestion is still unclear, although part of the reason is that
the CTL detaches from the target cell almost immediately after the granule
EXOCYTOSIS,

REVIEW QUESTIONS
1. In 1942, K. Landsteiner and M. Chase showed that the so-called contact hypersensi-

tivity {a reaction to some chemicals that manifests similarly to D'TH) can be adoptively
transferred. It was later admitted that their experiment was in fact very similar to the
experiment of Mackaness. What exactly was adoptively transferred? Describe the way
you see Landsteiner’s and Chase's experiment.

2. Based on what you learned from Chapter 11 and this chapter, explain why DTH is
accompanied by induration.

3. A knockout mmouse is infected with L. monocyfogenes, but develops no DTH. Name at
least three genes that may be inactivated in this mouse,

4. Will CD44 transgenic mice show an abnermal pattern of T-lvmphocyte migration? If
yes, what will be this pattern?

5. How wollld youl comment on the idea to treat tuberculosis patients with IFN-4? With
IL-4%

6. Why 1s the defect in macrophage activation more pronolinced in CR40L-deficient mice
than in IL-12-deficient mice?

7. In patients with deficient T-cell responses, intradermal injections of common antigens
{e.g., a fungus, Candida albicems) does not elicit DTH. Clinicians called thizs phenom-
enon anergy. What is the difference between this anergy and the anergy described in
Chapter 97

8. Chromium 1ons have the capacity to penetrate cells through membrane 1on channels,
but it is difficult for them to exit anintact cell. How would you use this feature to assay
CTL activity?

9. Name two reasons why CTL response 13 more efficient agammst tumors than T,
TESPOTISE.

10. The differentiation of pre-CTL into CTL requires contact with antigen. For how long
should this contact be?

11. Design an experiment proving that, at the height of EBV infection, up to 10% of
circulating CD&™ cells are specific to the virus,

12. How would you prevent the delivery of a lethal hit other than by blocking surface
molecules with antibodies?
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13. Why is the commbination of perforin and pranzvine B a more efficient weapon against

viruses than just perforin?

14. The efficiency of cytolysis is ofien plotted against the ratio of effector to target cells {on
the X-axig). How would vou imagine the curve to look?

15. What iz common between the killing of target cells by CTL and the killing of antibody-

bound cells by complement?

MATCHING

Direction: Match each item in Column A with the one in Column B to which it is most
closely associated. Each item in Column B can be nsed only once.

Colwmnn A

. Macrophages

. Tyl

. Eequires “sensitization™

. P-selectin

. Gramulomatous inflammation

. Pre-CTL

. Synthesized after antigen contact
. IFN=y

. GTP-binding proteins

. Calcium ions

=R = - e R T L

.

Colwimm B

A, Ligand expressed on activated T,
B. Needed for macrophage activation
C. Cytolytic granules

D. “Execute sentence™ in DTH

E. Polvmerize perforin

F. Activated by 1L-12

G. DTH

H. Impertant for granule fusion

I. Unsuccessful DTH

I. CD&" cells that exit the thvmus

Answers to Questions

REVIEW QUESTIONS

1. Lymphoid cells {moest likely, spleen cells) from a mouse that was exposed to chemi-
cals were adoptively transferred. The experiment rust have inclonded sensitization
with chemicals, irradiation of a naive recipient, adoptive transfer of splenic cells
from the sensitized animal into the irradiated recipient, and challenge of the reci-
pient with the same chemicals. Local inflammation accompanied by induration
rmust have been observed in recipients of cells, but not the sera of the sensitized

aniimgls,

2. Because of the changes in endothelial layers induced by chemokines and other med-
wators of mmfammation, many components of plasma are lost from blood into the
tissues. Among these components is fibrinogen, a precursor of inseluble fibrin. The
cleavage of fibrinogen inte fibrin and the accunulation of fibrin in tissues cause their

hardening {induration).

3. Cd0L, TL-12, TEFN-y (can be also IL-18, CD40, and other genes).
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4. They may not develop any abnonmalities becanse CD44 binds hyaluronidate, which 1s
not expressed in vmph nodes but rather in the extracellular matrix. Therefore, the
constitutively expressed CDdd will not find its hgand until the cells exit from the lvoph
node into Hssues.

5. IFN-y may be beneficial because it might enhance the functions of macrophages and
accelerate the clearance of M. fuberewlosis. 11-4 may also be beneficial, especially
during the granulomatons inflammation, because it might decrease the accumulation
of macrophages and the formation of gramulemas. Both cytokines must be used with
caution however, because of their pleiotropic effects.

6. Because of the redundancy of cytokines. There might exist “back-up™ cytokines that
would take over the function of IL-12.

7. Thiz anergy 1s general, while the anergy that results from the lack of co-stimulation or
recognition of altered peptides (Chapter 9) 15 strictly clonal.

8. Load cells with a radicactive isotope of chromium {e.g., ¢Cr), wash them by pelleting
and resuspending several times, and incubate them with CTL in a culture tray. After
several days, measure My in the culture medinm, If cells are Iysed, the counts in the
medium will be high,

9. Furst, malignant transformation can affect any cell, and mest Ty, can only recognize
MHC Class I-expressing cells. Second, CTL, unlike Ty, can destroy the nucleus in
their targets (because granzyme B from cytolyiic granules activates effector caspases
and these activate cellular nucleases). Thus, CTL are more hkely to destroy not only
cells but also genes that are affected by the cancerous process.

10. Contact should be for leng encugh to zllow the bicsynthesis of new proteins and the
assembly of cytolytic gramules, i.e., at least 15-20hours.

11. Prepare a virus lysate, and coat polystyrene dishes with it. Draw several milliliters of
the patient’s blood, isolate CDR™ cells, count their mumber per |milliliter of the
medmm, then incubate the CDEY cells in the dishes coated with the viral lysate,
and re-count CDE™* cells. The number should decrease by 10%, which is possible to
detect if cells from several replica cultures are counted,

12. By paralysis of the cytoskeleton (e.g., by adding colchicine), or by removing calcium
from the extracellular solution (e.g.. by adding EDTA or EGTAL

13. Because granzyme B can destroy DINA and perforin cannot. Without perforin, heow-
ever, granzvme B will not be able to penetrate the cell.

14. The curve will go up at first, because the more CTL attach to the target, the more pores
will be formed and the more efficient the lysis will be. However, it will platean at the
maximal number of CTL that are able to form conjugates with one target.

15. Polymerization of a protein that possesses features of the ninth component of comple-
ment {C9).

MATCHING

1,D;2.F;3,G; 4, A; 5,1, 6, 1. 7, C; §, B; 9, H: 10, E



Effector Mechanisms
of Humoral Immunity

Introduction

As was mentioned in the introductory chapter, humoral immunity can be adop-
tively transferred by the cell-free liguid portion of the blood (serum) and is
mediated by soluble antibody molecules that float in biclogical fluids (Latin,
hwmori). However, as we also mentioned, antibody binding by itself does not
destroy the antigen. The effector phase of huwmoral immunity therefore includes
a variety of mechanisms that eventually lead to the destruction of antigens bound
by antibodies. As in the case of cellular immunity, the effector mechamsms of
humoral immunity are based on the interaction between adaptive and immate
immumity. For example. specific antibodies (agents of adaptive immumity) coat
microbial particles and. through the mteraction with Fe receptors, activate the
destruction of these particles by phagocyvtes, natural killer cells, or ecsinophils
(agents of immate immunmty). Throughout this chapter, we will illustrate how the
mteraction between innate and adaptive immumity serves the goal of riddmg the
body of potentially or actually dangerous antigens.

The effector phase of humoral oty also serves as a bright illustration to
the conwept of specialization of immune responses (Chapter 1). Indeed, the avail-
ability of various antibody heavy chain isotypes provides a means to “customize®
the effector phase of humoral immunity, Different isotypes mediate different effec-
tor functions: for example. I#G antibodies serve best as specific opsonins, Igh and
some subclasses of IgG antibodies are the best in complement binding. and IgE are
the only type of antibodies that can mediate immediate hypersensitivity, ete. As we
discuss the effector phase of humoral Immumity, we will try to strengthen this point
by providing examples of particular humoral immune responses,

Previcusly, we have introduced the concept that antibodies may or may not be
protective agaimst imfectious agents and other pathogens (Chapter 3), and that
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mmunologic reactions can injure normal tisswes mstead of defending the body
from pathogens (Chapters 11 and 12), In this chapter, we will re-emphasize these
concepts and show that, along with their protective role, vertain antibodies can
participate in a pathologic reaction called “immediate hypersensitivity” and thus
be harmful to the organism.

We will begin the discussion by analyzing such effector mechanisms of humoral
immumnity as antigen neutralization and antibody-mediated opsomization and pha-
goevtosis. The discussion will contimue by the dissection of complement system
and the analysiz of different complement pathways. We will then proceed to
characterization of antibody responses in certain local anatomic sites, At the
end of the chapter, we will discuss mechanmisms and consequences of mmediate
hypersensitivity and tissve injury that can appear as a result of the effector phase
of humoral immumnity.

Discussion

13.1 How do antibodies perform their “neutralizing””
function?

Antibodies can peutralize (1.e.. abrogate the function of) bacterial toxing as well as
whole bacteria or viruges. The neutralization can be achieved merely through the
bimding of antibodies to these entities, or to cellular receptors used by these entities
for their binding. For example, antibodies specific to antigens of bacterial pili
(small appendages that are vsed by bacterial cells to attach to enkarvotic cells)
can prevent the bacteria from attachment and thus to abrogate their function.
Antibodies specific to cellular receptors used by viruzes for their attachment to
cells cam block the viral entry into the cells. In the case when antibodies bind
certain structures on microorgamsms, they can peutralize these microorganisms
by steric hindrance, i.e., directly competing with a receptor or a ligand engaged in
the interaction between the microorganisim and a hest’s cell. Alternatively. anti-
bodies may have an allosteric effect on microbial particles or toxms. A few ant-
body molecules can bind to a microbial particle or toxin and nduce
vonformational changes that prevent the imteraction with the receptor for this
microbe or toxin,

An important point about antibody-mediated neutralization is that it is a reac-
tion that requires only two components: an antigen and an antibody. No “third
party™ is needed, no involvement of antibody constant region is necessary, and the
antibody heavy chain sotype (which is determined by amino acid sequences in
vconstant region; see Chapter 3) does not matter, What dees matter, however, is
the antibody affinity. High-affmity antibodies perform the peutralizimg function
better than low-atfimity antibodies. Smee IgG antibodies on average have higher
affinmity than antibodies of other classes (because they tend to accumulate more
mutations in their V-regions; see Chapter 4), these antibodies serve best as neu-
tralizing agents.
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13.2 How efficient is the antibody-mediated neutralization
of clinically important human pathogens?

Many antibodies produced against these pathogens are efficient, and many prophy-
lactic vaccines have proven to be useful exactly because they stimulate the produc-
tion of efficient peutralizing antibodies. However, this effector funetion of humoral
ity has one major limitation. Pathogenic microorganisms are capable of
extensive antigenic variation, i.e.. they use molecular mechanisms constantly to
modify thewr surface antigens. meluding those thar are targets for nevtralizing anti-
bodies. We will discuss these mechanisms in more detail in later chapters.

13.3 How does antibody-mediated opsonization and
phagocytosis work?

We have already given the defimtion of opsonims, including spevific opsonins (anti-
bodies) in Chapter 12, Recall that opsomns are substances that enhance functions
of activated phagocytes. Specific antibodies enhance these functions because as
they bind their antipens. phagocytes {macrophages and neutrophils) attach to
their constant regions via their Fe receptors. The process of coating microbial
particles with antibodies that would serve as opsonins is sometimes referred to as
opsonization. Unlike neutralization, the function of opsonins strictly depends on
the ability of their constant regions to interact with Fe receptors. Therefore, anti-
bodies of certain isotypes are better opsonins than antibodies of other isotypes.
Generally, antibodies of the IgG class serve as strong specific opsonins. In humans,
IgGl and [gG3 and i mice 1gpG2a and IgG2b are the best opsomns. Microbial
particles can also be opsonized by a product of complement activation called C3b,
which binds to its receptor expressed on leukocytes, When constant regions of
antigen-bound antibodies or the C3b bound to a microbial particle are sequentially
bound by phagocytes via Fe or C3b receptors, the particles are engulfed, mtensively
digested, and subjected to ROI by the receptor-expressing phagocytes, The func-
tions of phagocvtes are thought to be stimulated by positive signals that Fe and
C3b receptors transmit vpon binding of their hgand.

13.4 What Fc receptors exist, and how do they function?

Many different types of Fe receptors have been identified to date, and at least
eight of them are known to participate in the effector phase of humoral mmu-
mty. Of these, the receptors that are capable of binding Ig(G antibodies (Fey
receptors, or FeyR) serve to enhance the phagocytoss of opsonized particles.
There exist three types of FeyR, called FeyRI, FeyRIL, and FeyRI1L They differ
greatly in the affinity of their mteraction with Ig(G constant regions, and also in
the pattern of their expression on leukocyte populations, All three types of the
receptor bind preferentially 1gG1 and 1gG3 in humans, and IgG2a and 1gG2b in
TTICE.

The major high-affinity FeyE of phagoceytes is the FeyRI {or CIDod), This
receptor 18 also expressed on ecsinophils, The affimity of its interaction with
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constant regions of IpG antibodies is very high, the K, being between 107° and
107 M. FeyRI1 consists of twe subunits, the antibody constant region-binding
alpha chain and the signal-troamsducing gamma chain. The former is a 40-kDa
protein that has two immunoglobulim-like domains, and the latter is a 7-kDa
polypeptide that is largely intracellular (with only a short stretch of amino acids
outside) and homoelogous to TCR-asseciated £ chain (see Chapter 7). The FeyRI
gamma chain contains I'TAMs i its eyvtoplasmic portion. and uses them to trans-
duce the signal. The transduction involves activation of several PTK, and also of
the enzyme oxidase, whose important role in the formation of ROI was discussed
in Chapter 11, Transcription of the FeyRI gene is stimulated by IFN-y, which is
the reason why macrophages activated by this cytokine have higher numbers of
this receptor per cell than resting monocytes,

The second FeyR, called FeyRIN or CD32, possesses a much lower affimity for
IgG constant regions (K4 107 M), and is unable to bind menomeric IpG; for the
binding te occur, IeG must be clustered in immune complexes or on a cell surface.
Three separate genes, called A, B, and C code for FeyRIl, and this molecule can
exist m vanous isoforms resulting from alternative mRNA sphicing. The most
commen isoforms are FeyRIIA (expressed on phagocvtes. ecsinophils. some
endothelial cells, and platelets) and FeyRIB (expressed on B Ivmphocytes).
FeyRIIA can transmit activative signals, although it is generally thought that
phagocyte activation after its triggerimg is rather weak. FoyRIIB is the B-cell-
specific isoform of FeyRII that mediates the so-called antibody feedback inhibition
(see Chapter &),

The third FeyR, called FeyRIN or CIDL6, has already been mentioned when we
discussed functions of NK cells (see Chapter 11). The actual receptor of NK cells
is ome of the two isoforms of FeyRII (FeyRIILA). An interesting feature of this
receptor is thart its signaling component can be represented by homoedimers of the
gamma subunit shared with FeyRI. or by heterodimers of the above gamma
subumit and the { chain shared with the TCR receptor complex. CD16 does not
participate in phagocyte activation but rather in antibody-dependent cell-amediated
cytotoxicity (ADCC) (see later), The second isoform, FeyRIIB, is expressed on
neutrophils and transduces a weak activative signal,

The role of some other Fo receptors {e.g., FeaR, FceR) has very special func-
tioms in the effector phase of humoral immumity. Their roles will be discussed later,
in the appropriate sections.

13.5 What is ADCC, and what is its role in the effector
phase of humoral immunity?

It is, essemtially, the killmg of a target cell by an effector cell, triggered by the
binding of an Fc receptor on the effector to the C-region of an antibody bound
to the target cell. Since this defimtion may sound too “Byzantine,” it is perhaps
easier to understand the concept of ADCC just by illustrating it with an ex-
ample. NK cells are typical mediators of ADCC. They contain cytolytic granules
and are able ro release them when they are activated. If a microbial cell is
precoated by IgG antibodies and the CD16 binds the clustered C-regions of
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these antibodies, the WK cell that expresses the CD16 becomes activated and
releases the granules, killing the precoated cell, Thus, the killing iz “eell-
mediated” (because the killimg granules origmate from the NK ecells), but also
antibedr-dependent {because it will take place only if the target is coated with
aniibodies of the appropriate isotype).

13.6 What is the role of complement in the effector phase
of humoral immunity?

We have already introduced the concept of complement in Chapters 1 and 11, and
mentioned that it 1s a complex system of zvmogens that can be activated by the
binding of its component either to specific antibody (classical pathway) or to
bacterial cell wall (alternative pathway). The end result of both pathways of
complement activation 18 the formation of membrane attack complex (MAC).
This complex of self-assembling proteins serves as a “drill” that bores holes in
bacterial cells coated with complement components, or any cells coated by anti-
bodies to surface antigens. Ancther important funection of complement com-
poments is opsomization, ie., the enhancement of phagocytosis of the particles
that bind them via special receptors (mostly CR1, see later). Yet another impor-
tant function of complement, already mentioned in Chapter §, is to promote B-cell
antigen-induced activation, In addition, some products of complement activation
serve as mediators of mfammation.

“Complement™ is a French word that means, “adding a lacking or missing part,”
“additional,” or “supplementing.” This term was coined by J. Bordet, who dis-
covered that while antibodies still bound the cells after the serum had been heated
to 56°C, they lost their ability to lyse the bacteria. Bordet postulated that immune
sera contain antibodies and an additional (**complement™) substance that enabled
the amtibodies to lvse cellular targets. In older literature, one can find a parallel term
“alexin,” which means “protecting,” This other term actually reflects the idea that
the mere binding of antibedies to bacteria may not protect the organism from
mfection; to be protected, the host uses the “alexin®™ produced by its immune
system and destroys bacteria with its help.

13.7 How are complement pathways actually triggered, and
what is the sequence of events in complement
activation?

Indeed, the pathways of complement activation differ in how they are triggered,
and there are alse substantial differences in the events that mark their course,
Yet, both classical and alternative pathway (and also the lectin pathway men-
tioned m Chapter 11) have profound similarities and use some identical steps.
All pathways can be subdivided into eary steps that involve proteolysis of the
complement product called C3, and late steps that lead to the formation of a Iytic
complex. The central event in all pathways is proteolysis of C3 and the subse-
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guent covalent attachment of a product of C3, called C3b, to microbial cell
surfaces or to antibody bound to antigen (Fig. 13-1). During the early steps,
am enzyme called C3 convertase is generated; this enzyme cleaves C3 and thus
creates two products of its proteolysis, called C3a amd C3b. The subsequent
events are determined by the target of C3b attachment, If C3b binds to constant
regions of antibodies bound ro antigen, this steers the complement activation
towards classical pathway. If C3b binds directly to the microbial surface (e.g.
to LPS expressed on membranes of Gram-negative bacteria. or some other
entities), this steers the complement activation towards the alternative pathway.
However, the principal events that follow the attachment of C3b to whatever are
again similar: they mvolve bindimg of other complement components to C3b and
generation of another enzvme, called C5 convertase. The latter, as the name tells,
cleaves the complement component €5 and initiates the above-mentioned late
steps of complement activation, leading to the formation of a lhipid-zoluble
macremolecular protein complex called MAC {from membrane-attack complex,

see also Chapter 11).

Altemative pathway

Effect I Phagocytosis Activation oflite | | Inflammation induced |
. of opsonized | |sleps of complement | by breakdown products
fimetions partices (C3b)| | (C5 convertase) (CSa, C3e, Cda)

Fig. 13-1. Pathways of complement activation. An overview ghowing the alternative and classical
pathways of complement activation.
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13.8 What is the significance, and what is the exact
sequence of events of the alternative pathway?

The pame “alternative” stems from the fact that this pathway was discovered
later tham the antibody-dependent pathway; the latter was by that time already
well dissected amd therefore called “classical.” The name “alternative,” however,
may be misleading because in fact, the antibody-independent pathway of com-
plement activation appeared earlier in phylogeny and plays a crucial role in
Imnate immumniry.

The events that constitute the alternative complement pathway are shown in
Fig. 13-2. Let us first concentrate on its early steps, because they are really
pecubar and different from the early steps of the classical pathway, The unigue
feature of the alternative complement pathway during its early steps is the so-
called C3 tickover — a continuous slow-rate cleavage of C3 in the fluid phase
(blood plasma). Because of this cleavage, small amounts of C3b are always
available im the circulation, and a small fraction of the circulating C3b binds
micrebial surfaces. The C3b melecule contains an internal thioester bond that is
very unstable when C3b s circulating. However, when C3b molecules covalently
attach to their targets, the thicester bond is stabilized and C3b becomes acti-
vated. In its activated form, C3b binds a plasma protein called Factor B. After it
iz bound toe C3b, facter B is cleaved by a plasma enzyme called Factor D. A
small fragment of the cleaved factor B, called Bb, remains attached to the
activated C3b. The resulting C3bBb complex is the alternative pathway C3 con-
vertase. This convertase amplifies the subsequent cleavage of C3, creating more
C3b fragments able to bind cellular surfaces. WNote that if the C3bBb complex is
formed on mammalian cells, it is rapidly degraded by special regulatory proteins
expressed on these cells (see later sections). If, however, it is formed on bacterial
cells {with C3b being attached, e.g., to the polvsaccharide moeiety of bacterial
LPS), it iz not depraded but, on the contrary, stabilized by special stabilizing
factors, Omne of these factors 18 a protein called properdin, After a C3Bb complex
is stabilized by properdin (and perhaps other factors) on the microbial cell sur-
face. it may bind one additional C3b fragment, forming the so-called C3hBb3b
complex. The resulting C3bBb3b complex acts as the alternative pathway C5
convertase that is able to cleave C5 and thus imtiate the late steps in complement
activation (see later sections).

13.9 What is the significance, and what are the early steps
of the classical pathway?

The classical pathway of complement activation (Fig. 13-3) depends strictly on
the presence of specific antibodies of certam isotypes (IgM and “odd™ subclasses
of IgG in humans; Ighd, IgG2a and IgG2b in mice). For the classical pathway to
begin, these antibodies must be bound to their specific epitopes, Thus, the clas-
sical pathway of complement activation provides a link between adaptive immu-
mty {(antibodies bound to antigens) and mate immunity (complement
components),
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The classical pathway (Figp. 13-3) i inifiated when Cp2 domains (2e2 Chapter 3)
of antigen-bovmd 1pG antibodies, or Cd domains of antigen-bound Tghl anti-
bodizs are bound by the complement protem C1. The latter 15 a large muttimeric
protein complex that haz the form of an ninbrella_ It consists of thies components,
called Clg, Clr, and Cls. Clg forms the radal part of the umbrella, which is an

atrav of six chains ending with globolar heads, and serves to bind antibody con-
stant regions. Clr and Cls proteins are proteaszes,
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One very important feature of the classical pathway imtiation is the following:
in order to be activated, one Clq molecule must simultaneously bind to two antibody
molecules. In the case of IgG antibodies, Clg can bind only if at least two separate
antibody molecules of this class are brought together. This happens when [gG
antibodies bind a mulivalemt antigen (a “cartridge” of epitopes). In circulating
IgMl. which are pentameric (Chapter 3), the Clg binding sites are positioned inside
the pentamer and inmaccessible for the bindimg of Clg molecules. When Ighd
antibodies bind their epitopes, however, these sites become available for Clg
binding. Because pentameric Igh can bind moere Clg per antibody molecule
than menomeric 1gG, the former are much more efficient in binding (or “fxing”)
complement.

The early steps of the classical complement pathway are shown in Fig. 13-3.
Binding of two or more of the globular heads of Clg to the constant regions of
IeG or Igh leads to activation of Clr and then Cls. The activated C1s cleaves a
complement protein called C4, leading to the appearance of two cleavage pro-
ducts, Cda and C4db. The larger of these two, Cdb, attaches either to antigen—
antibody—Clg complex or to the adjacent surface of the cell to which the antibody
is bound. It is noteworthy that C4 is chemically homologous to C3. and C4b has an
internal thicester bond that is stabilized when C4b attaches to target, just as in the
case of C3b,

The bound C4b is then itself bound by a complement component called C2.
When the C2-C4b complex is formed (Fig. 13-3), the nearby Cls cleaves C2,
forming two fragments, C2a and C2b. The latier is small, soluble, and its function
is unknown. On the contrary, C2a is larger; it remains attached to Cdb, and these
two bound molecules form the C4b2a complex, which acts as the classical pathway
C3 convertase. The C4db component of the complex binds soluble C3, and the Cla
vompoenent proteclytically cleaves it. The resulting C3b attaches to microbial cell
surfaces as described in Section | 3.8, It 1s important to remember that the complex
of omly one Cdb and only one Ca can cleave many thousands of C3 molecules
and thus be responsible for attachment (“deposition”) of thousands of individual
C3b fragments. Again, as in the alternative pathway (Section 13.8), some of the
C3b fragments attach to the C3 convertase (Le., the Cdb2a complex) itself, thus
forming the C4b2a3b complex, which is the classical pathway C5 convertase. This
latter complex is respomsible for cleavage of C5, which marks the beginming of the
late steps in complement activation.

13.10 What is the lectin pathway of complement
activation?

This pathway is very similar to the classical pathway of complement activation,
although it develops in the absence of antibody. The essence of this pathway
lies in the fact that a plasma lectin called “mannose-binding lectin™ (MBL) is
structurally and functionally homologous to Clg. When it binds to mannose
residues of microbial surface polysaccharides, MBL triggers the sequence of
events that is virtually indistinguishable from that in the classical complement
pathway.
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13.11 What is the sequence of events during late steps of
complement activation?

As already mentioned, the late steps do not differ between the pathways and boil
down, essentially, to the formation of MAC. C5 convertases cleave €5 (which is a
circulating complement component) mto fragments called C5a and C5b. The for-
mer ix soluble, and the latter attaches to cell surfaces and binds a complement
component called C6. The C5b6 complex in turn binds C7. which is a hydrophobic
protein. Thus, the complex becomes hydrophobic and inserts mto plasma mem-
brane. After this, it binds C8, which is also o hydrophobic protein, and then C9.
The latter is a serum protein homologous to perforin (see Chapter 12) and capable
of polymerization at the site of its insertion into cellular membrane, MAC 1is,
essentially, the complex of C5b,6,7,8 and polymerized C9. It acquires a shape of
a drill and bores holes in the membrane. These pores have the diameter of approxi-
mately 10nm, and allow free movement of water and 1ons. The cell is killed either
because of the swelling or because of the steep increase in calcium concentration,

13.12 What are complement receptors?

Several distinet types of receptors for complement components exist in higher
vertebrates, and are expressed on various cell tvpes. These receptors bind frag-
ments of C3. C4d. and C5 protems. The best studied of these receptors are the
following:

e Type I complement recepior (CR1 or CD35) is a major complement receptor
expressed on neutrophils, monocytes, red blood cells, eosinophils, lyvmphocytes
{both T and B) and follicular dendritic vells. CR1 is a high-affinity receptor for
C3b and Cdb, and ite prmcipal functions are to promote phagoevtosis of Cib-
and Cdb-coated particles and clearance of immune complexes from the circu-
lation. We have already described the role of CR1 in phagocytosis in Chapter
11. The clearance of immune complexes is mediated mostly by red blood cells
that trap these complexes on their surface via CE1 and deliver them mostly to
the spleen and liver. There, the red blood cells together with the immune
complexes are engulfed by resident macrophages. In addition, CR1 plays a
role in the regulation of complement activation (see later sections).

e Type 2 complement receptor (CR2 or CD21) is expressed on B lymphocytes,
follicular dendritic cells, and cells of nasopharvongeal epithelium, Its principal
functions are to promote B-cell activation by antigen and to trap antigen—anti-
body complexes in germinal centers. The first of these functions has been
already described in Chapter 8, and the second in Chapters 2 and 4. The
ligands of CR2 on B cells are the cleavage products of C3b called C3d,
Cidg, and 1C3b (see later sections), and on follicular dendritic cells — these
are antigen—antibody complexes coated with iC3b and C3dg. In addition, CR2
serves in humans as the receptor for Epstein—Barr virus (EBV) — a virus that
belongs to the family Herpesviridae and 12 capable of activating and malig-
nantly transforming B lvimphocytes.
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* Type 3 complement receptor (CR3 oy CD11MCDIE) is also known as Mac-1
protein (because it was initially discovered on macrophages), Mac-1 18 a mem-
ber of the imtegrin famly of cell adhesion molecules described in Chapters 7, §,
and 11. Its role in immate immunity was described i Chapter 11. In addition to
macrophages, the cells that express Mac-| include neutrophils, mast cells, and
NEK cells, The ligand for Mac-1 is 1C3b.

*  Type 4 complement receptor (CR4 or CD11cCDI18) is also known as p150,95. It
is am integrin that uses the same beta cham (CD18) as Mac-1 protein, but a
different alpha chain. Its function is very similar to that of Mac-1. One inter-
esting feature of CR4 is that this molecule is abundantly expressed on dendritic
cells amd serves as a marker of this cell type.

13.13 How is activation of the complement system
regulated?

It 1= indeed very important 10 keep complement pathways under strict regulation.
for two main reasons. First. the above-described pathways must be triggered only
when complement components bind foreign (1.e., bacterial) cells and not host cells.
Sevond, the duration of complement activation must be limited even if comple-
ment components bind microbial agents, To achieve these twe goals, many reg-
ulatory protems are employed. Several of these proteins form a family of
molecules called “regulators of complement activity” (RCA). All RCA members
share structural homology and are encoded by adjacent and homoelogous genes
(Fig. 13-4). These and some other proteins inhibit the formation of C3 conver-
tases, break down and mactivate C3 and C5 convertases, and mhibit formation of
the MAC. We will briefly describe several most immportamt RCA molecules.

« (1 inhibitor (C1 INH) is an inhibitor of the classical complement pathway. 1t is
a soluble plasma serine protease inhibitor (“serpin®) that interferes with the
activity of Clr and Cls (recall that these proteins are serine proteases, Section
13.9). C1 INH prevents the accumulation of enzymatically active Clr and Cls
proteins, and limits the time for which these enzymes are available to activate
subsequent steps in the complement cascade. C1 INH also inhibits other
plasma serine proteases, meluding callicrem and coagulation factor XI1. The
genetic deficiency of C1 IINH in humans causes the so-called hereditary angio-
neurctic edema (HANE), which is characterized by am increased breakdown of
C4 and C2 and an accumulation of the so-called C2 kinm (o proteclytic frag-
ment of C2) and bradykinin.

o Factor H is an inhibitor of the alternative complement pathway. It is a soluble
plasma protein that inhibits formation of the alternative pathway C3 conver-
tase by binding to C3b and displacing factor B (see Fig. 13-3), thus stopping
the generation of the C3bBb complex,

o Factor 1 15 an inhibitor of both classical and altermative pathways. [t 15 a
soluble plasma protein that binds to siahic acid residues and interferes with
provessing of C3b and C4b when these are “deposited™ (fixed) on vell surfaces.
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Fig. 134, Regulators of complement activity, This diagram shows lunctions of C1 inhibator
{C1lInhb} {a), Cab-hinding protein (C4RBF) (b)), Factor H (), decay-accelerating factor
{DAF} (d}, § protzin (g}, and bomologous restriction factor {HRF} (1)

Mammalian cells have much more of siabic acid residues on their surface than
microbial cells, which facilitates the attachment of the above RCA to mam-
malian surfaces and disfavors their attachment to microbes. Factor H acts as a
cofactor to Factor [ in its inhibition of C3b processing, and a number of other
proteins (see below) act as its cofactors in its mhibition of Cdb provessing.

s  Complement receptor type 1 (CR1). In addition to playing its important role in
opsonization (see Section 13.12), this surface receptor acts as a cofactor to
Factor 1, enabling the latter to interfere with processing of C3b and C4b,

e Cdb-binding protein (C4bBP) is a plasma protein that acts as a cofactor to
Factor I in its interference with Cdb processing.

e Nembrane cofactor protein (MCP, CI46) is a membrane protein expressed on
leukocytes, epithelia, and endothelial cells. It acts as a cofactor to Factor 1.
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*  Decay-accelerating factor (DAF) is a membrane pretein expressed on leuko-
cyteg, red blood cells, epithelia, and endothelial cells, It acts as a cofactor to
Factor I, and is believed to be of a greater importance than MCP; more DAF
than MCP is expressed on membranes. The genetic deficiency of DAF in
humans results in a disease called paroxysmal nocturnal hemoglobinemia.
This disease munifests in attacks of hemolysis that are believed to be caused
at least m pant by deregulated complement activation on the surface of red
blood cells,

* “Homologous restriction factor” (HRF) cr CD5% is a membrane protein with the
pattern of expression similar to that of DAF, but present in higher numbers. [ts
function is to interfere with formation of the MAC. CD39 incorporates into
growing MAC complexes and thus abrogates the polymerization of C9.

® S-protein is a plasma protein whose function is to mterfere with formation of
the MAC, Unlike CID59, S-protein does not insert in the cell membrane itself,
but rather prevents the msertion of the hydrophobic C7 molecule.

13.14 What components of complement (or their cleavage
products) are instrumental in particular functions of
the complement system: cell lysis, opsonization,
prometion of antigen-induced B-cell activation, or
mediation of inflammatory responses?

As mentioned previously, complement-dependent cell lysis is mediated by the
MAC, which assembles from complement components C5b (o cleavage product
of C5), Co, C7, C9, and polymerized C9, Opsonization is mediated by C3b, #C3b,
and C4b, which com microbial particles and bind te complement receptors on
macrophages and neutrophils (C3b and C4db to CR1, and iC3b to Mae-1). Such
opsomization i especially pronounced if FeyR1 expressed on the same macrophage
is occupied by the antigen-bound IgG antibody’s constant region. Interestingly,
knockout mice lacking C3 and C4d show no defects in 1gG antibody-mediated
phagocytosis, while knockout mice that lack FoyRI do show such defects. These
data indicate that in phagocyvtogis mediated by antibody constamt regions, Fc
receptor-mediated reaction may be more important than complement-mediated
reactions. The proteclvtic complement fragments CSa, Cda, and C3a induce acute
inflammation by binding to mast cells and neutrephile, The binding of these frag-
ments to mast vells cauvses their degranulation (see later). In peutrophils, C5a
stimulates responses to chemokines, adhesion and (in high doses) respiratory
burst. C3a also stimulates the expression of P-selectin by endothelial cells, thus
strengthenmg neutrophil adhesion. Specific receptors of CSa and C3a have been
wentified. The C5a receptor is a member of the seven alpha-helical tramsmembrane
receptors {serpentines) that signals through GTP-binding proteins. It is expressed
on many vell types, including many types of blood cells and also muscle cells amd
astrocytes (elements of neuroghia), The C3a reveptor is somewhat less well studied,
but it iz thought that it also signals through GTP-binding proteins and promotes
mflammatory responses upon ligmd binding.
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13.15 If effector functions of cell-mediated immunity
(e.g., DTH) can be injurious to host tissues, is this
also true for the complement-mediated effector
reactions?

Yes, Complement activation may result in the lwsis of host cells and acute or
chronic mmfliommation. This clearly happens in patients with deficient CA (see
above), but can also happen even when RCA are qualitatively and quantitatively
sufficient, e.g.. durimg autoimmune diseases (see later chapters).

13.16 What are the effector functions of antibody classes
other than IgM and IgG?

Obviously, 1gD has no effector function because it is never secreted (Chapter 3).
IgA and IgE antibodies play important roles m the effector phase of humoral
mmmunity, IgE antibodies mediate a particular type of immune reaction called
immediate hypersensitivity, which will be discussed at the end of this chapter.
IgA is important for the development of immune responses in certain anatomic
locations,

13.17 What are the locations where IgA plays its role, and
what is this role?

IgA is produced in larger amounts than any other isotype. An adult human
produces about 2g of IgA per day, which accounts for 70%% of all antibodies,
Yet, the concentration of IgA in the serum is modest, and it is a rather minor
component of systemic immune responses. The explanation for this apparent dis-
crepuncy lies in the fact that [gA is instrumental in mucosal immunity. It is the
major class of antibody that is produced in the mucosal comparmment of the immme
system, B lvinphocytes and plasma cells that produce this class of antibody are
located predeminantly in lvmpheid agglomerates that e underneath the epithelia
of the gastromtestinal and respiratory tracts. Some of these agglomerates, e.g.,
tonsils and Peyer’s patches, have a structure that somewhat resembles lymph
nedes with follicles (see Chapter 2). The IgA secreted in these agglomerates is
efficiently transported across the epithelium of the gastrointestinal and respiratory
tracts with the help of the so-called poly-Ig receptor. Therefore, the vast majority
of the produced IgA molecules locate ultimately in mucosal secretions. There, the
IgA antibodies are used to neutralize various microbes that enter the body through
gastrointestinal and respiratory portals of entry.

B lymphocytes located in the mucosal compartment of the immune system tend
to switch to IgA upon activation. In part, this is so because mucosal T cells, more
than T vells located elsewhere, produce two cytokines that stimulate IgA class
switch, These cytokimes are TGF-f and IL-5 (see Chapter 10). In addition, it
may be that IgA-producing B cells have a special propensity to home mto the
mucosal compartment.
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13.18 How exactly is IgA transported into the lumen of the
gastrointestinal and respiratory tracts?

The above-mentioned active transport of IgA across the epithelia towards the
lumen of the gastrointestinal and respiratory tracts oceurs as follows. The secreted
IgA at first accumulates in the lamina propria (the conpective tissue lving imme-
diately underneath the epithelia) in the form of a dimer that is held together by the
J chain (see Chapter 3). From here, the [gA molecules are *picked up™ by the
poly-Ig recepror, which is produced by the epithehal cells and expressed on their
basal and lateral surfaces. The IgA binds with the poly-Ig receptor, amd their
complex is endocytosed and actively transported in vesicles to the luminal surface.
When the bound IgA reaches the luminal surface, the poly-Ig receptor is protec-
Ivtically cleaved and its extracellular domain leaves the cell, together with the
bound IgA dimer. The fragment of the poly-lg receptor that remains associated
with IgA is called the secretory component. The above-described provess is called
transcytosis. The pely-Ig receptor facilitates the transeytosis of IgA into the muce-
sal =evretions of the gastrointestinal and respiratory tracts, including saliva, bile,
and sputum. The same mechamism is accountable for the appearance of IgA in
milk. In addition to the transcyvtosis of IgA. the poly-Ig receptor is also responsible
for transcytosis of some [gh.

13.19 (an IgG also be actively transported through
epithelial layers?

Yes. [t happens during the late fetal and neconatal stages of mammalian develop-
ment, Fetuses and neonates do not mount their own antibody responses, but
rather depend on maternal IpG transported across the placenta and (after birth)
on maternal IgG and IgA contained in breast milk. Tromsport of 1gG across the
placenta amd across the neonatal intestinal epithelium 1s mediated by a special
receptor called the neonatal Fe receptor (FeRn). This receptor resembles a Class I
MHC antigen (see Chapter 5) rather than other Feo receptors. but it dees not utilize
itz peptide-binding domain for the interaction with the constant region of [gG
mintibodies. Interestingly, adults retain the FeRn, which m an adult orgamism
serves to protect IgG antibodies from catabolic degradation. Circulating [gG
molecules can diffuse from bleood vessels into epithelial layers and bind FcRn
expressed there. When it happens, the IpG molecules are endocytosed, “*stored™
mside epithelial cells m a form that protects them from degradation, and then
returned into circulation,

13.20 What is the role of IgE in the effector phase of
humoral immunity?
IgE is a class of antibodies whose role is unique. This class of antibodies is the

principal mediator of the reaction called immediate hypersensitivity . The immediate
hypersensitivity reaction is the immunological correlate of a climeal phenomenon
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known as allergy, IgE mediates this reaction because the high-affimty receptor for
the constant region of this antibody (called FeeRl) is expressed on mast cells, baso-
phils, and eosinophils. The IgE trapped on the surface of mast cells and basophils via
the FeeR 1 can be cross-linked by the antigen to which the IgE is specific. When this
happens, mast cells and basophils release their pranules, which, in turn, causes such
well-known phenomena attributable to allergies as soft swelling, local redness and
hyperthermia. bronchovonstriction, paralysis of peristalsis. and others.

As was discussed in Chapters 2, 9, and 10, the class switch to 1gE is mediated by
I1.-4, which 1= a “signature cvtokine™ of T2 lymphocvtes, Another Ty 2-derived
cvitokine, I1-3, serves as a potent activator of eosinophils, which also play a
distinc! role in the development of the immediate hypersensitivity. Because of
that. the immediate hypersensitivity and allergic reactions can be regarded as
manifestations of the effector phase of T-cell-mediated immumity that has been
skewed towards the T2 pathway of T-cell differentiation. Yet, it also makes sense
to discuss them in the context of the effector phase of humoeral mmunity because
of the central role that IgE antibodies play in these reactions.

13.21 How was it discovered that IgE mediates allergies?

The first demonstration of the role of antibodies in the development of allergies
was provided in the 19202 by Praustnitz and Kustoner, who showed that a non-
allergic mdividual injected with the serum taken from an allergic imdividual devel-
oped an allergic reaction to the same substance that was allergic to the donor of
the serum, The reaction in the recipient developed at the site of the intradermal
mjection of the serum. Later, after the mtroduction of a technique called adoptive
transfer (see Chapter 1), it was shown that allergic reactions in laboratory rodents
cin be adoptively transferred only by one special class of antibodies. Imtially,
these amtibodies were called reagins, although later this term was almost com-
pletely replaced by the term IgE. Ancther evidence supporting the rele of IgE
in allergy comes from experiments with anti-IgE antibodies. Tt was shown that the
mjection of such antibodies con mimic the antigen that causes the immediate
hypersensitivity, similarly to anti-Igh antibodies mimicking antigen in inducing
polyclonal B-lvmpheoceyte activation (Chapter §).

13.22 Why are the reactions mediated by IgE called

“immediate” hypersensitivity reactions?
Like DTH, immediate hypersensitivity is am antigen-specific and climeally observ-
able reaction that points to the fact of a previous encounter with the antigen
(“sensitization™). The reason for using the adjective “immediate™ is to stress the
fact that the symptoms of immediate hypersensitivity indeed develop much faster
than the symptoms of DTH. In sensitized individuals. a second encounter with the
antigen (or ““allergen™) can cause the above-mentioned symptoms of hypersensi-
tivity in minutes or even seconds after the mtroduction of the allergen, (Recall that
m DTH, the principal symptoms develop over 2448 hours after a second exposure
to the amtigen.)
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13.23 How are individuals sensitized to allergens?

Obwviously, not all individuals are sensitized to allergens, A variety of antigens
van be allergenic and sensitize individuals who are called ““atopic.”™ Such indivi-
duals are predisposed to the skewing of their T-cell responses to particular
antigens towards the Ty pathway of differentiation. Because of that, the pro-
duction of IL-4 (and alse IL-5) m these individuals is enhanced compared to
those who are nonatopic, and IgE antibodies are secreted in these individuals in
quantities that are larger than those in nomatopic individuals. In addition, atopic
mdividuals may have an enhanced expression of the FesRI1 on their mast cells
and basophils., Atopy 15 known to “run in families,” and is thought to be
associated with a number of autosomal genes, e.g., a locus on chromosome 5q
near a cluster of cytokine genes or a locus on chromosome [1g13 near the gene
that codes an FesRI beta chain. The exact pattern of inheritance of the atopic
phenotype is not known however, and neither are all genes that might contribute
o it.

13.24 What are the most common allergens?

Since the immediate hypersensitivity depends on Ty, cells, the antigens that induce
it (allergens) must be T-cell-dependent protem antigens. The exact structural fea-
tures that determine the allergenic nature of a proteim are not known, although
there are some noticeable similarities between many known allergens. For ex-
ample, most known allergens are highly glycosylated proteins of a relatively
small molecular weight. In addition, many common allergens (for example,
major allergens of house dust mites and bee venom) are enzymes. How exactly
these features contribute into the development of allergy iz not known. Some
nonprotein substances, e.g. pemicillim, are highly allergenic to some people. It is
thought that these substances serve as haptens, becoming conjugated to self pro-
tein carriers; again, the exact mechamism of their action has not been elucidated.
Apparently, repeated encounter with allergens. regardless of their exact structure.
plays a major role in sensitization against them,

13.25 What are the properties of the FceRI, and how does
its cross-linking cause mast cell and basophil
degranulation?

FeeR1 is constitutively expressed on mast cells and basophils. The affinity of its
binding fo the coustant region of IgE is extremely high; the K of their mteraction is
107" M. Because of such a high affnity, the serum IgE can be efficiently trapped
on FeeR1L even given that the conventration of secreted IgE the antibody in the
serum is low (less than 1 pg/ml in nonatopic individuals, and several micrograms
per milliliter in atopic individuals). In addition to mast cells and basophils, FeeR1
15 expressed on some Langerhans cells and dermal macrophages (where its func-
tion is unknewn), and alse en seme bleed menocytes and activated ecsinephils,
where it mediates ADCC (see later sections).
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FeeR1 consists of three polypeptide chains, [ts 25-kDa IgE-binding a subunit
hag an extracellular domain that folds into two tandem lg-like domains, and is
associated with the 27-kDa [ chain, which spans the plasma membrane four times,
and two identical disulfide-linked 7-kDa y chains. The latter are shared with other
Fu receptors and homologous to the T-vell-receptor-associated § chain (see Section
3.4). There iz one ITAM con the f chain, and one on each of the two y chains. The
binding of IgE o its binding site on the FeeRl alpha subunit up-regulates the
expression of the receptor.

The eross-linking of FceR1 can oceur when two neighboring molecules of this
receptor on the same cell bind IgE molecules of the same antigenic specificity, and
these two IgE molecules bind their antigen. This situation 18 common in atopic
patients who accumulated large amounts of bound IgE specific to a particular
allergen, to which these individuals have been repeatedly exposed. The cross-link-
ing of FeeR1 initiates in mast cells and basephils a signaling cascade that invelves
PTEK and ix similar te the cascade triggered by antigen {see Chapters 7 and §),
Upon cross-hinking, the ITAMs of the receptor are phosphorylated by the lyn
kinase. which is constitutively associated with the receptor’s [ chain. This faeil-
itates the recruitment of syk kinase, which triggers the downstream events
described in Chapters 7 and 8§, in particular, activation of PLC-y, breakdown of
membrane phospholipids, elevation of [Ca®*],, and activation of PKC. The acti-
vated PKC in the presence of high calcium concentrations phosphorylates cyto-
plasmic myosin chains and thus dissociates the actim—myosin complexes present
underneath the plasma membrane of mast cells and basophils. The latter event
allows the special granules that have been produced in advance to come into
proximity with the plasma membrane, to fuse with it, and to be expunged from
the cells (exocytosed). This mast cell and basophil degranulation is facilitated by
GTP-binding proteins, and can be inhibited by cAMP-dependent proteinase A, In
addition, the FeeR1 cross-linking leads te the secretion of lipid mediators (see later
sections) and (in mast cells) evtokines, notably 11L-4, 11L-5, TL-6, TNF, 1L-3, GM-
CSF, and some chemokines (but, in contrast with T cells, not 1L-2).

13.26 What substances do the exocytosed granules contain,
and what is the biological effect of their release?

The biclogically active substances that are stored in the granules of mast cells and
basophils can be classified in three categories: biogenic annes; enzymes; and pro-
teoglycans, Biogenic amines, sometimes called vasoactive amines, are nonlipid, low-
molecular weight compounds that share an amine group. Human mast cells contain
mostly one representative of this group, called histamine, while rodent mast cells
contain approximately equal amounts of histamine and serotonin. Histamine exerts
its effects upon binding to its receptors expressed on various cells and designated
HIL, H2, H3, etc,, according to their pharmacelogical inhibitors, Bmding of hista-
mine to its receptors on endothelial cells causes thesze cell: to produce smooth
muscle relaxants, which results im vasodilation; it also cavses the contraction of
endothelial cells and leakage of plasma mto the tissues. Thus. histimine causes
what is vzually called the “wheal and flare” reaction: a rapid swelling of the tissue



CHAPTER 13  Humoral Immunity

without induration (a difference with IYTH), and an mcreased bleed imflux through
dilated blood vessgels that manifests as redness and local hyperthermia, Histamine
also causes constriction of intestinal and bronchial smooth muscle. This may result
in the increased peristalsis (especially when allergens are ingested) and broncho-
spasm (when they are inhaled, e.g., in asthmatics).

The enzymes stored in the granules of mast cells include tryptase, chymase.
carboxypeptidase A. and cathepsim G. Some of these enzymes. e.g.. tryptase, are
not known to be produced by any other cell type. Tryptase is known to activate
collagenase and thus to contribute into connective fissue lesions, while chymase
plays a role in vascular reactions by converting angiotensin 1 to angiotensin 11
Basophil granules alse contain several enzymes, including peutral proteases (simi-
lar to the enzymes in mast cells) and major basic proteim and hisophospholipase
(absent from mast cells, but present in ecsinophils).

The twe major proteoglycans stored in the granules of mast cells and basoe-
phils are heparin and chondroitin sulfate. Because these molecules have a strong
nel negative charge, they serve as storage matrices for positively charged bio-
gemc amines. proteases. and some other molecules. When released from the
granules, protecglycans “let go™ of the molecules bound o them, albeit with
varying ratio: for example, biogenic ammes disscciate more rapidly than pro-
teases. Thus, proteoglycans serve as regulators of the kinetics of immediate
hypersensitivity reactions,

13.27 What lipid mediators do mast cells and basophils
secrete, and what are their biological effects?

The most important of these de-novo-synthesized lipid mediators are the metabo-
lites of arachidonic acid. This compound undergoes chemical transformations cat-
alyzed either by eyclooxygenase or by lipoxygenase. The major mediator produced
by the cyvclooxygenase pathway in mast cells {and to a much lesser extent, in
basophils) is prestaglandin D; (PGI,). Like histamine, PGD; acts as a vasodilator
and bronchoconstrictor. In addition, it promotes neutrophil chemotaxis and aceu-
mulation in infammatory sites. The major mediators produced by the lipoxygen-
ase pathway in mast cells and basophils are lenkotrienes, especially lenkotriene Cy
(LTC,). These compounds bind 1o their specific receptors in smooth muscle cells
and cause severe and prolonged bronchoconstriction. LTC, and s degradation
products LTy and LTE, together used to be called (in older literature) the “slow-
reacting substance of anaphylaxis™ (SRS-A). Leukotrienes are very dangerous for
atopic patients, especially asthmatics, because of their effect on airways, Hence,
physicians should be very careful not to prescribe to these patients drugs that
might exacerbate the symthesis of leukotrienes. One such drug is aspirim, which
inhibits cyclooxygenase and thus shunts the metabolism of arachidonic aad
towards the Ipexygenase pathway (Fig. 13-3). In additien to the metabelites of
arachidonic acid, mast cells and basophils secrete the so-called platelet-activating
factor (PAF) — a hydrophobic phospholipid that imduces platelet aggregation,
bronchoconstriction. and aceumulation of inflapmatory leukocytes. Endothelial
cells under the influence of histamine and lenkotienes can alse secrete PAF.
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Fig. 13-5. Biosynthesis of lipid mediators. Breakdown of membrane phospholipids by cytosolic phospholipase A2
leads to peneration of levkotriene C,;, prostaglandin D, and platelet-activating factor,

13.28 What is the role of cytokines produced by activated
mast cells and basophils?

The role of these cvtokines, compared to the role of the same cytokines produced
during the effector phase of CMI by activated Ty2 lvmphocytes, is not clear. It
seems, however, that mast cell- and basophil-derived eytokines are important for
the development of the so-called late phase reaction, which is mediated predomi-
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nantly by TINF and chemokines and mvolves massive recruitment of imflimmatory
lenkoceytes, Of these leukocytes, eosinophils are of the greatest importance for the
development of allergic reactions.

13.29 What is the “late phase reaction,” and what is the
role of eosinophils in it?

The “late phase reaction™ is the sequence of events that follow the mmediate
effects of mast cell degranulation such as vasedilatation, bronchoconstriction,
“wheal and Aare™ reaction, ete, While these effects are seen within minutes after
the challenge with allergen, the “late phase™ events unwind more slowly and are
fully developed within several hours after the challenge. Principally, the “late
phase reaction™ is the massive local infiltration of the tissue with leukocytes and
especially with eosinophils.

A description of ecsinophils has already been given in Chapter 2. Here, we
will emphasize that ecsinophils are similar to mast cells and basophils in that
they contain granules that can be released and injure local tissues, and FeeRL
In addition. unlike mast cells and basophils. ecsmophils express Fey and Foeo
receptors. One important difference between mast cells and basophils on one
hand and ecsinophils on the other is that ecsinophils are not as easily triggered
to release thewr granules by FeeRI1 cross-linking. Rather, these cells bind to
their targets and kill these targets with the help of their granules, in a way
acting similarly with natural killer cells. Their major function ig, actually,
ADCC (see Section 13.5) mediated by FeeRI and perhaps FeoR. This function
is thought to represent the major protective component of immediate hyper-
sensitivity reactions becauze the ADCC performed by eosinophils is efficient
against such common parasites as helminthes and arthropods (ticks and mites).
Theze parasites are very resistant to virtually all other effector immune reac-
tions. In addition to performing ADCC, ecsimophils also secrete lipid pro-
mflammatory mediators similar to those described in Sectionm 13.27, and
some cytokines (notably [L-4, [L-5, [L-10, IL-1, TIL-3. IL-67, TNF, GM-
CSF, and chemokines). The biclogic significance of ecsmophil eytokine produc-
tion 1¢ still umknown.

REVIEW QUESTIONS

1. Why is it important for an antibody te have a high affinity to its epitope in order 1o
serve in antigen nentralization efficiently?
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2. The so-called “hyper-IgM syndrome™ 18 an X-linked recessive disorder when patients
do not express functional CD40) hgand. Which of the following effector functions of
antibodies will be severely impaired in a boy suffering from this disease: (a) neutraliza-
tion of bacterial toxing; (b) complement-dependent lysis of microbial particles; (c)
phagoeytesis: (d) ADCC; and (e} immediate hvpersensitivity?

3. Explain, as briefly as possible, why Foy receptors associate with antibodies that are
botind to their epitopes better than with antibodies that are unbound,

4. Which effector functions of antibodies do you expect to be lacking in IFN-y knockout

rmice?

5. During the alternative pathway of complement activation, which event tums C3 tick-
over into actual activation of complement cascades?

6. What is the role of internal thicester binds in complement activation?

7. What exactly does (01 INH inhikat, how does it do i, and what consequences does its
action have?

. In addition to the dysfunction of the effector phase of tmmumity, what other dysfunc-
tions of the immune system do you expect in individuals genetically deficient for CR2?

9. Why do we say that complement is also a mediator of inflammation?

10. Explain why IgA 18 not the most prevalent antibody isotvpe in the serum, although
more of 1t iz produced than of any other izotvpe.

11. How do infants and adults benefit from having FcRn?
12, What did the Pravstmtz-Kustner experiment prove?

13, If you knew the way to completely shut down the Ty,2 pathway of T-cell differentia-
tion, would you recommend doing it in order to treat patients with allergies?

14. What is the role of myesin chains in immediate hypersensitivily reactions?

15. As detailed in the text, aspirin exacerbates the symptoms of asthma because it blocks
cyclooxygenase and thus shunts the metabolism of arachidonic acid towards the lipox-
ygenase pathway. If patients recerving aspirin were to be given soane strong stimulators
of cyclooxypenase pathway, would they still bensfit?

16, Summarize the harmful and the protective sides of immediate hvpersensitivity.

MATCHING

Direction: Match each item in Column A with the one in Column B to which 1t 18 most
closely associated. Each item in Column B can be nsed only once.

Colwmn - Columm B
1. Allosteric effect AL Early step of complement pathways
2, CI32 B. Severe bronchoconstriction
3. ADCC C. IgA in mucosal secretions
4. C3 converiase 3. Mast cell granules
5. Factor B E. Stabilizes C3bBb
6. Properdin F. FeyRIIB
7. MBL G. Antibody hinds outside the receptor
B, S-protein H. FeyRIII
9. Dimer I. Cleaved by Factor D
10. Atopy 1. Lectin pathway of complement
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11. Serctonin K. Prevents membrane insertion of C7
12, 1.TC4 L. Increased IgE production

Answers to Questions

REVIEW QUESTIONS

1. Because if a microbial receptor or toxin has a high affinity to its ligand and the anti-
body has a low affinity, it will not be able to compete with the Lgand for the microbe or
iis toxin on the host’s cells.

2. {c), (d), and {e) will be completely missing because in the absence of CD40L-mediated
cognate T-B-cell interaction these is no class switch to downstream isotvpes, and
therefore no IgG, IgA, and IgE. (a) will be detectable but weak, because Igh anti-
bodies on average have lower affinity than IglG antibodies. (b) will be intact because
IeM antibodies are the best complement binders.

3. The affinity of FeyRlI is high encugh to bind soluble monomeric IgG antibodies; yet,
when several antibody molecules are bound to closely positioned epitopes, it creates
the mulitvalent array that can interact with the Fe recepior with high avidity. The
affinity of FoyRII and -IIT 15 so low that they cannot hind soluble monomenc Igh
antibodies.

4. Phagocytosis and NEK-mediated ADCC,

5. Binding of C3b to microbial surface (becanse this event begins the creation of the
alternative pathway 3 convertase).

6. They stabilize C3b when it binds to cellular proteins of polysaccharides, and thus
prevent it from hydrolysis.

7. Serine proteases, in particular Clr and Cls. It does so becalse it 1s a serine protease
inhibitor (“serpin’™) by nature. The consequence is inhibition of the classical pathway
of complement activation.

8. Lack of affinity maturation (because CR2 15 expressed on follicular dendritic cells in
germinal centers and participates in the selection of high-affinity mutants). Lack of
EBV-induced B-cell activation in vitre (because CR2 is also the receptor for ERV).

9. Because products of its cleavage (C3a, Cda, C5a) serve as recruiters amd activators of
inflammatory leukocyies,

1. Because it is produced in the mucosal compartment of the immune systemn, from where
it iz actively transcytosed into mlcosal secretions (saliva, moucus, sputmn, etc.).

11. Infants use it te transport maternal IeG across their intestinal epithelium; adults use it
to protect their IgG against catabelic degradation.
12. That serum antibodies are respensible for allergic reactions.

13. Mo, because at least some Ty, 2 cells are needed to prevent the hyperactivanon of Ty
cells and 1ts consequences (e.g., granulomatous inflammation).
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14. When the signal from cross-linked FeeRI iz transduced, they dissociate from actin—
myosin complexes and promote the exocytosis of mast cell and basophil granules.
15. No, because that would defeat the purpese of prescribing the drug. Aspirin inhibits
fever and inflammation exactly becavse it inhibits the formation of PGD; through the

cyclooxygenase pathway.

16. Harmful: tissue swelling, brenchoconstriction, enhancement of peristalsis because of
the release of granules and secretion of lipid mediators {and probably cytokines).
Beneficial: “late phase reaction™ (ecsinophilic infiltrate) and eosinophil-mediated
ADCC.

MATCHING

G2, F, 3 Hy 4 A; 5 L6, E; 7, 58 K; 9 C 10,1L; 11, I3; 12 B



Immunity to
Microbes

Introduction

Historically, immunity has been viewed as protection agamst infectious diseases
caused by microbes. Although our current definition of immunity is broader (see
Chapter 1), we still appreciate that reactions aimed at the elimination of poten-
tially or actually dangercus microbial agents are perhaps the most important
physiclogic function of the immume system. Innate and adaptive immunity nor-
mally mounts efficient responses against such microbes as bacteria, viruses, fungi,
amdl parasites. Yet, microbes evolve to evade immune responses, using a variety of
adaptations that often allow them to thrive in hosts with perfectly normal immune
system. In this chapter, we will discnss the ways in which the immune system deals
with microbes, and the ways in which the microbes escape the immune attack. In
addition, we will highlight the pomt that the immune response to microbes can
itzelf be injuricus to host tissues. Moreover, there are cases when the aggravated
response of the host’s mumune system to a microbe causes much more damage to
the host than the microbe as such. This pomt will be illustrated by a number of
examples.

Another point that we will highlight in the discussion is that some phenomena
discovered initially as pertaining o microbial immunity are in fact very sigmfi-
cant for immunity in general. We will illustrate this point. discussing such mol-
ecular mechanisms as the action of superantigens, antigen varation, and gene
COTIVETSIOTL

In the final sections of the chapter, we will digcuss the concept of vaceines and
vaccination, analyze different kinds of vaceines, and briefly highlight some modern
trends in vaceine development.

Copynght 2002 by The MeGraw-Hill Companies, Inc. Click Here for Terms of Use.
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Discussion

14.1 1Is there a way to classify microbes according to their
relationship with the immune system?

Yes. The varety of microbes is tremendous, and their exact taxonomy is highly
complicated and goes beyond the scope of an immunclogy course. However, it is
useful to organize the discussion of antimicrobial immunity, separating the follow-
mg proupse of microbes: (a) extracellular bactenia; (b) intracellular bacteriag {c]
fungi; (d) viruses; and (e) parasites. Each of these groups of microorganisms is
characteristic in its own way to trigger innate and adaptive immune responses, and
also to evade them,

14.2 What are the principal characteristics of the innate
immunity against extracellular bacteria?

Extracellular bacteria replicate outside the host’s vells and can harm the host by
triggering inflammation or preducing toxins, The innate immune svstem of the
host often responds to their mvasion strongly enough to contain the mfection,
Gram-positive bacteria contain a surface peptidoglycan, and Gram-negative bac-
teria a lipopolysaccharide (LPS). These molecules are known to activate the alter-
native complement pathway (see Chapter 13). Some bacteria express molecules
with mannose residues, and are thus able to activate the lectin complement path-
way through MBL (Chapter 13). The consequenves of complement activation are
opsonization (enhanced phagocytosis of bacteria coated by complement protein
fragments), enhancement of local inflammation, and direct lysis of the bacteria by
the MAC (see Chapter 13), In the absence of opsonins, macrophages still exert
some protection against the extracellular bacteria because they can recognize and
bind these microorganisms through their seavenger receptors (see Chapter 11). In
addition, activated macrophages produce cytokines, in particular, TNF, 1L-1, and
chemoekines, thus prometing recruitment of inflammatory leukocytes (Chapter
10). As was detailed in Chapters 10, 11, and 12, all of the above-mentioned
provesses can imjure local tissues and also cause systemic effects like fever and
the synthesis of acute-phase proteins,

14.3 What are the main features of the adaptive immunity
against extracellular bacteria?

Speaking of the adaptive tmmumity against extracellular bacteria, ome should
remember that most of these bacteria are encapsulated, and that their capsules
consist mostly of pelyvsaccharides, For that reason, humoral immunity — and espe-
cially T-cell-independent B cell responzes (Chapter 8) — play the most important
role in the protection agamst these microorganisms. The T-cell-independent anti-
body respomses to bacterial capsular polysaccharides vsually mvolve predomi-
nantly Ighl antibodies of relatively low affimity, and show litile or no immune
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memory, However, responses to some extracellular encapsulated bacteria, eg.,
preumococct and M. influenzae type b, mvolve antibodies that have downstream
isotypes, mostly 1gG2 and also IgA. It has recently been shown that some of these
antibodies show moderate somatic mutation, especially m then heavy chain V-
region, and may be subject to some selection in peripheral lyvmphoid organs (pos-
sibly in the spleen). Antibedy respenses can also be triggered agamst bacterial
toxins, Since both endo- and exotoxing are proteins. these latter antibody
responses are typical T-cell-dependent responses that show extensive class switch
and affinity maturation (see Chapters 4 and ),

Antibodies against bacterial texins, especially high-affinity TeG (and alsc IgA),
can efficiently meutralize these toxins. IgM, IgGl, and IgG3 antibodies can bind
complement and thus promote the lysis and the complement-mediated phagocy-
tosis of the targets.

Protein antigens of extracellular bacteria can be processed and presented te T
Iymphocytes, mediating typical Ty, responses. The responding cells are predomi-
namtly CD4* Ty, cells that differentiate mto cvtokine-producing Ty,| andfor Ty2
cells. In the case of Gram-negative bactenia. the response is usually Ty, 1. probably
because the bacterial LPS stimulates macrophages to produce large quantities of
I}, 1-stimulating cytokine IL-12 {see Chapter 10). In severe cases, hyperproduction
of TNF, IL-1, and LT by the macrophages activated by Tyl cells can result in
septic shock (see Chapters 10 amd 11). Also, a umque feature of T-lymphocyte
responses to extracellular bacteria is the phenomencon of superantigens.

14.4 What are superantigens, and how does the immune
system respond to them?

Superantigens are proteins that have the ability to stimulate lymphocytes by
binding a molecular moiety that is still within the V-region of the lymphocvte
antigen receptor, but just cutside of the site of interaction with conventional
antigens. Recall from Chapters 4 and 7 that antigen receptors interact with
antigens through CDRs, which are unmigue for the given lvmphocyte clone.
Because of that, a clone of T or B lymphocytes has its unigque antigen
specificity, Superantigens do not react with CDEs, but rather bind to con-
sensus sequences in the FRs. For example, a staphylococcal protein called
enterotoxin B (SEB. from staphylococeal enterotoxin B) binds a conserved
amimo acid sequence shared by many V-regions of the TCR [ chain (V[33,
12, 14, 15, 17 and 20 in humans, and VB 7, 1. 82, 83, and 17 in mice).
This sequenve of amine acids is coded by a TCR VB framework region.
Because of such broad bimding pattern, SEB and other staphylococcal enter-
otoxins are extremely powerful T-cell mitogens (proliferation inducers). They
can activate T Ivmphocytes at concentrations as small as 100°M. [t has been
shown that as many as one out of five murine splenmic or human peripheral
blecd T Ivmphocytes may respond to a particular endotoxin, Such a tremen-
dously stromg T-cell response may result im hyperproduction of many different
cvtokines by strongly activated macrophages, and sometimes lead w septic
shock and other complications.
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One interesting feature of SEB and other bacterial T-cell superantigens is the
peculiar character of their interaction with MHC molecules, Superantigens are not
provessed by antigen-presenting cells, but rather bind directly to MHC Class 11
molecules expressed on the APC surface. Moreover, each molecule of staphylo-
covcal superantigen has two binding sites for MHC Class 11 molecules, which
allows the superantigens to cross-link MHC Class [1 molecules on the APC sur-
fave. The cross-linked MHC molecules. m turn. engage multiple TCRS so that two
neighboring TCREs on the same T cell can be bound simultanecusly by each super-
antipgen-MHC dimer. This resulis in strong T-cell activation, even in the absence
of co-stimulators.

14.5 How do extracellular bacteria evade immune responses?

These microorgamsms can evade innate immunity by resisting or inhibiting pha-
gocytosis, and by inhibiting coinplement activation. Both of these goals are achieved
by encapsulation. Bacteria coated with thick polysaccharide capsules are difficult
for phagoeytes to digest. In addition, sialic acid residues contained m these cap-
sules mhibit complement activation by the alternative pathway.

One major adaptation used by extracellular bacteria (as well as other microbes)
to evade adaptive immunity is antigenic variation, This means that some surface
antigens of many bacteria are subject to continuous structural change, because the
genes that code for these antigens undergo gene conversion. The latter is a provess
of modifying structural genes by adding to them pieces of varying length that are
borrowed from the so-called donor sequences (see Section 5.13). One good ex-
ample of antigemic variation is a bacterial surface protein called pilin. This protein
is contained i the pili, i.e., the small appendages that bacterial cells use to attach
to eukarvotic cells. In gomococed, the pilin gene undergoes such an extensive con-
version that the progeny of cne bacterial cell can express as many as 10° structu-
rally and antigenically distinct pilin molecules. Encapsulated bacteria (e.g..
Haemephilus influenzae) can also modify their external polysaccharides through
gene conversion in the sequences that code for glycosidases.

14.6 What are the main features of innate immunity
against intracellular bacteria?

The inmate mamume response to intracellular bacteria (which are adapted to
survival inside cells, mcluding phagoceytes) consists predominantly of phago-
cyiosis and NK cell activation. As follows from the biclogy of these micro-
orgamsms, their phagocytosis is often incomplete. However, when macrophages
engulf” these bacteria, they can become activated and produce IL-12, which
strongly activates WK (see Chapter 10). NK bind and lyse these bacteria,
and alse preduce 1IFN-v, which activates macrophages and promotes the
digestion and killing of the bacteria by their ROI (Chapter 11). Of note is
the fact that mice with severe combined immunodeficiency, and which have
ne functienal lympheeytes, can contain L. monocriogenes infection by the
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combined action of macrophages and NE cells. Yet, mnate immunity cannot
eradicate intracellular bacteria, it can only stop the spreading of infection for a
short time.

14.7 How do the adaptive immune responses against
intracellular bacteria work?

Since intracellular bacteria are out of reach for antibodies. the major protective
adaptive immune responses against them are cellular immune responses. Both T,
and CTL participate in these responses. Microbial peptides generated in the pha-
golysosome are presented in the context of MHC Class 11 molecules and activate
predominantly Ty, cells. The major protective Ty, cell response against intracellular
bacteria involves Tyl differentiation and Ty [-mediated macrophage activation, As
was discussed in Chapter 12, Tyl cells activate macrophages by producing cyto-
kimes, especially [FN-v, and by contact with macrophages through CD40L and
CD40, The activated macrophages kill intracellular bacteria by up-regulating the
production of their lvsosomal enzyvmes and ROL. The IFN-y that they produce
also activates class-switch to antibody 1sotypes that bind complement and opso-
nize macrophages (e.g., 1gG2a m mice). The Ty 1 pathway itself is up-regulated by
[L-12, which is produced by macrophages that are activated after their initial
vontact with the bacteria. The T2 pathway can also be involved (ses later).
CTL responses against intracellular bacteria, mediated predominantly by CD8"
T lymphocytes, are stimulated when these microorganisms or their protein com-
ponents escape from phagolysosomes, and the microbial peptides are generated in
the cyvtosol.

14.8 How do immune responses against intracellular
bacteria injure the host’s tissues?

We have already discussed some injurious consequences of inmate and adaptive
immune respenses agaimst intracellular bacteria in Chapters |11 and 12, Recall
that hyperactivation of phagocytes (especially neutrophils) can result in the for-
mation of abscesses, and chronic activation of macrophages — in granuloinatous
inflammation. The latter features very prominently during the infection with M.
tuberculosis. Although the bacterium, formally speaking, is the cause of the
dizease, the actual tissue njury in the affected organs (especially lung) is
mediated by activated macrophages that form granulomas. Another example
of tissue injury mediated by the host’s immune system is infection with M.
leprae. This microorganism can elicit a strong response of T2 cells that produce
IL-4 and stimulate humoral immunity (Chapter 10), In this case. the so-called
lepromatous form of lepra develops, characterized by extensive skin lesions. The
lesioms develop because activated T2 cells inhibit the activation of macrophages,
which leads to the spread of mfection. In the patients with the so-called tuber-
culoid form of lepra, the Tyl pathway 18 more pronounced, and the bacteria are
contained in macrophages.
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14.9 How do intracellular bacteria evade immune
mechanisms?

The major adaptation that allows mtracellular bacteria to survive and often suec-
vessfully escape immune responses is their intracellular reproduction. In addition,
various mtracellular bacteria actively inhibit the function of phagocvtes. For
example, M. fuberculosis is able to inhibit the formation of phagolyscsomes,
and L. monocriogenes can distupt the phagolysoseme membrane with the help
of its specialized protem called hemolysim. M. feprae produces a phenolic glyco-
lipid that disrupts the formation of ROI Because of these mechamisms, mtracel-
lular bacteria often cause chronic infections that might be asymptomatic, but are
reactivated without any apparent cause.

14.10 What are the main features of immunity to fungi?

Fungal infections began to attract much attention siwe it was discovered that they
are a major complication of AIDS and other mmunedeficiencies. May fungal
mfections are opportumstic, i.e., they show no symptoms m mdividuals with a
healthy tmmune system, but are rampant in immunodeficient individuale, This
partly explaims, why we know so little about anti-fungal immunity: irdividuals
who show signs of fungal infections often are wnable to meownt immune responses.

In healthy individuals, both innate and adaptive immunity are important to
protect the organism against the spread of fungi. The major participants in the
innate immunity are neutrophils and macrophages. Fungi are killed after phago-
cvtosis by lysosomal enzymes, or by ROL Neutrophils also release lysosomal
enzyvmes, and ROL, thus killing fungi that are lecated in extracellular space.
Cellanediated immunity (CMI) i the major mechanism of adaptive mmunity
against fungi. Both CD4" and CD8™ T Ivmphocytes participate in anti-fungal
responses; CD4™ helper T cells may differentiate into Tyl or T2 cells. In some
cases (e.g., infections with Candida albicans), Ty, ] responses are protective and Ti,2
responses are detrimental to the host, perhaps because the latter inhibit macro-
phage activation. Fungi are known to elicit antibodv responses. but the protective
role of the latter has not been demonstrated.

14.11 What are the main features of innate immunity
against viruses?

As has already been mentioned in Chapters 10 and 11, the principal mechanisms
of inpate mmmunity against viruses are imhibition of viral infection by type I inter-
ferons (IFN-o and IFN-[3) and NK cell-mediated killing of virally mfected cells. As
we discussed, type 1 interferons induce the se-called antiviral state by mmhibiting
some enzymes crucial for viral replication, and up-regulate MHC Class 1 moel-
ecules, thus making infected cells more suitable targets for CTL. NK cells lvse
virally infected cells that down-regulate their MHC Class 1 molecules, because that
releases their status of mhibition, normally conferred by the interaction of their
mmhibitory receptors with the above molecules (Chapter 11).
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14.12 What are the main characteristics of adaptive
immunity against viruses?

The mam mechanisms of adaptive mmmunity to viruses are antibody responses
and CTL responses. Antibodies are effective agaimst viruses only during the
extracellular stages of life of these microorgamisms. They can block the binding
of a virus to a host cell or the entrance of a virus into a host cell. The most
efficient and protective of these neutralizing antibodies are high-affinity IgG and
IgA antibodies. The laner are produced mostly in the mucosal compartment of
the immune system (Chapter 13) Very efficient antibodies elicited by some com-
mon protective antiviral vaccines administered by mouth, e g, polic vaccine,
belong to thiz category. In addition, antiviral antibodies can opsonize viral
particles and activate complement. Direct lysis of some wiral particles by the
MAC (especially those with lipids in their envelope) was shown to be protective
against viral infections, Of course, antibodies cannot reach viruses that rephcate
mside host vells; therefore, humoral mmunity cannot eradicate established viral
infections.

T lymphocytes, and especially CTL, are an important tool that allows the
host to kil virally mfected cells and thus eradicate viral infections. CTL
recognize viral peptides and are activated moestly due to the phenomencn of
cross-prining described in Chapter 12. (Recall, this means that if a viros
infects a nonprofessional APC that has no co-stimulators, the infected vell
is phagocytosed by a professional APC that presents viral peptides amd
expresses co-stimulators, making T-cell activation possible)) As was outlined
in Chapter 12, activated CD8" CTL underpo massive clonal expansion during
viral infections, so that a substantial fraction of all circulating CD8" T
lymphocytes is specific to viral antigens. CTL Ivse virally infected cells with
the help of their granules. In addition, as was mentioned in Chapter 12,
granzyme B that 12 contained in cytotoxic granules activates cellular nucleases
(through the activation of effector caspases), and thusg destrovs the mfected
cells” genomes

14.13 (Can antiviral immune respenses injure host tissues?

Yes. This is characteristic mostly for noncytopathic viruses, i.e. viruses that do not
ly=e the infected cells. Omne classical example of tissue injury by antiviral immune
response is the mjury made by lymphocytic choriomeningitis virus (LCMY). In
mive, CTL specific to LCMY peptides can lvse memngeal cells and cause menin-
gitis. Paradoxically, T-cell-deficient mice infected with LCMV are cloeally
healthy carrers, while normal LCMV-infected mice are climeally ill due to the
T-cell antiviral response. In humans, hepatitis B virug causes latent infection in
immunodeficient individuals, while in healthy individuals it triggers vigorous CTL
response that damages the liver. Hepatitis B virus can also trigger antibody
responses that lead to the formation of mmune complexes, and may cause sys-
temic vasculifis (injury of small blood vessels) because of thelr imsolubility and
deposition in these vessels,
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14.14 How do viruses evade immune responses?

Viruses are very ancient organisms amd, as such, have evelved to be very “cratiy”
i adapting to their hest and evading their host’s vesponses. The vamons ways
viruses employ to escape immune reactions can be grouped as follows:

s  Apfigenic variation. Viruses constantly change their antigens by mmiating o
reassortimg their genes. This phenomenon accounts for the: tremendons number

of viral straine, and makes protective immmization against vineses so difficult.
e Inhibition of antigen processing and presentation (Fig. 14-1). For example, ade-
novitnzes eode for a protein called E1A, which is able directly to inhibit the
transcrption of MHC Class 1 genes. Herpes simplex virns codes for a proteim
called TCP-47 that binds to TAP (see Chapter 6) and interferes with the active
transport of cytesolic peplides it the endoplasinic reticulom. Soine adeno-
viruses code bor a protein called E3 that binds to MHC Class | molecnles in the
endoplazmic reticaliim and does not let them exit the veticulom when they are
loaded with pepides. Frotems coded m the luman and murne oytomegalo-
viruses (CAIV) have similar properties — they interfere with the expression of
lcaded MHC (lass 1 molecnles, and Nef protein coded by the hnman immm-
nodeficency virns (HIV) forces MHC Class I molecules to be internalized,

rivibition of Block in MHC synihess |
andior ER retanbon:

Imtubidion &1 entigen presentation by viruses

Tha poitevay o cless | mager hanscormpalivilly cosplax IMHC)- aasscated arhgan pradentaten b shimn, veth sxsmphes of wisses 1hal
bhock diifferem Bepd o s palheaay DMV, cppaimsgiiowres. CTL cylohybe T iysphacte, BBV, Epslee Barr veus; BE, endoplesmic
reficelum, HEV, hepes smphes winug; TAP, ranspensr sssocioled wdth antgan pracesgiag,

Fig. 141,

Dnhilnfom of avdpen presentabion by viroses This figure shows some examples of miterference of wwses
wath the Class I MHC putbmeay of anbgen presecisbon Bee text for detads From Abbes, K., & H
Loclimnan, aod T8 Pober, Cellidar and Alsda o Beissc® gy, fowth ediion, W B, Saosders, 2000, p
355 {10 mr terre @ Box 15530
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* Production of molecules that inhibit immunity, Poxviruzes produce molecules
that are structurally similar to the receptors for several eytokines {including
IFN-y, TNF, and IL-1), but are secreted and thus function as soluble com-
petitive mhibitors of cytokine—cytokine receptor mteraction. Similarly, CMV
produce a molecule that resembles MHC Class 1 protein and may act as a
competitor to the “real”™ MHC molecule for peptide binding, EBV produces a
protein that is homologous o IL-10 (recall from Chapter 10 that this evtokine
is a potent suppressor of macrophage activation and cell-mediated immumty ).

* Destruction of immunoconpeteni cells. The cbvious example is HIV (=ee
Chapter 1E),

14.15 What are the main features of immunity to
parasites?

It should be noted here that parasitic infestations are a severe problem for human-
kind, especially in developing countries. As much as 30% of the world’s popula-
tion is believed 1o be infested by parasites: approximately [00 milkon people are
suffering from malaria, and about [ millkon die of this disease everv year. These
facts explain why mmmunclogists are 2o interested in body defense against para-
sites, and are searching for ways to boost antiparasitic immunity. Parasites usnally
go through complex life eveles and change their hosts, as well as their structural
amd antigenic properties. Because of that, the immune response against parasites is
often inefficient. In addition, many parasites are resistant to such effector mechan-
isms of mmunity as phagocyvtosis and complement-dependent, NK-mediated and
T-cell-mediated lysis.

14.16 How does the innate immunity to parasites work?

Both protozoan and metazoan (helminthic) parasites trigger such innate immune
mechanisms as inflammation. phagocytosis. and complement activation through the
alternative pathway. However, these responses are seldom efficient because para-
sites are often coated with thick teguments and cannot be killed by phagocytes.
Many protozoan parasites i fact replicate inside macrophages. In addition, some
parasites can inactivate complement cascades and are resistant to complement-
mediated lysis,

14.17 What are the main features of adaptive immunity to
parasites?
T'he principal mechanism of adaptive immunity against protozoan parasites is cell-
mediated mmunity, especially macrophage activation by Tyl cell-derived cyvto-
kimes. The importance of Tyl pathway of T-lymphocyte differentiation for resis-
tance to protozoan parasites became clear from experiments where mbred mice

were infected by an mtracellular protozoan parasite, Leisfmania major, Some
inbred strains, e.g., BALB/c, are very susceptible to the L. major infection and
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develop characteristic skin lesions. Many other strains are resistant to the infec-
tion. It has been shown that in the susceptible strains, T-lvmphocytes specific to L.
major antigens differentiate into Ty2, while in the resistant strains they differentiate
mto Tyl. The infection is exacerbated by 1L-4 and inhibited by IFN-y. However,
nol all protezoans are efficiently dealt with by Ty, | cells, Some unicellular proto-
zoan parasites are ellminated more efficiently by CDE" CTL, A practical, and very
important. example of this is the mumity against malaria.

14.18 What is important to know about immunity to
malaria?

Malaria ix a severe disease caused by a protozoan called Plassmodim falciparum,
and transmitted by the mosquito, 4ropheles maculipennis. Infection of humans is
mitiated when they are bitten by the mosquito, and numerous sporozoites (a form
of individual cells of P. falciparim) enter the bloodstream. The sporozoites are
quickly eliminated from the blood and accumulate in liver, where they enter
hepatocytes amd tum into merozoites. These lvse hepatocytes amd invade red
blood cells. In some blood cells, merozoites turn into sexual stage gametocytes;
mosquitoes then pick these up during their blood meal, completing the cyele. The
symptoms of malaria include fever spilees, apemia, and splenomegaly. Of note is
the fact that many pathelogic manifestations of malaria may be due not to the
action of sporozoites or merozoites om human cells, but rather to the activation of
T vcells and macrophages and consequent production of evtokines.

The mmune response to malaria is rather complex and stage-specific. This
means that immunization against sporozoites does not protect agaimst merozoites
or gametocytes, ete. A protective antibody response may be triggered by vaccina-
tion with irradiated sporozoites; in this case, the elicited antibodies include those
specific to the so-called circumsporozoite (CS) protein. The CS protein is used by
sporozoites to bind to hepatic cells, Thus, the CS-specific antiboedy is an example
of neutralizing antibody (see Chapter 13). The efficiency of this antibody response
depends, however, on T cell help. The epitope bound by neutralizing antibody is a
tandem repeat asparagine-alanine-asparagine-proline (or, according to one-letter
amino acid nomenclature, NANP), repeated approximately 40 times, The immu-
nodominant C8 epitopes recognized by T cells, however, lie outside of the NANP
region and. therefore, the T cell help is not very efficient. A protem expressed on
merozoites and called MSP-1 (from merozoite surface protemn-1) has recently
attracted much attention as eliciting strong and possibly protective antibody
responses,

CD8" CTL responses became much more appreciated within recent years as
the responses that confer protection agaimst malaria and stop its transmission.
The protective CTL responses invelve direct lysis of sporozoite-imfected hepato-
cvtes and secretion of IFN-y (see Chapter 10). The latter can induce the infected
hepatocytes to produce nitric oxide and other suobstances that can kil
Plasmodinm cells. Efforts of immunoclogists are currently conventrated on crea-
tion of new wvaccines that would trigger strong CTL respomses agamst
FPlasmodinm falciparum antigens,
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14.19 How do parasites evade immune responses?

Parasites indeed have a remarkable capacity to evade immunity by employving a
variety of adaptations, First of all, many protozoan parasites show antigenic varia-
tion that we have already described in Sections 14.5 and 14.14. This antigenic
variation may be stage-specific, as i Plasmodivm falciparum, where antigens of
one of the stages in the life of parasites (e.g., sporezoites) are distinet from antigens
of another stage {e.g., merczoites). Alternatively, the antigenic variation may be
continuous, asin the case of African trypanosomes. In these organisms, in particular
Trypanosoma brucei and Trypanosema rhodesiense, the penes that encode the major
surface protem (called ¥SG, from variable surface glycoprotein) undergo peculiar
“waves” of expression. These genes are located in tandem, and the expression of
each VS8 is associated with a duplication of a VSG gene and its translocation to a
place in the DINA where this gene becomes transcriptionally active. The number of
individual VSG genes is huge (perhaps more than 1,000), and so is the extent of
antigen variants produced in result of expression of each individual VS8G gene,
Another mechanism of evasion employed by parasites is biocchemical modifica-
tion of their surfaces during their mteraction with the host. For example, schisto-
some larvae develop thick teguments that make them resistant to complement amd
phagocytosis when they travel to the lungs of infected animals, The exact mechan-
ism of this modification is unknown, An interesting example of surface modifica-
tivn is antigen shedding seen in many parasites; it can be spontaneous or induced by
specific antibodies. Finally, parasites may actively inhibit innate and adaptive inmu-
nity. More or less generalized immunosuppression has been observed in malaria.
mfections with schistosomes. trypancsomes. filariasis. ete, Although the exact
mechanisms of parasite-induced mmunosuppression are not known, it is thought
that this phenomenon can be at least partially explained by production of inhibi-
tory evtokines (e.g., 1L-10, TGF-3) by activated macrophages and T lmphocytes.

14.20 Whatis a “vaccine,”” and what kinds of vaccines exist?

The terms “vacvine™ and “vaccination™ appeared after Edward Jenner’s success in
conferrmg antismallpox mmmunity by mjecting a material from cowpox-imduced
lesions. By the term vaccine, we now mean a preparation of microbial antigen.
often mixed with adjuvants (see Chapters Y and 11), that 18 administered to mdi-
viduals to confer protective immunity against infections. The followng kinds of
vireeines are currently used in preventive medicine or m experimental or climical
trials: (a) live but avirulent (attenuated) microorganisms; (b) killed microorgan-
isms; (¢} purified macremoelecular components of microorganisms; {(d) synthetic
vaceines; (€) hive viral vectors; and (f) plasmids contaiming ¢DNA encoding for
microbial antigens.

14.21 What are live vaccines, and how do they work?

Live, attenuated vaccines were introduced by Louis Pasteur in the 1880s, Pasteur
experimented with inducing cholera in chickens by injecting them with cultured
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Iibrio cholerae, Some of the bacterial cultures which accidentally became old and
overgrown (they were forgotten while Pasteur was on vacation) failed to induce
cholera, and were called attenuated (i.e., such that they lost their aggressiveness, or
were “tamed”). Remarkably, if chickens were injected with fresh, virulent cultures
after they had been mjected with attenuated cultures, they remained disease-free
{immumne). Later, Pasteur and others obtained and wsed a number of attenuated
vaeeines that served as life-savers for innumerable millions of people. Among them
were vaceines agamst human cholera, tuberculosis, anthrax, and rabies, to mention
just a few. The great advantage of attenuated vaccines is that they cause exactly the
same tmmune response that the microbe itself causes. However, there are some
serious limitations for their use. First of all, many live attenuated bacterial vaccines
trigger rather weak and short-lasting immumity. Live, attenuated viral vaccines are
somewhat more effective; Pasteur’s rabies vaccine and Jonas Salk’s polio vaccine
are classical examples, Recently, deletion and temperature-sensitive mutant viruses
began to be used as vaccines with very promising results. The other serions Hmata-
tion in the use of live, attenuated vaccines is the concern about their safety bevause
of mcomplete attenuation and possible return of pathogenicity.

14.22 What are killed vaccines, and how do they work?

Eilled bacterial vaccines work essentially in the same way as live, attenuated
vaccines, Bacterial cultures that are used for the preparation of this type of vac-
cines are vsually treated with formalin or other roxic agents.

14.23 What vaccines are based on purified macromolecular
components of microorganisms, and how do they
work?

The vaccines that are prepared from purified microbial macromolecular compo-
nents (proteins andjor polysaccharides) are called subunit vaccines. They can be
prepared from the components of micrebes themselves, or from inactivated micro-
bial toxins. The mactivated microbial toxing vsed for vaccine preparation are
called toxoids. Two classical examples of extremely useful bacterial toxoids are
diphtheria toxoid and tetanus toxoid, which helped to control these two dangerous
infectious diseazes. Examples of subunit vaccines prepared from bacterial cell
walls include polysaccharide vaccines against ff. influenzae type b and pnewmo-
covel, As typical T-cell-independent antigens, these bacterial polvsaccharides elicit
mostly low-athmity antibodies and are rather weak m inducing immune memory.
In addition. infants do not mount strong responses to H. mffuerzae polysacchanide
until the age of approximately 4 years, Nevertheless. polysaccharide wvaccines
confer long-lasting protection, probably because polysaccharides are not degraded
easily and persist for years in secondary lvmphoid organs, especially in the mar-
ginal zone of the spleen (Chapter 2). High-affmity antibodies to H. influenzae and
preumovoccal polysaccharides can be obtained if the latter is chemically conju-
gated with a carrier protein, e g, mutant avirulent diphtheria toxoid or purified
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memngococeal protein, These conjugate vaceines are now widely vsed for immu-
mization with excellent results. They proved to be very efficient against £, influen-
cae even in very small mfants. It is noteworthy that purified protein vaceines ehicit
strong antibody and Ty, responses but, as exogenous proteins, they are limited in
their ahbility to trigger CTL responses (see Chapter 6).

14.24 What are synthetic vaccines, and how do they work?

Synthetic vaccines are vsually oligo- or polypeptides synthesized in laboratories,
and are based on knowledge of the amino acid sequence of micrebial antigens.
In the past, such knowledge wasg derived from divect partial amine acid sequen-
cing of purified protems, and the vaccines created were usually linear or
branched polymers of three to ten amino acids. Currently, the complete amino
acid sequence of many microbial proteins can be deduced from the DINA
sequence of their genes. This opens new avenues in the uvsage of synthetic vac-
cines. The other major avenue is testing overlapping peptides comtaimng certain
amino acid substitutions mduced by mutations. This can lead to establishing the
exact epitopes recognized by antibodies and TCE, and the epitopes bound to
varicus allelic forms of MHC moelecules.

14.25 What are live viral vectors, and how are they used?

The use of live viral vectors as vaccines is based on the observation that genes that
vode for mocrobial antigens can be ligated into vaccimia viruses and inoculated
mto experimental animals. where they code for the antigen and trigger protective
immune responses. A variety of live viral vectors are currently under trial. A
imitation of these potentially very useful vaccines is that vaccinia viruses infect
host cells, and their antigens elicit undesirable Immune responses in vaccinees
{especially CTL responses).

14.26 What are the main properties of plasmids with
incorporated cDNA as vaccines?

Plasmids that harbor ¢cDNA coding for microbial antigens are the newest gen-
eration of vaccines, and have attracted much attention in recent years, Extensive
evidence indicates that moculation of such plasmids in a host leads to strong and
long-lasting protective immumity to the antigens that the cDINA codes for, A
likely explanation of the unusual efficacy of such vaceimes is that the plasmids
transfect the host’s professional antigen-presenting cells. The microbial antigens
are synthesized from the transfected DINA at high rate, and peptides are gener-
ated from the resulting protein in the APC’s cyvtosol, leading to strong CTL
responses. A variety of approaches are currently under trial, aimed at further
enhancing the efficacy of these DINA vaccines. Among these approaches, it 1s
worth mentioning attempis to co-transfect APC with antigens of mterest
together with various cytokimes and co-stimulators, Importantly, DINA vaccines



CHAPTER 14 Immunity to Microbes

attract the close attention of mmuneologists because, in the future, they may be
used as prophylactics for not only infectious diseases but alo cancers. This can
be made possible if tumor-specific and tumor-associated antigens become better
characterized (see Chapter 16).

REVIEW QUESTIONS

1. How, in your epinion, will immunity to extracellular bacteria be changed in mice that
are knockeut for the macrophage scavenger receptor?

2, In Chapters 1 and 3, 1t was mentioned that von Beehnng and Kitasato discovered
antibodies when they mixed diphtheria toxin with sera of immune guinea pigs. How
would you explain their experiment in precise molecular terms?

3. If an antigen binds TCR without co-stimmilation, the T cell is anergized. Doees the same
happen when a T cell is bound by a staphylococcal superantigen? Why, or why not?

4. How 1s antigenic variation in encapsulated bacteria different from antigenic variation
in bacteria that lack an external capsule?

5. What is the role of phagolyscsome in immunity against intracellular bacteria? By
using hemolysin as an example, explain how an intracellular bacterinm can evade
imtmumnity.

6. What is the main reascn for our poor knowledge about immunity to fungi?

7. Rhinovirus (the virus that cavses common cold) infects cells of the mucosal epithelinm
in the wpper respiratory tract. These cells are nol professional APC and, as such,
express little or no co-stimulaters. Yet, 1t is known that T lvmphocytes respond to
rhinowirus peptides very strongly. Does this not contradict the concept of tolerance
inctuced by the absence of signal 2 {Chapter 10)7?

8. What property of viruses simultaneously helps them te evade immunity and to fall
vichim of mmmnity?

9. How do molecules coded by poxvirnses allow these viruses to evade the nmmiime
attack?

10. Why exactly is the Ty,2 pathway of T-lvmphocyte differentiation harmful for patients
with L. major infection?

11. What is the most apparent obstacle for the creation of an efficacious antimalaria
vaccine?

12, How dees the genetic coding of the VSG protein help Aftrican trypanosomes to evade
immmnity?

13. What 15 the main reason for general immunosuppression in patients infested with
helminthes?

14. What 1s the main advantage of live, attenuated vacoines over subunit vaccines?

15. What 15 the mechanism of action of DMNA vaccines?



CHAPTER 14 Immunity to Microbes > 251 2

MATCHING

Direction: Match each item in Column A with the one in Column B to which it is most
closely associated. Each itemn in Cohunn B can be used only once.

Colwnm 4 Column B
1. Emlotoxins AL Due o lack of IFN-y
2. SER B. Fungi
3. Genes undergo conversion C. DINA vaccines
4. Skin lesions in lepra D. Express NANP
5. Hermolvsin E. Inactivated toxin
6. Dangercus for imomunoedeficient patients  F. Not secreted
7. Can eradicate viruses G. Disrupts phagolysosome
8. ICP-47 H. CTL responses
Y. Cirenmsporozoites . Bimds TAP
10. Texoeid 1. Pilin
11. Can transfect APC K. Binds V[

Answers to Questions

REVIEW QUESTIONS

1. Macrophages in these mice will not be able to bind fo extracellular bacteria through
the mizssing receptor. That might weaken their activation and production of I1-]12,
thus making the Tyl pathway of T-cell differentiation less proncunced and the T2
pathway more pronounced. However, other nonspecific macrophage receptors might
at least partially compensate for the lack of scavenger recepiors.

2. Perhaps guinea pigs produced neutralizing antibodies that bound the moiety of the
diphtheria foxin used to bind to mammalian cell receptors.

3. Ne, because SEB cross-link MHC Class IT molecules and thus consequently cross-link
TCRs on the same cell, mimicking the binding of TCR and co-stimulator.

4. In the former, the conversion affects enzymes that modify carbohydrates {e.g., glyco-
sidases in H. influenzae); in the latter, protein antigens are modified.

5. Phagolysosome contains proteclytic enzymes necessary to generate peptides that will
be recognized by T cells. Hemolysin helps L. mornocrtogenes to evade T-cellmediated
immunity because it dismupts the membrane of phagolysosomes,

6. Fungal infections are pronounced in individuals whe are unable to mount immune
TESPONSEs.

7. No, because of cross-priming. Professional APC that do express co-stimulators pha-
pocytose rhinovirns-infected cells and present viral peptides to T cells, together with
co-stimulators.
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8. Down-regulation of MHC Clazz I molecules. It allows the viruses to evade CTL
responses, but makes them more susceptible to NE responses.

9. They produce molecules that are structurally similar to cytokine receptors, but capable
of being secreted. These seluble homolopues are competitive inhibitors of cytokine
TECEplors.

10. Because Ty2 cells produce IL-4, which inhibits the expansion of Tyl cells and subse-
quent activation of macrophages. The infected individual suffers because macrophages
are the major effector cells in anti-L. major responses,

11. The fact that the immune response to P. folciporwm is stage-specific, and infected
individuzls wsnally contain the parasites that are at several different stages of their
life cvcle.

12, These parasites have more than 1,000 tandemly arranged VSG genes, each of which
can be translocated and expressed, coding a slightly modified form of VSG. Antibodies
and T cells specific to one of these isoforms will not be helpful if the progeny of the
parasite expresses another isoform.

13. Production of inhibitory cytokines like IL-10 and TGEF-J.

14. The fornmer induce exactly the same nnrmune response as the microbe itzelf induces; the
latter may induce responses to parts of microbes that are not imounodominant, and
therefore be less efficient.

15. They perhaps transfect professional antigen-presenting cells and thus strongly prime T
cells when the coded microbial antigen becomes expressed.

MATCHING

ILF 2, K3, L4 A5 G: 6, B: 7T, H: 8 1; 9, D10, E: 11, C



Transplantation
Immunology

Introduction

Transplantation can be defined as the provess of moving cells, tissues, or ergans
from one ndividual to amother. The object that is being tramsplanted is called a
graft; the mdividual that provides the graft is vsually called the donor, and the
mdividual that receives the graft is the recipient or host. In climical practice,
transplantation ix used to correct a functional or morphological deficiency in
the patient. A special case of transplantation is transfusion, ie., transplantation
of circulating blood or its components. Attempts to tramsplant organs or tissues
have been made since times immemorial, and almost always failed because the
donor inevitably rejected the grafi. Only in the middle of the 20th century did
scientiste come to a clear understanding that graft rejection is a result of immune
reaction of the host. In this chapter, we will discuss some classical experiments that
helped fimmly to establish this notion.

A major concept that helped to advance both transplantation and basic immne-
nology 18 that MHC controls the reactions of graft rejection, Transplantation is a
completely artificial, man-made phenomenon and, therefore, one cannot say that
the control of graft rejection is the principal biological role of MHC. Rather, this
function of MHC iz "accidental” and mimics its true biclogical rele m T-cell
mmunity against microbial or cancerous antigens, However. dissection of the
role of MHC m graft rejection led to many practical achievements {e.g., matching
of donors and recipients for transplantation), as well as to some important dis-
coveries in basic molecular immunology. The role of MHC in transplantation
mmunology will be discussed in this chapter from these standpoints,

Rejection of the graft may take many forms, It is important to know the general
mechamism of graft recognition and of host response to the graft, but it is perhaps
equally mmportant to know the morphologic and chinical details of different forms
of graft rejection in order to be able to dingnose them promptly. In this chapter,

Copynght 2002 by The MeGraw-Hill Companies, Inc. Click Here for Terms of Use.
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we will provide characteristics of hyperacute, acute, and chronic graft rejection,
and will show how effector mechanisms of mnate and adaptive immunity act
during the rejection that takes either of these forms. We will also discuss some
basic approaches in graft rejection diagnostics and therapy.

At the end of the chapter, we will discuss a special case of transplantation -
bone marrow transplantation. We will analyze the efficiency of this promising new
appreach to reatment of various forms of cancer and immunodeficiency. and the
limitations of this method. We will also define and characterize a major comphica-
tion of bone marrow transplantation, which is the gso-called grafi-versus-host dis-
ease. Finally, we will discuss the pathogenesis of immunodeficiency in long-term
survivors of bope marrow transplantation and highlight some new and interesting
experimental findings that shed light on the origing and possible prevention of this
phenomenon.

Discussion

15.1 The literature contains special terms referring to
combinations of donor and recipient during
transplantation. What are these terms?

These terms are all based on the following Greek words or word parts: autos, the
same; syw-, a prefix that points o two things being identical: aflos. other: and
yenos, foreign or alien. The terms derived from these Greek words and used in
transplantology are as follows. A graft transplanted from one individual to the
same individual is called an autologous graft or autograft. (Autografting is vsed in
experiments, and also sometimes i climeal practice, e.g., during bone marrow
transplantation; see later sections ) A graft transplanted between two genetically
identical mdividuals (e.g., from one animal from an inbred strain to another
animal of the same strain, or from one identical twin to another) 18 called a
syngeneic graft. A graft tramsplamted between two individuals that are genetically
different, but belong to the same species (e.g., from an animal that belongs to one
mbred strain to an animal that belongs to another inbred strain. or from one
randombred animal or human to another) is called an allogeneic graft or allograft.
A graft transplanted between two mdividuals that belong to two different species is
called a xenogeneic graft or xenograft. Allograftimg is the most widely used in
climical practice, although, as we will detail later, xenografting attracts much
attention for its surprisingly high potential in certain climeal situations.

15.2 What experiments, performed in the mid-20th
century, shed light on the immunological nature of
graft rejection?

Although the phenomenon of almost mevitable rejection of transplants was
known for centuries, the nature of this rejection was not appreciated until the
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19502, The decisive experiments that proved graft rejection to be a form of
mmune reaction were performed in Great Britain, betoween 1940 and 1955, by a
group of scientists led by Peter Medawar. Medawar and his co-workers grafted
skin from mice that belonged to certam inbred strain, to other mice. Recall from
Chapter 5 that approximately at the same time, another group (led by George
Spell. in the USA) was carrving ourt similar experiments, However, while Spell er
al. were merested i the genetic basis of transplant rejection or acceptance.
Medawar amd his group sought to establish the actual mechanism of transplant
rejection,

The first basic cbservation that Medawar and his co-workers made was that
a second graft transplanted to an allogeneic recipient was rejected faster than
the first. In addition, this secoml-set rejection was qualitatively stromger than the
first: the graft underwent necrosis before it fell off. Second-set rejection was
specific: if the recipient received a graft [rom one allogeneic strain and then a
eraft from another strain, both grafis were rejected m a *“first set™ fashion, Thix
observation made Medawar and his colleagues think that rejection of the graft
resembles an immune reaction in that it shows specificity and is faster and
stronger when the host encounters the grafi. like an antigen. repeatedly. The
second basic observation was based on the technique of adoptive transfer. The
experimenters showed that adoptively transferred |lymphocytes from a graft
recipient cam “‘sensitize” naive syngeneic mice. In other words, if a mouse
that belongs to strain A bears a grafi from strain B, and the graft-bearing
A-mouse |ymphocvtes are adoptively transferred into an A-mouse without
graft, the mouse that adoptively transfers the lyvmphocevtes will reject the B
graft in a “second-set fashion,” although it had never been transplanted to it
before. Taken together, these two observations proved that graft rejection is a
form of immune reaction. in which lymphocytes specifically recognize grafi as
foreign.

15.3 What exactly is the role of MHC molecules in the
immune system’s reaction to the graft?

This role can be briefly summarized as follows: MHC molecules, or peptides
generated from these molecules, serve as the main entity recognized in the graft
by the host, In addition. MHC molecules serve as the main targer of the immune
attack on the graft developed by the host. There are several lmes of evidence
that support this notion. First, in case of allogeneic transplantation, the dis-
crepancy in MHC alleles always results im graft rejection, and the greater the
dizcrepancy, the stronger the rejection. Second, physical remowval of antigen-
presenting cells (“passenger leukocytes,” see later) from the graft substantially
diminishes the strength of the rejection, and delays its time. Fimally, the recog-
nition of the graft by the host and the immume attack of the host on the graft
can be modeled in virro (see later sections). In these w-vitro models, both the
recognition and the immune attack can be completely blocked by anti-MHC
antibodies.
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15.4 What are the main features of the immune
recognition of allogeneic MHC molecules?

Although antibodies de have a role in transplant rejection (see later), T-cell
recognition of allogeneic MHC molecules is of the greatest sigmificance in the
fate of the allograft. Principally, allogeneic MHC molecules can be recognized
by the host’s T lvmphocytes following either direct or indirect presentation. The
former means that T cells of the host recognize mtact MHC molecules expressed
on the allograft’s antigen-presenting cells. The latter means that antigen-present-
mg cells of the host mternalize and process MHC molecules of the graft and
present their peptides to self T Iymphocytes in association with self MHC mol-
ecules, In both cases, the reaction of T lymphocytes against the allograft is ex-
tremely vigorous, and is characterized by unusually high frequency of T-cell clones
of the host responding to each particular allelic form of the MHC molecules of the
grafi.

15.5 What are the reasons for the frequency of alloreactive
T-cell clones being unusually high?

It has been estimated that approximately 2% of all T lymphocytes of an individual
who responds to a direcily presented allogeneic MHC molecule are recognizing and
responding to this molecule. In contrast, only 0.001% or less of all of the indivi-
dual’s T lymphocytes respond to amy given molecule of a foreign antigen other
than MHC. The unusually high fraction of T cells involved in the response to all-
MHC resembles a response to superantigens (see Chapter 14) rather than
responses to antigens, It defimitely umphes that many distinet T-cell clones recog-
nize and respond to the allogeneic molety of the MHC melecule in a cross-reactive
fashion.

The molecular mechanism that accounts for such a wide-ranged cross-reactiv-
ity of the host’s T lyvmphocytes is rather complex. It might be better understood
if we recall that the thvmus, where T-lvmphocyte precursors underge their
“education” and are selected, has virtually no foreign MHC molecules (because
foreign amtigens are trathicked from their portals of entry directly into peripheral
lympheid organs). Therefore, no mature T cells are selected to recognize foreign
MHC molecules as such, or peptides generated from these molecules as such,
The ability of a T cell to bind a foreign MHC molecule is due exclusively to cross-
reactivity. The T cells of the host that origimally are selected to recognize certain
foreign peptides i association with sell MHC cross-react with: (a) portions of
foreign MHC molecules that are structurally identical to the foreign-peptide—self
MHC combination that the T cells normally recognize; and (b) portions of
foreign MHC molecules associated with wide variety of self peptides that,
again, become, due to this unusual combination, identical in their amino acid
sequence to various foreign peptide-self MHC combinations, In addition, many
T-vell clones that respond to foreign MHC molecules are cross-reactive memory
T cells that originally recogmzed microbial peptides im association with self
MHC.
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15.6 Is the frequency of T cells reacting to indirect
allo-MHC presentation equally high?

Perhaps. Indirect presentation of foreign MHC means that they are recognized as
“regular’” antigens, i.e., processed in professional APCs and presented to T vells of
the host as peptides associated with the host’s own MHC molecules. In this case,
CD4" MHC Class 11 restricted cells of the host are predeminantly invelved,
because the cells that express foreign MHC molecules are phagoceytosed by the
host’s cells, and the foreign MHC molecules themselves are processed in the host’s
cells” endosomal-lysosomal compartment (see Chapter 6). This is a case of “cross-
primimg” discussed in Chapter 14. Since MHC molecules are extremely poly-
morphic, and each allogeneic MHC molecule can give rise to multiple foreign
peptides, again, very many different T-cell clones can recognize and respond to
a single allo-MHC molecule.

15.7 Are MHC molecules the exclusive target of the host's
T cells?

MNo. There are some other polymorphic gene systems in the donor of the graft,
voding for proteins that might be allelically “foreign® to the hest. These antigens
usually mduoee, if any, slower and weaker responses of the hest than MHC mol-
ecules, and are therefore called minor histocompatibility antigens. These antigens
are especially mmportant for the development of some complications m bone mar-
row transplantation, which will be discussed later in this chapter.

15.8 How can the recognition of MHC molecules and the
immune attack on them be modeled in vitro?

Aswas dizcussed in Chapter 5, the two most versatile and popular tests used for this
purpose are the mixed lvmphocyte reaction (MLR) and cytolytic (CTL) assays.
Recall that MLE invelves mixing donor and host’s mononuclear cells in a culture
dish and assaying proliferation by incorporation of *H-thymidine, If one of the two
cell populations is rendered imeapable of preliferation (usually by gamma-irradia-
tion), the MLE becomes “one-way,” such that the nonproliferating population
serves exclusively as stimulators (ie., presents the antigen), and the other serves as
responders (develops the response to recognized antigen). Application of antibodies
that block MHC molecules on the stimulator cells. especially the N-terminal pep-
tide-binding regions of these molecules where allelic differences actually concentrate
(see Chapter 5), will strongly inhibit or abolish the proliferation of responders. In
the CTL assay, radioactive chromium escapes stimulator cells only if they are dam-
aged by activated and differentiated responder CTL that recognize allelic differences
in the stimulator’s MHC molecules, Again, CI'L can be blocked by applying anti-
bodies specific to MHC of the stimulator. It is noteworthy that both MLE and CTL
actually model the direct presentation of MHC antigens. fr-vitro models of the
indirect MHC presentation are being developed recently (see Section 15.9),
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15.9 What is known about the actual in-vivo recognition of
grafts?

Most of our knowledge about the recognition phase of anti-allograft immune
reactions comes from the above-deseribed MLR maodel. Yet, experiments on
mbred and especially congemc mice (see Chapter 5) shed some additional light
con the nature of transplant recognition, Studies of graft rejection in congenic
mice where the donor and the recipient differed only in particular MHC loci
underscored the notion that what 15 actually recogmized during the grafting is the
foreign MHC allele. In addition, m-vive studies showed that allogeneic MHC
molecules can be indirectly presented to the host’s T lvmphocytes by the host’s
professional APCs, most importantly demdritic cells. Also, the donor’s APCs,
again, most likely dendritic cells of the donor origin, can play a role in the
presentation of the donor’s MHC molecules to the recipient’s T cells. These
donor’s APCs reside im the interstitiuim (mtracellular spaces) of the graft, and
were sometimes called in older literature “passenger leukocytes” Experiments
showed that rigorous washing of a graft (eg., a piece of =kin), resulting in
removal of most “passenger leukocytes,” leads to a delay in the rejection of
this graft. Studies using morphological, histochemical, and cellular immunology
techmgues showed that the majority of the so-called ““passenger leukocvies” are
in fact dendritic cells.

15.10 What is known about the activation of the host's
immune system during transplantation, as judged
from in-vitro and in-vivo studies?

Early studies that employed MLE and CTL assays, performed in the late 1970s to
early 1980s, have clearly demonstrated that the recipient’s T lymphocytes are being
activated in response to grafts (in particular, to alloantigens). In the course of their
activation, the T cells proliferate; their further fate depends on their belonging to
either helper of cytolytic subset. Most of the T vcells that express CID4 and recog-
nize Class 11 MHC molecules of the donor differentiate into cytokine-producing
helper T lyvmphocytes. Most of the T cells that express CDE and recognize the
donor’s MHC Class I molecules differentiate inte CI'L. Both populations strongly
incorporate “H-thymidine in MLR. The proliferative response of the first subset
van be blocked by monoclonal antibodies to the donor’s MHC Class I molecules,
or to CD4; the proliferative response of the latter can be blocked by monoclonal
antibodies against the donor’s MHC Class I moelecules, or to CDE,

The in-vivo studies of the host immune system’s activation focused on the role
of co-stimulators m activation of the host’s T lvmphocytes. It has been established
that recipients’ T vells can be strongly activated by solid tissues that essentially
lack professional APCs, In addition, it was shown that tissues from mice knockout
for molecules such as B7-1 and B7-2 (see Chapters 7-9) can stimulate the recipi-
ents’ T Ivimphocytes. It was concluded from these experiments that donor’s APCs,
albeit of some mmportance for the activation of host’s T cells, are not mandatory
for such activation.
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15.11 Were similar studies performed addressing
B-lymphocyte activation during transplantation?

Yes. but the conclusion from these experiments was, essentially, that the B-cell
activation during transplantation does not differ from the B-cell activation during
the invasion of any foreign protem antigen. B cells are strongly activated by
antigens of the graft, and differentinte mto plasma or memory cells.

15.12 How does the effector phase of immunity manifest
itself during transplantation?

Traditionally, the patterns in which rejection manifests itself were classified as
hyperacute, acute, and chronic rejection. This classification is based on histopathol-
ogy andsor on the time-course of rejection rather than on molecular and cellular
immune mechanisms. However, some data about the invelvement of inpnune
system in graft rejection are available, and will be included in the following dis-
CUSS10TL.

15.13 What is hyperacute rejection?

It 1= a rejection of a graft that oceurs within minutes to hours (seldom a few days)
after grafting. This type of rejection is mediated by pre-existing antibodies to graft
antigens. Climical features that accompany the hyperacute graft rejection mclude
hemorrhage (bleeding). thrombotic occlusion of the graft vasculature. and irrever-
sible ischemic damage (necreosis) of the graft. It is thought that the hyperacute
rejection beging from binding of pre-existing antibodies to antigens expressed on
graft endothelial cells. If the bound antibodies bind complement (and many of
them do), the activated complement cascades stimulate the endothehial cells to
secrete a number of products, mcluding high-melecular weight isoforms of the
so-called Willebrand factor. The latter mediate platelet adhesion and aggregation,
leading to imtravascular coagulation in the graft.

In previous years, hyperacute rejection was often mediated by pre-existing
IeM alloantibodies. Such antibodies can be triggered, for example, by carbohy-
drate anfigens expressed on bacteria that celenize the gastroiniestinal tract
earlv in hife. The best known example of IgM alloantibodies are antibodies
directed to ABO antigens expressed om red blood cells (and also endothelial
cells). Nowadays, hyperacute rejection by anti-ABO antibodies is not a climical
problem because all denor—recipient pairs are selected to have identical ABO
antigens of the same ABO type, However, other allcantibodies, in particular,
IgGG alloantibodies, are a problem even today. Such antibodies can be triggered
by previous blood transfusions, transplantations, or multiple pregnancies. If the
titer of these alloantibodies iz low, the hyperacute rejection can develop for as
long as several days, and is in this case referred to as accelerated acute rejec-
tion. To prevent hyperacute or accelerated acute rejection, potential graft
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recipients must be tested for pre-existing antibodies to graft tissues before
actual grafting.

15.14 What is acute rejection?

It is a rejection of a graft that begins after the first week of tramsplantation. This
type of rejection is mediated by T cells, macrophages, and antibodies of the reci-
pient. In contrast to hyperacute rejection, the effectors of this reaction do not pre-
exist, but have to be elicited by the graft recognition: T cells must go through
activation and differentiation, and antibodies must be produced. This explains the
delay in the onset of rejection. Both Ty, and CTL are involved in acute rejection:
CTL directly lyse the graft cells, and Ty, produce cytokines {(mostly “signature”
Tyl cytokines IFN-y and IL-2) that activate macrophages and recruit inflamma-
tory leukocytes. 1t 15 belhieved, however, that CTL plav a more important role than
Ty, because the mfiltrates present in grafts undergoing acute rejection are markedly
enriched by CD& " CTL. In addition, alloreactive CTL can cause acute rejection
after their adoptive transfer. In recent years, graft biopsy followed by reverse-
transcriptase polyvmerase chain reaction (see Chapter 5) amplifying such CTL
genes as perforin and granzyme B became a specific and sensitive imndicator of
climical acute rejection. Nevertheless, Ty 1 vells and DTH reactions that they cause
are also instrumental in acute graft rejection. CD4™ Ty, cells can alse trigger acute
rejection upon adoptive transfer; in addition, acute rejection still occnrs m knock-
out mice lacking CDE (and therefore CD8™ cells) or perforin. Histologically,
acute rejection manifests as vascular damage (“endothelialitis™), parenchymal
cell damage, and interstitial inflammation but, unlike m the case of hyperacute
rejection, not in thrombosis.

15.15 What is chronic rejection?

It i a rejection of a graft that begins several months after transplantation and
develops over an extended period of time, The pathogenesis of this type of

aft rejection is still not completely understood. Chronie rejection mamnifests in
what 1s called graft sclerosis, which is often manifested histologically as prolif-
eration of smooth muscle cells in the tunica intima of graft vessels, It is believed
that this proliferation is the result of a special Kind of DTH, where activated
macrophages secrete smooth muscle growth factors, Experiments i rodents
show that chronic rejection often follows the pharmacologically suppressed
acute rejection. However, in human climcal subjects, there is no correlation
between chromic graft rejection and episodes of previcous acute rejection. or
mfections, or lipid abnormalities that are known to cause ““regular™ athero-
sclerosis.,

Another mamifestation of chronic rejection is fibrosis, which is believed to be
caused by activated macrophages producing mesenchymal (extracellular matrix)
growth factors such as platelet-derived growth factor (see Chapter 11).
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15.16 What are the main principles of medical intervention
to stop or prevent graft rejection?

Theze include: (1) general immunosuppression; (2) minimizing the strength of spe-
cific allogeneic reaction; and (3) attempts to induce specific immune tolerance to the
graft. Several methods of immumosuppression are commaonly used:

o  lmmunosuppressive drmgs that inhibit or Kill T lymphocytes, Thisis, currently, the
moest popular treatment against graft rejection, The most widely uzed pharma-
cological agent from this provp is eyclosporine. This drug, essentially, inhibits
the transcriptional activation of certan genes, notably eyvtokine genes, includ-
ing IL-2 (see Chapters 7 and 10). Recall from Chapter 7 that antigen-triggered
signal transduction pathways in T lvmphoeytes melude activation of transcrip-
tion factors like NFAT. Such activation requires the formation of a complex
between wcalcium  and a  cvtoplasmic  phosphatase  called  calcineurin.
Cyclosporine binds to another abundant eytoplasmic protein, called cyclophilin.
The complex of cyclosporime and cyclophilin is capable of high-affimty binding
to calcimeurin, thus preventing its enzymatic activity and shutting down NFAT.
A second mehanism of action of evclosporine is that it stimulates the synthesis
of the mhibitory cytokine TGF-[i (see Chapter 10). Thus, T cells under the
influence of cyclosporine do not proliferate or differentiate because of the
lack of IL-2 and the hyperpreduction of TGEF-3. Due te the wse of evelesporine,
moest heart and liver trangplants are now able to survive for over five years,
However, some cases of graft rejection are resistant to eyclosporine; in addition,
the doses of eyvclosporine needed to inhibit NFAT tend to damage the patient’s
kKidneys. FR-506 is a fungal metabolite that binds to its specific binding protein
(called FKBP, from FK-506 binding protein) and acts very similarly to cvelo-
sporime. It is sometimes efficient in cases of graft rejection that are resistant to
cyclosporine. Rapamycin is another drug that, like cyclosporine amd FK-506,
inhibits T-cell proliferation, albeit through a different mechanism. It is an anti-
biotic that binds to FEKBP, but the rapamycin-FKBF complex dees net inhibit
calcineurin, Instead, it binds another protein called MTOR (from mammalian
target of rapamycin). which may serve as a regulator of a protein kinase that
participates im cell cycle control. Rapamycin-treated T vells show abnormalities
in their evelimfeyclin-dependent kinase complexes (gee Chapter 10). In addition,
rapamycin, a8 well as a drug with similar effects called breguinar, inhibits anti-
body synthesis and is useful in prevention of B-cell reactions against grafts.
Combinations of eyclosporine amd rapamycin and/or brequinar are known to
be very efficient in many cases of graft rejection.

* Metabolic toxins thal Kill proliferating T lymphocytes. Formerly, the drugs
belongng to this group and used i transplantation chnics to fight graft rejec-
tion mcluded eyclophosphamide amd azathioprine. These pharmaceutical
agents do not act selectively on T celle but, rather, Kill any cell that i= actively
synthesizing pew DINA. It is ne wonder that such drugs caused many side
effects, including negative effects on bone marrow precursors of blood cells
and enterocytes of the gut. At present, a new drug called mycophenolate mofetil
{MMTF) has appeared and is widely vsed to selectively kill the proliferating T
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lvmphocytes during graft rejection. MMF is metabolized to mycophenolic acid,
which blocks a lvmphocyte-gpecific isoform of an enzyme called imosine mono-
phosphate dehydrogenase. This enzyme is required for the synthesis of guanine
nucleotides, amd the isoform of this enzyme that MMF blocks is not present in
any other cell tvpe. Thus, MMF selectively kills activated T Ivimphocytes; it is
very effective in many cases of graft rejection {especially in combination with
cyclosporine), and is not known to cause serious side effects.

e Antibodies reactive with T lvimphocyte surface antigens. Two of these are espe-
cially useful: OKT3, a mouse monoclonal antibody agamst CD3 {Chapter 7),
and anti-C D25, an antibody to the alpha cham of the human TL-2R (Chapter
10). It is somewhat paradoxical that OK'T3 is so effective, because in vitro this
antibody acts like a potent T-vell mitogen. However. in vive it 15 toxic 1o T
lvimphocytes, perhaps because it activates complement and/for acts as a specific
opsonin (Chapters 11 and 13). The ant-CI325 antibody is thought to either
block the alpha subunit of the 1L-2R from binding 11L-2, or to act similarly to
OKT3. In the recent years, attempts were made to “humamze” anti-CID25
antibody by replacing its constant region with that of a human mmunoglob-
ulin through the use of genetic engineering techniques (see Chapters 3 and 4).
The “humanized” anti-CID25 antibody does not trigger strong species-specific
response of the host’s immune system, and is thus very promising.

s Anti-inflammatory agenis. The most popular pharmaceuticals from this group
are glucocorticoid (or corticosteroid) hormones, Theze agents are very efficient
in combating graft rejection because they strongly inhibit the production of
TNF and 1L-1 by macrophages and the recruitment and functions of mflam-
matory leukocytes (see Chapters 10 and 11). In very large doses, corticoster-
oids are also directly toxic to T cells, but these deses are ugnally not prescribed
because of exceedingly strong side effects. Recently. new anti-inflammatory
agents were put into chinical trials; these include soluble cytokine receptors
andd amtibodies to eyvtokines and adhesion molecules.

15.17 What methods are used to minimize the strength of
specific allogeneic reactions?
These include testing the recipient’s serum for pre-existing antibodies to graft
tissues before grafting (see above), and tissue typing (see Chapter 5). Testing the
recipient’s serum for pre-existing antibodies to graft tissues is sometimes referred
to as cross-matching. Usually, suspensions of the donor’s lvimphocytes are used as
representatives of the donor tissues, but in fact amy tissue can serve this purpose.
Tissue typing is done with the help of Terasaki’s microlymphocytotoxic test. or
through PCR (see Chapter 5). A large body of evidence indicates that matching of
at least five out of six alleles (two HLA-A, two HLA-B, and two HLA-DE)
between the donor and the recipient is crucially important for graft survival If
less than five out of six of the above alleles match, poorer results are achieved; for
example, less than 60%% of renal allotransplants survive for more than 5 years. The
HIA-C alleles seem to be less important, although the HLA-C antigen seems to be
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an activator of allogeneic T cells. Typing of HLA-D) alleles 15 less important
because the HLA-IX) locus iz i strong linkage disequilibrinm with HLA-DR. (see
genetics textbooks for details). The significance of HLA-DP allelic match is not yet
appreciated because few HLA-DP-specific typing reagents exist.

15.18 What methods are used to induce specific tolerance
to the graft?

As was discuszed in Chapter 9, P. Medawar’s experiment with neonatal tolerance
imduction has demonstrated that it is principally possible to create a state of life-
long specific umresponsiveness of a recipient to various grafts. Unfortunately,
Medawar’s approach, while being excellent for mice, did not yield practical results
in humans, presumably becavze human infants are born with a relatively mature
immune system (at least compared o mice). Attempts o induce specific tolerance
to alloantigens in humans were relatively successful in bone marrow tramsplanta-
tion {see later) when, after trangplantation, the doner’s and the recipient’s lym-
phovytes co-existed in the recipient (the zo-called “mixed chimerism’). Human
mixed chimeras turned out to be tolerant to grafts derived from the same donor
as the domor of bone marrow, presumably because HLA and other alloantigens of
the donor induced specific immune tolerance. This method has now been aban-
doned, however, becausze of the risk of the graft-versus-host reaction (see later).

One interesting and potentially practical approach to tolerance induction in
transplantation chimics is to block T and B co-stimulatory molecules with mono-
clomal antibodies or soluble antagomsts. Thus. specific tolerance was imduced o
cardiac allografts in mice that had been injected with such mhibitors of co-stimu-
lation. To this end, soluble CTLA-4, which blocked the recipients” B7, was used
(see Chapter 7), and antibody to CD40 higand was vsed to block CD40-CD40L
mteraction (see Chapter 8). Similar experiments have already been successfully
performed on primates, and it is likely that this approach will be beneficial for
humans. Yet ancther approach to mduce tolerance m humans is to mject potential
graft recipients with allogeneic MHC-derived immunodominant peptides in their
tolerogenic form, e.g., in high doses intravenously (see Chapter 9). These methods
of tolerance induetion are currently being used in chmeal trials.

15.19 What is known about xenogeneic transplantation,
and can it be of practical use in clinics?

Xenogeneic transplamtation attracts much attention because of the availability of
tissues and organs derived from domesticated amimals, In some climical situa-
tions, xenogeneic transplantation has already been long practiced with success;
for example, the skin from pgs is usually grafted with geed results to human
patients with burns. Pigs are anatomically rather compatible with humans. so
they have been the object of much attention as donors of other organs, e.g.,
heart, liver, and pancreas. A major obstacle to xenogeneic transplantation is the
presence of natural anfibodies that can, and do, cross-react with xenogeneic
tissue and cause hyperacute rejection of xenotransplamts. The consequences of
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antibody binding and complement activation in xenogeneic transplantation are
even more severe than in allogeneic transplantation, possibly because pig cells
do not express inhibitors of human complement. These consequences, however,
can be made milder if grafts are taken from transgenic pigs that express human
complement inhibitors, Another preblem of xencgepeic transplantation is the
so-called delayed xenograft rejection, which resembles hyperacute rejection in
that it 15 accompanied by intravascular thrombosis. However. delayed xenograft
rejection does not require complement activation but, m fact, is mediated by
MNE and macrophages. Xenografis are also rejected by T-cell-mediated mechan-
isms similar to those that are involved in the rejection of allografts (see Sections
[15.14 and 15.15). Currently, attempis to induce specific tolerance to xenografis
are under trial; these attempts are principally similar to those that are being

developed for allografts (see Section 15.18).

15.20 What is blood transfusion, and how does the
immune system work in blood recipients?

The term “transfusion™ refers to infusions of blood taken from one individual to
another. In the past, attempts to transfuse blood always led to disastrous con-
sequences because of the incompatibility between donor’s and recipient’s blood
cell alloantigens, The Arst allcantigen system to be defined i humans, and the
systemn that posed a major obstacle in blood tramsfusions, was a family of red
blood cell surface antigens called ABO. If the alleles of ABO antigens of the donor
and the recipient mismatch, blood transfusion results in extremely strong antibody-
and complement-dependent lysis of the donor’s red bleod cells by alloantibodies
present in the revipient’s serum. This lysis 18 accompanied by massive release of
free hemoglobin, which at high concentrations 1s toxic to hiver and kidney cells;
thus, it rapidly leads to liver and Kidney failure. In addition, massive lysis of red
blood cells triggers an extensive production of such cytokines as TNF and IL-1
{(Chapter 10), cavsing high fever, shock, and disseminated intravascular coagula-
tion, which may be fatal. IgM alloantibodies to foreign ABO antigens pre-exist in
the recipient’s serum before transplantation; it is believed that they are triggered
by cross-reactive microbial antigens,

Chemically, all ABO antigens are glycosphingolipids, All individuals express a
common core glycan. called the O antigen: it is attached o a sphingolipid. An
enzyme which functions as a glycosyltransferase modifies the O antigen in a way
that depends on the exact allelic form of this enzyvme. The single genetic locus that
codes this enzyme can exist in one of three allelic forms, called A, B, and O, The
enzyme form coded by the O allele is mactive, so no glycosyl modification of the O
antigen occurs if the O allele is expressed. This allele is recessive; therefore, to be
expressed, it needs to be present im two identical copies on the two homologous
chromosomes. The enzyme coded by alleles A and B is active, but its activity is
different depending on which of the two allelles codes it, The enzyme coded by the
A allele transfers a terminal N-acetylgalactosamine moiety to the O antigen, and
the enzyme coded by the B allele transfers a terminal galactose moety. The A and
B alleles are vo-deminant, se, if a persen inherits both of them. that persen will
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have both forms of the enzyme active, Thus, recessive homozygotes express unmao-
dified O antigen on their red blood cells; AQ heterozygotes or AA homozygotes
express N-acetylgalactosaminated O antigen (called “A antigen”); BO hetero-
zygotes or BB homozygotes express galactose-coupled O antigen (called “B
antigen™), and AB heterozygotes express both A and B antigens,

Complement-dependent lysis of donor’s cells can be caused by binding of pre-
existing anti-A antibodies to the A antigen, or anti-B antibodies to the B amtigen.
or anti-A and anti-B antibodies to both A and B mntigens. In mmdividuals who
express the A or the B antigen, anti-A or anti-B antibodies are usually not
detected, presumably because these antigens cause specific immune tolerance
early in fetal life. However, in imdividuals who do not express these antigens,
the anti-A andjor anti-B antibodies can be present in high titers. Currently, all
potential recipients of allogeneic blood are rigorously tested for expression of A
and B antigens, which minimizes the risk of the complement-dependent lysis of
donor’s cells after transfusion. It should be noted, however, that the ABC alloanti-
gen system is ouly one of the many existing alloantigen systems represented in human
blood cells. Because of this. transfusion of whole allogeneic blood remains a risky
procedure, and must be avoided whenever imfusions of blood substitutes or other
therapeutic measures are effective,

The so-called ABH and Lewis alloantigen systems are examples of the above
“other” systems. Both of them are systems of alloantigens created by enzymatic
maodification of the same above-mentioned O antigen; however, the emzymes that
maodify it are different from the enzvmes that create the A and the B antigens of the
ABQO system. Lewis antigens began to attract much attention of immunclogists
recently, because it is now believed that their carbohydrate groups serve as higands
for E-selectin and P-selectin (see Chapters 11 and 12). Incompatibility between the
donor and the recipient in the allelic forms of ABH, Lewis, MNSs, Kell, and other
red bleoed cell antigens does not lead to massive complement-dependent lyvsis of the
donor’s red blood cells; nevertheless, it does lead to progressive apemia, jaundice
(because of chromc liver failure), nephritis, and other negative consequences of
allogeneic immune response. The Bhesus antigen system is yet another exaomple of
antigens associated with the membrane of red blood cells and able to trigger the
synthesis of alloantibodies that may be dangerous to the fetus (see applied immu-
nology and pediatrics textbooks for details).

15.21 What is bone marrow transplantation, and how do
immune mechanisms work in marrow recipients?

Bone marrow transplantation is a powerful new method of combating such serious,
life-threatening diseases as hemopoietic tumors (leukemias and Ivmphomas),
anemias, and immunodeficiencies. Fssentially, bone marrow transplantation is the
transplantation of pluripotent bone marrow stem cells (see Chapter 2), Until
recently, the only way to transplant these cells was to transfer the aspirated
bone marrow from a donor to a recipient. At the moment, however, alternative
methods exist: for example, treatment of the potential donor with GM-CSF
(Chapter 10) can mobilize the dener’s bone marrow stem cells, and they can be
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isolated from the donor’s peripheral blood. Because of these new approaches, the
term “bone marrow transplantation” gradually gives way to a more accurate term
“stem cell tramsplantation.™

Allogeneic bone marrow cells are readily rejected even by MHC-compatible reci-
pient if the recipieni is Immuonocompetent. In fact, even a complete MHC match
between the donor and the imunocompetent host would not prevent the rejection,
because the latter is known to be at least partially mediated by NK cells rather
than bv alloreactive T cells. The involvement of NK. in bone marrow graft rejec-
tion explains the phenomenon of hybrid resistance observed in experimental allo-
geneic bone marrow transplantation in mice, Recall from Chapter 5 that if the
reaction to graft is triggered by MHC alleles {which are expressed in co-dominant
fashion), F1 hybrids between two murine inbred strains will not reject grafts from
either parent. However, F1 hybrids do reject bone marrow grafts from both
parents, The exact mechamsm of bone marrow graft rejection mediated by NEK
cells ix not known,

Because of the above, the ouly way to ensure engraftment is to ablate the immune
system of the host. This is accomplished by imadiation and extensive chemother-
apy, both of which must precede the transplantation, Insufficient irradiation and/
or chemotherapy may result in residual cccupancy of the bone marrow “niches™
by the host’s own bone marrow stem cells, and may mhibit or even abrogate the
engraftment. Needless to say, patients who receive a nearly lethal dose of radiation
and chemotherapy need very special care, which makes it a must for bone marrow
transplantation units to have sterile conditions and special equipment.

If the transplinted bone marrow survives in its new host, the stem cells begin to
give rse to hemopoietic precursors and, eventually, to mature blood cells, includ-
mg T and B lymphocytes. The “brand new” immune system of the recipient,
however, 18 prone to twe major abnormalities, which are the graft-versus-host
disease (GvHD) and immunodeficiency.

15.22 What is GvHD?

It is, essentially, an immune attack developed by the newly matured grafted immune
system against tissues of the bonme marrow recipient (host). T cells of the donor
origin are major mediators of GvHD. The target antigens that they are believed
to recognize and respond to (in MHC-matched recipients) are minor histocompat-
ibility antigens mentioned in Section 15.7. GvHI is a severe climcal problem, and
a major limitation to bone marrow transplantation m humans. It may also develop
after transplantation of such solid organs as lung or bowel, because these organs
contain many mature lymphocvtes of the donor origin. Jusi like graft rejection,
GvHD can be classified into climeal forms based on predominantly histologic
patterns,

Two forms of GvHD are known: acute GvHID and chronic GvHD. Acute GvHD
iz characterized by necrosis of three principal target organs: the skin, liver, and
gastrointestinal tract, In the liver, biliary epithelial cells but not hepatecvies are
involved. In severe cases of acute GvHID, the skin and the epithelial himng of the
gastrointestimal tract may slough off, which may be fatal. Chrome GvHD involves
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the same target organs, but manifests as ibrosiz (growth of connective tissue) rather
than necrosis, Although both acute and chronic forms of GvHD develop because T
cells recogmize target antigens and respond to them by activation, CTL responses are
not the major effector mechanism in these conditions. The principal effector mechan-
ism of GvHD is the action of NK cells activated by high local concentrations of
cytokines, Such NK cells are sometimes referred to as LAK (from Ivmphokine-
activated killer cells). Usually. GvHD is treated with the same immumosuppressants
that are vsed against T-cell-mediated graft rejection (especially cyclosporine).
However, NK_ cells may not respond to treatment with these drugs, and, therefore,
attempts to treat GvHD so far have failed. Success in the fight against GvHD
perhaps lies more in its prophylactics, which will be greatly advanced when the
nature of minor histocompatibility antigens are better understood.

15.23 What is the nature and the character of
immunodeficiency in bone marrow transplantation?

In virtually all cases of “successful” bone marrow transplantation, at least some
long-lasting immunodeficiency (see Chapter 18) can be observed. The origin of
mmmunodeficiency is, most likely, mm that the unique architectomcs of secondary
Iymphoid organs is damaged more or less irreversibly during the “conditioning™
of the patient before transplantation (radiation, chemotherapy). Because of this
damage, even if T and B cells eventually mature, they show some partial develop-
mental defects. For example, B cells show defects in their class-switch (especially to
[gA) and in their selection in the germinal centers. Peripheral blood B lvimphocyies
of long-term survivors of bone marrow transplantation accumulate few or no
somatic mutations in their antibody V-regions (see Chapter 4). Due to partial immu-
nodeficiency, many bone marrow transplant recipients are abnormally susceptible
to bacterial and viral infections. The bacterial infections mclude those of pneumo-
cocel and H. influenzae, while viral infections include EBY infection (sometimes
aggravated by EBV-induced B-cell lymphoma), and eyvtomegalovirus infection.

REVIEW QUESTIONS

1. What features of the fate of grafis prompted Medawar and his co-workers that grafi
rejection is a form of imimune reaction?

2. What is cornmon and what is different between a T-cell reaction to foreign MHC and a
T-cell reaction to microbial superantigens?

3. What 15 the role of cross-priming in graft recogmtion?
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4. Briefty stunmarize the information that transplantation imminelogists and clinicians
obtain when thev analyze the results of MLE and CTL assays,

5. It has been mentioned that rigorous perfusion of solid grafis before transplantation
increases the chances for the graft's survival. What dees this prove?

6. Why are T cells not made tolerant when they recognize foreign graft antigens in B7-1
or B7-2 knockout mice?

7. What is the significance of Willebrand factor in transplantation?

B. If we assnme that DTH and CTL responses are equally wnportant for acute graft
rejection, which dolible knockott mice will not develop it {or at least develop it in a
mild form)?

9. Explain the importance of cyclosporine for transplantation.

10. Which feature of brequinar, not shared by other anti-rejection drugs, validates its use
in transplantation clinics?

11. Antibodies to which mmman antipens have the greatest potential for use in transplanta-
fion clinics?

12, What did immunclogisis and clinicians learn from the phenomenon of mixed
chimerizm?

13. Individuals who belong to blood group O (Le. those whe express neither A nor B
antigens) used to be called universal doncoes,” meaning that their blood can be safely
transfused to recipients whe belong to any blood group. What was the reason behind
such confidence, and is it really pstified?

14. A patient who survived for three months after bone marrow transplantation snddenly
begins to complain of unbearable skin itching and the appearance of multiple skin
rashes. What condition would you suspect. and what 1s the mechanism of this condi-
tiom?

15. What could be the consequences of the scarcity of somatic mutations in antibody V-
region genes of bone marrew transplant recipients?

MATCHING

Direction: Match each item in Column A with the one in Colwmn B to which it is most
closely associated, Each item in Column B can be nsed only once.

Colvrnmn A Colunm B
1. Second-set rejection A. Cells that incorporate “H in MLR
2. Host's APC process grafi's MHC B. Cvtomegalowvirus infection
3. Responders C. Stem cells
4. Mediated by pre-existing antibodies D MNE cells
5. Sclerosis E. “Sensitized” lenkocytes
6. MTOR F. Have anti-B IgM in sermm
7. Patients with blood group A (. Chronie rejection
. Cells that actually give rise to recipient’s  H. Bound by tapamycin-FE.BR
new immune system I. Hyperacute rejection

9. Target hiliary epithelium during GvHD  J. Indirect presentation
10, Often complicates marrow
transplantation
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Answers to Questions

REVIEW QUESTIONS

1. The secondary grafl 1s rejected faster and stronger than the first; sensitized leukocytes
could trigger a second-set rejection when adeptively transferred.

2. Common: vnusually high frequency of responding T cells and the ability 1o recognize
unprocessed MHC molecules: Different: the site of interaction with peptides on TCR
{in case of MHC antigen, it is a “conventional™ site that inclides CDE; superantigen
sites lie cutside of the “conventional” antigen-binding TCR. site).

3. It invelves APCs of the host or of the graft, and allows the host's T cells to recognize
the grafi’s MHC as conventional antigen. 1t can be diminished by eliminating APC
{e.g.. by graft perfusion).

4. The MLE indicates how strongly the T cells are activated; the CTL assay indicates
how extensive is their potential to differentiate into effector cytolytic cells.

5. That indirect presentation of MHC molecules ocours f# vive,

6. Because many T cells recognize nnprocessed MHC molecules, which, as in the case of
superantigen recopnition, probably leads to TCR. cross-linking (and thus bypasses the
necessity of “signal tweo™).

7. High-molecular weight isoforms of this enzvime mediate platelet adhesion and activa-
tion during hyvperacute graft rejection.

8. Examples inclnde TFM-y and perforin, or IL-12 and perforin, or IL-12 and granzvine
B, etc.

9. Cyclosporine revoluliomzed iransplaniation because 11 inhihats transcryptional activa-
tion of the IT.-2 gene and thus prevents T Ivimphocytes from responding to grafts. Due
to the use of cvclosporine, most liver and heart allografts can now survive for more
than five years.

10. Brequinar inhibits antibody synthesis and thus prevents B-cell reactions against grafts.
11. CD3 and CD25.

12. That it is principally pessible to induce tolerance to grafts in hiuman recipients.

13. The reason for confidence was that, since they have no expressed ABO alloantigens,
thev will not be lysed by anti-A or anti-B alloantibodies of recipients. However, ABO
15 only one of the many alloantigen systems expressed on red blood cells; thus, the

absence of A and B dees not gnarantee the match on ABH, Lewis, MNSs, Kell, and
other alloantigen systems.

14. Acute GvHD. NE cells of the doner ongin have attacked the patient’s epithelial cells
in the skin.

15. No affinity maturation, hence perhaps poor protection against bacterial infections,

MATCHING

LE 213 A4 I;5G;6 H; 7, F; 8, C; 9 D; 10, B



CHAPTER 16

Immunity to Tumors

Introduction

L 270

Tumor is an uncontrolled, deregulated growth of tissue that can, and often does,
severely affect the overall homeostasis of the tumor-bearing orgamsm and even-
tually kill this organism. Tumors. especially malignant tumors or cancers, are a
serious health problem and a major cause of death worldwide. Because of that, the
mmportance of knowledge about mechamsms of antitumor resistance cannot be
underestimated, In this regard, it is remarkable thai as early as in the 1950s,
Burnet envisiened immune cells as sentinels or watchdogs who constantly perform
what he called an “immune surveillance.” He reasoned that sinwce tumor cells are
“changed,” their antigens might stop being self for the orgamism, and the immune
system thus might recognize the tumor antigens and react to them, According to
Burnet’s vision, new tumors appear in orgamsms constantly, but are normally
recognized and destroyed by the immune system very early after their onset.
Further. the immune system responds also to tumors that escaped the “surveil-
lance,” and keeps their growth under control. Only when the immune system fails
both of these tasks — surveillance and restriction of tumor growth — does the tumor
begin to grow rapidly and becomes a threat to its hest. The hypothesis of immune
surveillance has been often seriously criticized because, as we will discuss, most
tumors are only weakly immunogenic and, in addition, they tend to evade immune
responses. Nevertheless, the basic notion of mmune surveillance agamst tumors
received a sound experimental support.

In this chapter, we will begin our discussion from early experiments that sup-
ported Burnet’s immune surveillance hypothesis. We will then classify tumor anti-
gens and illustrate the importance of these antigens in tumor immunity, as well as
m diagnostics of certain tumors, Our discussion will continue with a dissection of
the antitumor immune response, We will then proceed to the analysis of ways and
means that tumors use to evade mmumity, and of possible ways to strengthen the
mmmune response to tumors. At the end of the chapter, we will show some ex-
amples of suecessful use of immunctherapeutic strategies in the fight with human
malignancies.

Copynght 2002 by The MeGraw-Hill Companies, Inc. Click Here for Ternms of Use.
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Discussion

16.1 How was it demonstrated experimentally that the
immune system reacts to tumors?

In the late 1950s, experimenters leamed to mduce tumors with the help of a
chemical carcimogen methylcholanthrene {(MCA). This MCA-imnduwced tumor can
be contimeously grown in syngeneic mice, i.e., excised from a mouse and grafted
on a moeuse that belongs to the same inbred strain, to be grown further, Cells
separated from the excised tumor can be injected into a new (*“naive™) mouse that
belongs to the same stram, and a growth of the tumor will be seen after a certain
period of time, However, 1f a number of cells separated from the excised tumor are
imjected into the same individual mouse where the tumor originally grew, ne tumor
growth will be seen. The mouse that rejected cells from its own (“autologous™)
tumor, however, accepted cells taken from MCA-induced tumors that had been
growing in other syngeneic mice. In subsequent experiments, it was demonstrated
that lvmphocytes are the cells that mediate autelogous MCA-induced tumor rejec-
tion. This was mterpreted to mean that individual tumors express antigens that are
recognized by the host’s immune system and that can be the target of an immune
reaction. [t was difficult to apply the above data to spontaneous tumors in anunals
and humans, However, the finding was repreduced when tumors induced by cther
chemical carcinogens or by viruses were analvzed. The overall conclusion was that
the immune system does respond to tumor antigens, but m many cases this
response 18 not strong enough. However, it is strong enough to cause tumor
rejection when antigens of the host are substantially modified by chemical carcine-
gens (which are also strong mutagens), or when the immune system of the host
recogmzes foreign (viral) antigens associated with the tumor.

16.2 What tumor antigens exist, and can they be
classified?

A wide variety of existing tumor antigens can be classified in a variety of ways. The
earhest, amd still very popular classification of tumor antigens is based on the
pattern of their expression. According to this classification, tumor antigens can
belong te one of the twe groups: (1) tumor-specific antigens (TSA); and (2) tumor-
associated antigens (TAA). TSA are antigens that are unique to tumor cells; they
cannot be found in normal, untransformed cells. TAA are antigens that can be
found in nermal cells as well as in tumor cells; however, their expression in tumor
cells is aberrant or deregulated. Another classification of tumor antigens is based
on the way they are recognized by the immune system. According to this classi-
fivation, there are tumor antigens recognized by antibodies and tumor antigens
recognized by T cells. This classification is practically important because, as we
will show later, tumor antigens recognized by T cells are thought to be the major
inducers of antitumor fmmumity, and the most promising candidates for tumor
vaceines. Yet another (modern) classification of tumor antigens is based on their
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molecular structure and source, This latter approach will be used in cur subse-
quent discussion,

16.3 What categories of tumor antigens exist, according to
their molecular structure and source?

They are the following: (1) products of mutated encogenes and tumer suppresscr
genes; () mutants of cellular genes not invelved in cell cycle control; (3) over-
expressed or aberrantly expressed normal cellular proteins; and (4) tumor antigens
encoded by genomes of oncogenic viruses. For practical purposes, it is useful to
segregate three additional categories of tumor antigens: oncofetal antigens; altered
glycolipid and glycoprotem antigens; and tissue-specific differentiation antigens.

16.4 What are products of mutated oncogenes and tumor
suppressor genes?

Mammahan cells contain genes that are involved in cellular activation and control
of cell cycle, called cellular proto-oncogenes. Genes that negatively regulate the cell
cyvele and prevent cells from continuous division are called tumor suppressor genes,
If these two categories of genes are affected by point mutation, deletion, chromo-
somal translocation, or viral gene msertion, they may acquire transforming activ-
ity. The products of these altered proto-oncogenes or tumer suppressor genes are
synthesized in the cytoplasm of the tumor cells and enter the Class 1 antigen-
provessing pathway, Thus, the peptides generated from them are recogmized by
CD8" T cells in association with MHC Class 1 antigens (see Chapter €). In
addition, these proteins can be processed in the endosomal-lysosomal compart-
ment (Chapter 6) if dead tumor cells are phagocytosed by the professional APCs
of the host. In this case, the peptides generated from them will be recognized by
CD4" cells in the context of MHC Class I1 molecules. Thus, peptides derived
from these protein products can be presented to both CD8™ T cells {mostly CTL)
and CD4 ™ T cells (mostly Ty). Since these altered genes are not present in normal
vells, they do not induce self-tolerance (see Chapter 9); therefore. T cells that have
the TCR able to recogmize the peptides derived from these antigens are not deleted
and are functionally active. Examples of preto-cncogenes known te be prone to
having transforming mutations are Ras, p53, and Ber-Abl In animals, immumiza-
tion with antigenic products of these genes elicits strong tumor-specific CTL
responses. In humans, however, the majority of CTL responses to tumor antigens
do not target these antigens,

16.5 What are mutants of cellular genes not involved in
cell cycle control?
These are genes that code for an extremely diverse group of products, united by

their appearance in particular tumaers as results of random mutation, Antigenic
preducts of such randem mutations were in older literature referred to as fumor-
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specific transplantation anticens (TSTAs), The antigen{s) that elicited the anti-
tumor immune response in the experiment described m Section 16,1 can serve as
examples of TSTAs. Unmutated predecessors of the genes that code for TSTAs
often have no known function. As was mentioned m Section 16.1, spontaneous,
not experimental, cancers in andmals and humeams rarely express TSTAs and rarely
induce tumoer-specific adaptive immune responses, However, TSTAs are often
expressed im radiation- or chemical carcinogen-mduced experimental tumors.
Whilst not particularly valuable as vaccine candidates, these antigens are impor-
tant for studies on tumer immnity,

16.6 What are overexpressed or aberrantly expressed
normal cellular proteins?

These proteins are target of CTL responses in tumor patients and not in healthy
individuals, although they can be found in vertain tissues of the latter, usually in
small quantities. One example of such proteins is tyrosinase, an enzyme imvelved in
melanin bicgynthesis and expressed in melanomas. Small ameunts of tyrosinase can
be detected in normal melanocytes. It is presumed that unless melanomas begm to
grow, tyrosinase is present in such a small quantity that it does not trigger immune
responses, although it dees not imduee tolerance either (a phenomenen called clonal
ignorance), Another example of tumor antigen that can alse be found innermal cells
is the so-called MAGE protein (the term MAGE is an abbreviation from “mela-
noma antigen gene™). This gene was first identified in melanomas, and later found to
be alse expressed in carcincmas of bladder, breast, skin, lung, and prostate and in
some sarcomas, It is also weakly expressed m normal cells of the human testis and
placenta. Interestingly, the nuclectide sequence of the MAGE gene in tumor cells is
identical to that in normal cells, e, the geneis not mutated. The function of MAGE
gene and protein in normal cells. or its role in tumorigenesis. are unknown.
Currently. tyresmase and MAGE vaceimes are undergomg climical trial, with the
hope to boost CTL responses in melanoma and other cancer patients.

16.7 What are tumor antigens encoded by genomes of
oncogenic viruses?

A variety of viruses can transform hest cells and cause tumors. Classical examples
of oncogenic viruses imclude papovaviruses, such as polyomavirus, simean virus 40
(5¥40), and adenoviruses, which induce malignant tumors in peconatal and adult
immunodeficient rodents. In humans, the EBY (see Chapter &) and human papil-
loma virus (HPY) are associated with lvmphomas and cervieal carcimomas. respec-
tively. These viruses are DINA viruses: protein products of their gencomes can be
found in the host cell’s nucleus, cytoplasm, and surface, These antigenic products
are provessed in the cytosol, and peptides generated from them induce strong CTL
responses, which often seem to be protective to adult individuals with a healthy
mmune system. At least one RNA virus, called human T-cell lymphotropic viros 1
(HTLV-1), belongs to the category of tumor viruses; it is the cause of adult T-cell
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leukemia /lymphoma (ATL). Anti-HTLV CTL responses have been demonstrated,
but their protective role remains uncertain.

16.8 What are oncofetal antigens?

These are antigens that were originally thought to be expressed in malignant
tumors and i fetal tissues, but not in normal adult tissues. Recently, more sensi-
tive detection techniques showed that these antigens can be also expressed in
nontransformed tissues during mflammation, and also (in small guantities) in
some normal tissues. Examples of oncofetal amtigens include carcinoembryonic
antigen (CEA) and alpha-fetoprotein (AFF). CEA (or CID66) is a member of the
mmunoglobulin superfamily (see Chapter 3) and functiens as an adhesion mael-
ecule (Chapters 7 and 11). It is expressed at high levels on cells of the gut. pan-
creas. and liver durimg first two trimesters of gestation. and ar low levels in normal
adult colome mucosa and lactating breast. CEA expression is increased in many
carcinomas of the colon, pancreas, stomach, and breast. In patients with these
tumors, CEA can also be detected in serum, Although the expression of CEA 1s
also increased in patients with chronic inflammation of the bowel or liver, it is still
useful as a diagnostic marker for gastrointestinal tumors. AFP is a circulating
glycoprotein that is present in fetal serum at very high concentrations (2-3 mg/ml),
but is replaced by albumin soon after birth. Serum levels of AFP are significantly
elevated in patients with primary cancer of the liver (hepatocellular carcinoma),
germ cell tumors, and, oceasionally, gastric and pancreatic cancers. AFP is used
as a diagnostic marker for these tumors. but only with caution because its levels
are also increased in patients with liver cirrhosis, Immune responses to encofetal
antigens have not been demonstrated,

16.9 What are altered glycolipid and glycoprotein antigens?

Elevated expression of glycolipid and some glycoprotein antigens is characteristic
of many tumors, and these molecules are often structurally changed compared to
those expressed in normal cells, These tumor antigens mclude a variety of gang-
liosides, blood group antigens, and mucins. [heir common feature i3 their ability to
mduwee stromg antibody responses in experimental animals as well as m human
patients, which makes them attractive for tumor diagnostics and immunotherapy.
In particular, antibedies to tumor-associated ganghosides GM2, GD2, and GID3
(expressed in melancomas), and mucing CA-125 and CA-19-9 (expressed in ovarian
carcimomis) are used for these purposes. A muecin called MUC-1 is thought to be
expressed exclusively in breast carcinomas, and can serve as an early diagnostic
marker of these tumors. It is also considered as a vaceine candidate.

16.10 What are tissue-specific differentiation antigens?

These are antigens normally expressed by cells at certain stage of their maturation
or differentiation, and retained by tumors origmating from these cells. For ex-
ample, B-cell-derived tumors may retain CID10, which is a marker of committed B-
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Iymphocyte precursers, and CID20, which is a mature pan-B-cell marker, (CD10 is
alse known as “common acute lympheblastic lenkemia antigen,” CALLA)
Antibodies to these antigens can be used for cancer immunotherapy if properly
targeted to tumors. One interesting example of tissue-specific differentiation anti-
gens asseciated with tumors is idiotype, As was mentioned in Chapters 4, 7, and 9,
idiotypes are unique markers of Iymphecyie clenes asseciated with antibody or
TCR. V-regions. Lymphocyte-derived tumors are. essentially. expanded lympho-
cvte clomes; therefore, amti-idiotype antibodies cam be vsed as diagnostic or thera-
peutic tocls able to discriminate between the transformed and expanded clone and
other {normal) clemes of lymphoceytes, Work aimed at creation of idiotype vac-
cines is a major focus of many laboratories,

16.11 What is the role of T lymphocytes in antitumor
immunity?

T cells, and especially CD8 " CTL, play a major role in tumor immumity. This is
expected because tumor antigens are processed in the cytosol, and their peptides
presented in the context of MHC Class I molecules. Moreover, the above state-
ment is directly supported by two observations, First, tumoer-specific CTL can be
isclated from the peripheral bleed of tumer patients, e g., patients with mela-
noma. Second, the mononuclear infiltrate of many human solid tumors containg
CTL with the capacity to lvse the tumor. The role of CD4" Ty, in antitumor
responses is less clear, but it is believed that some Tj,-derived cytokines (especially
IFN-y and TNF, Chapter 10) can boest anti-tumor CTL respenses by enhancing
the expression of MHC Class I antigens by tumor cells.

It is still not quite clear exactly how T cells respond to tumor cells, because most
tumor cells are not derived from professional APCs and, therefore, express little or
no co-stimulaters, The discovery of eross-priming (see Chapters 12 and 15) shed
some hight on the mechanism of antitumor T-cell response and opened new ave-
nues of the practical application of this knowledge. Recall that cross-priming
means internalization of a cell, e.g., a tumor cell, by a professional APC and
presentation of the mternalized cell’s peptides by the MHC meoelecules of the
APC together with the APC’s co-stimulators. It is believed that cross-priming,
especially mediated by dendritic cells, plays an important role i antitumor T-
cell responses. In recent years. this idea began to be vsed m clinical trials. It is
thought that dendritic cells isclated from a cancer patient can be pulsed with
tumor cells of the patient and then re-injected as dendritic cell “*vaccine’ tc
boost CTL responses.

16.12 What is the role of B cells and antibodies in
antitumor responses?
As was mentioned in the above sections, many tumor-associated antigens elicit

rather strong antibody responses. The ability of antibodies to kill tumor cells with
the help of complement or through antibody-dependent cytotoxicity (ADCC, see
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Chapter 13) has been demonstrated in vitro. However, ne evidence se far supports
the idea that antibodies are efficient in elimination of tumers in vive,

16.13 What is the role of NK cells and macrophages in
antitumor responses?

NK play a major rele in antitumor immunity because, as was discussed in Chapter
I'1, these cells are efficient agaimst targets that down-regulate MHC Class [ anti-
gens. Many tumor cells, mdeed, down-regulate Class I antigens up to the pomt of

not expressing them at all. This may be a result of oncogenic virus infection, or of
a selection agaimst MHC Class T-expressing tumor cells by CTL. Lymphokine-
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progression of HIV mfection and reduce viremia to undetectable levels for
up to three years,

Both BT and protease inhibitors, are extremely costly, and have complicated
administration schedules. Currently, imhibitors of chemokine receptors attract
much attention as potential anti-AIDS drugs and perhaps will soon be investi-
gated in climcal trials,

18.22 How can AIDS be prevented?

Perhaps the most efficient measure aimed at the prevention of AIDS is public
awareness. Also. much effort is currently being invested m search for an HIV
vaccine, Several candidate SIV vaccines have been formulated and are on trial
(it should be noted that 81V, 1.e., siman, nonhuman primate, immunodeficiency
virus, is closely related to HIV genetically and antigenically). These include live,
attenuated SIV vaccines and recombinant vaccines with deletions of parts of viral
penome, e.g. nef. Another approach is to use live recombinant non-HIV viral
vectors carrving HIV genes, This approach seems less hazardous (for obvious
reasons), but it retains the possibility of eliciting efficient anti-HIV CTL responses.
One of such vectors, called the canarvpox vector, containing some HIV genes has
already been tried on human volunteers and was shown to elicit strong CTL
responses to the expressed HIV antigens,

REVIEW QUESTIONS

1. Why do X-linked agammaglobulinemia patients lack germinal centers?

2. Why does the condition of patients with DiGeorge syndrome improve after the first
year of life?

3. In having an ahility to detect genetic polyvmerphisins linked to X chromesomes, how
wonld yvou tell that a woman is a carrier of an X-linked SCID mutation?

4. Can fow cyrometry be used for the diagnosis of selective IgA deficency?

5. A patient presented with chronic infections and a complete absence of IgG3 and IgA in
the sern. How would you diagnose the patient? (Wame two possibilities and tests to
differentiate between them.)

6. What is the cause of the bare lvmphocyte syndrome, and what impairment of the
mmmune systemn features moest prominently in these patients?

7. A kindergarten personnel wornes about a three-year-old boy who cannot learn o
walk, has dilated blood vessels seen on his hands, fest, and ears, and is extremely
prone to L™ What hereditary disease would you suspect, and why? How would
you confirm the diagnosis?
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B. Why do mutations in C2 and C4 lead to a disease that resemnbles SLEY
0. What facts argie against the notion that AIDS is a “gay plagne?™
10 How many L'TEs deoes any one HIV particle have? Where are they located? What 1s
their importance for the counrse of HIV infection?
11. What is the difference between HIV virus and HIV provirus?
12, If a murine cell that does net express the human CD4 is successfully transfected with
the hiuman CTd DINA, will if make 1t susceptible to HIV infection? Why, or why not?
13. A patient presented with the acute HIV syndroane and high viremia. After four months
of extensive anti-HIV therapy, the level of viremia dropped to barely detectable. The
patient's relatives say that he 12 “cured,™ and insist on termination of the therapy. How
would you explain to them that the therapy must be continued? What tests, besides the

test for viremia, st be done to be better oriented in the patient's status?
14. HIV 1z sometimes referred to as a “B-cell superantigen.” What justifies this defimtion?

15. In volunteers treated with the canarvpox vector with inserted HIV genes, what positive
and what negative consequences should be expected, given that they show strong anti-
HIV CTL responses?

MATCHING

Direction: Match each item in Column A with the one in Coluwmn B to which 1t 18 most
closely associated. Each item in Colimn B can be nsed only once.

Colwmmn A Colunm B
1. CBAJN A, Does not affect HLA-C
2. Cannot degrade dATP B. Lymphocytes
3. Differentiation C. Impaired in CVI
4. CIITA D. gpl20
5. No ROI produced E. No response to polysaccharides
6. Maloutrition F. Bind to CCRS
7. Transmit HIV to naive T cells . Mutation in phox-91
E. Some HIV isclates H. Acquired imnmunodeficiency
4. Toxic to neurons I. Dendritic cells
10. Mef J. Bare lymphocyte syndrome

Answers to Questions

REVIEW QUESTIONS

1. Because they have no mature B cells, which are required for the formation of germinal
centers.

2. It is not known, but likely reasons are that either a small part of thymic tissue still
develops and functions, or that extrathvmic sites of T-cell maturation exist and begin
to function by that tume.
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3. Use an assay that can detect a parameter (e.g., size) of two homologons X-linked
alleles simultanecusly. In normal control females, both alleles must be present in a
DNA preparation from B cells because homologous X chromosomes are inactivated at
random. In the female carriers, only the diseased X chromosome is inactivated in
surviving B cells: therefore, only one of two homoelogous alleles will be detected.

4. No, because the membrane expression of IgA in these patients is normal.

5. Possibility one: selective antibody 1sotvpe deficiency. Possibility two: X-Iinked hyvper-
IeM syndrome. Additional tests: concentration of IgGGl and IpGd; macrophage acti-
wation in vifro in the presence of the patient's polyclonally activated T cells; pedigree.

6. The cause of this disease 1s a mitation in transcription factors that regulate MHC
Class IT expression, notably REXS and CITA. The most characteristic feature of this
disease is the absence of antigen presentation to CD4" T cells.

7. Ataxia-telangiectasia, because the svmptoms point to neurclogical disorders and
immunedeficiency. Te confirm the diagnosis, the boy's cells {e.g., skin fibroblasts)
should be tested for radiation sensitivity), amd a monber of laboratory tests should
be used to evaluate his immune system.

8. Probably because these complement components are important for the clearance of
Immune complexes.

9. The incidence of AIDS among heterosexuals is currently the same as among homo-
sexuals. In Africa, the vast majority of HI'V-infected individuals are known to have
been infected after heterosexual contact.

10. Four {two on each ENA strand). They are located at the ends of each ENA strand,

11. The virus exists independently of cell, and has its own protein core and envelope. The
provirus is the genetic information of the virus incorporated into host cell’s genome; it
does net exist independently of the host's cell.

12. Mo, becanse 1t lacks the unan chemokine co-receptor.

13. They must be told that virenmia means the presence of virus in the blood; viremia can
go down, and yet the virus can live and replicate in the patient’s lvmph nodes, tonsils,
spleen, etc. Additional tests: CD4 ™" T cell count and microbiology laboratory tests for
opporiunistic pathogens.

14. Because its protein, gpl20, can interact with some, although net with all, surface
antibody Veregions and thus activate soane, although not all, B-cell clones.

15. Positive: eradication of the virus. Negative: killing of the patients” own T cells.

MATCHING

LE 2, B 3,C 455G 6, H 7, E, F; 9, I 10, A
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ABOD antipens, 259, 264
ABO blood proups, 264-765
Abscess, 192
Accessory cells, 3, 17-21
{See alfre Antipen, processing and presentation)
Aceezsory molecules, 16, 115-116, 122123
{(See qlre Tolerance, immunologic)
Activaiion-induced cell death, 17, 150-151
Adapter proteins, 118
Adencsine deaminase (ADA), 296
Adhesion molecules, 135-136, 202
Adpreants, 45, 152, 283284
Adoptive transfer, 129, 238
ATDS, 300301, 306307
(See cdve HIV)
Alexin (zee Complement)
Allelic exchusion:
in B cells, 62
in T cells, 115

Allergmes, allergic reactions (immune mechanizms of).

237233
Alloantizera, E1
Allotype, 56-57
Alpha-fetoprotein, 274
Alpha-1-antitrepsin, 192
Altered self model of T cell recopmbion, 96
Alternarive complement pathway, 217-219
Anemia, autoimmune hemobytic, 286-287
Anerpy, clonal &7, 147148
Ankvlosing spondilitis, 288
Antibodies:
athinity and avidity, 41-42
athinity mataration, 69-7T0
antigen binding site of, 37-38
defirition, 3, 5
detection of (see Immunoassays)
classes. 3839
(See ol Isorypes)
comnplementarity-detenmining regions (CDRs), 38

Antibodies {C'ﬂ.l'rl‘.).'
eticctor functions of, 32-33, 38, 213-216, 225227
framework regions {FRs). 38
heavy and lght chains of, 35, 62, 6667
{See also Tsotypes; Fappa light chain; Lambda
Light chain)
hinpe, 37
isotvpe, 3840, 62, 63
membrane-bound and secreted, 40
monoclonal, 4347
polyclonal, 43
struchure of, 34-38
vanable and constant regions, 32, 34
Antibody-dependent cell-mediated cytotoxicity
(ADCCY, 215-216, 233
Antibody diversity, 6. 9, 43, 60-62
genctic mechaniams of, 662
Antibody feedback, 137
Antigeniz), 2. 3, 40—
carcincembryonic, 274
processing and presentation, 9d4-107
T-celldependent and <independent, 129130
tumor-specific and tomor-associated, 271-275
{(See alee Bacteria; Parasitic infections;
Transplantation: Tumor antigens: Viral
infections)
Antigenic determinantis) (see Epitope(s)}
Antigenic variation, 2-60, M7
AP-1,121
Apaf-1, 151
Apoptosis, 6, 16-17, 150-151
Ataxia-teleangiectasia, 299
Atopy, atopic individuals, 229
Auvtoimomumity, 222288
AZT, W6
Amipophilic pramules, 185

Bi-1, B7-2, 123
(e alee CD2E; Co-stimulation; CTLA-4)

y 311 4

Copynght 2002 by The MeGraw-Hill Companies, Inc. Click Here for Terms of Use.



L 312

Bacteria, immune responses bo, 238242
Bacterial superantigens, 239243
{See alw Superantigens)
Barz lymphocyte syndrome, 298
Basophils, 27, 229-233
B cells. 3-6. 14-15, 5960, 66-73. 125-139
activation of, 128—139
antigen presentation by, 22, 132
B-1, 15, 138, 184
B2, 15
CD&l, role in, 133-135, 138-139
development of, 14, 23, 26, 6673
Bcl-2, 151
Bel- X, 151
Beipe monse model, 300
(-2 microglobulin, 83, 103
Bk, 117
Blood group antigens, 264-265
Bone marvow. 14, 23, 177-178
rransplantarion, 265267
Bruton®s tyrosine kinase (Bik), 294
Bursa of Fabricius, 14

1, 219-221

C1 inhibitor, 223224

C3, 216218

C3b, 217-218

C3 convertase. 217

s, 217, 222

C5 convertase, 218, 221

Cachexia, 165

Calcineurin, 116, 120, 261

Calmodulin, 120

Calnexin, 100

Cancer, 270
antigens associated with, 272-275
immunotherapy of, 277-279

Carricr, 3

Caspases, 134, 151

CEA/N mice, 294

OC and CXC subgroup chemokines. 170

COCRS and CXCR4 receprors, 170
role in HIY binding, 303

CID1, 124

CD2_ 193

€4, 15, 84, 118, 146

Cra* cells, 15, 94, 200
{(See alzo T cells, helper Ty, Til, Ted)

CIDA, 15, 138, 184

CIDE, 15, B4

CDE" cells, 15, 84, 94, 205, 206-207
{See also Cvtotoxic T hanphocytes)

CDIG (CALLA), 274-275

CD1aCD1E, 136

CDUBCDIE (see Complement receptors)

INDEX

CDI11cCDIE (see Complement receptors)
CD4, 14188
{See wlvo Lipopolysaccharide; Toll-like receptor
proteing
CIDg, 131
CD20, 274-275
C21 i zee Complement receptors)
CD2ZE, 122-123
(See also BT-1, BT-2; Co-stimulation)
CD30, 135
CIdi, 133 134
{&ee wivo B cells, COAN, rele ing
CDd0 ligand, 133135, 203, 206, 263, 207
CD44, M3
CD4s, 118, 123
CDED, 123
(See also BI-1)
CD&6, 123
{See wivo BT-2)
Cell-medinted immunity, 4, 199-204
Centroblast(s), T
Centrocyie{s), T0
Chedial-—Higashi syndecame, 299-300
Chemokine(s), 160, 169-170, 190, 303
receptor(s), 161, 169170, 303
Chronic granulomatous disease (CGDY, 299
c-Kit hgand, 177
Class switch, T1-73, 114, 139, 172-175, 239, 209
Classical commplement pathway, 217, 220-221
CLIPE, 101
Clonal selection hyvpothesis, 8
Cognate interaction, 26
Cold agphitinings), 286-287
Collectin family, 195
Colony-stimulating factor(s) (CEFs) 178
Common variable immunodeficiency (CMI), 207
Complement, 33, 39, 194-195, 216-225
recepiors, 187, 222-373
Conformational epitopes, 41
Congenic mice. 78-80
Co-stimulation, 122-123, 134, 148
(See wive B7-1, B7-2; CD28; CTLA-4)
C-reactive protein (CRFY, 195
Cross-priming, 206, 275
Crypiocidins, 184
CTLA-4, 123, 153, 263
CNCR4, 170, 303
Cyclooxygenase, 231-232
Cyclosporing, 261
Cytokine(s), 6, 15, 71, 158178
classification, 160
peneral propertics, 159160
receplors, 160-161
signal transduction, 161-163
(See wfvo under names of particular cyvtokines)
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Cytotoxic (oytohytic) T bonphocytes (CTL), 15, 199,
205209
granules of, 205, 207-208

Dark zone, 70
Decay-aceelerating factor (DAFY, 139, 225
Defensins, 184
Degramulation:

in CTL, 20,7

in immediate hypersensitivity, 228232
Delayed-rype hypersensitivity (DTH3, 201-205
Dendritic cells (IMCY, 17, 20-21, 70, 133

in cancer therapy, 277

development, 3021

subsets, 21
D pene seginents:

in B cells, &0, 63, 66

in T cells, 114
Diacylghycerol (DAG), 120, 131
Dialysis, equilibrium, 42
DiGeorge syndrome, 295
Domaing, immunoglobuling 33, 36-38
Dirver—HBennett two gene hypothesis, 56-57
Dual recopmition model of T czll receptor, 96

Fifector caspases (see Caspases)
Fifector hmphocytes, 6
Elastase, 191
ELISA, 4850

(See also IInmnoassays)
Encephalitis, cxperimental autoimmnime, 283284
Endosomne—hsosmne compartment, 98
Endothelial cells, 22, 202203
Eosinophils), 22, 233
Epitopeish. 6, 4011

conformational, 41

cryptic (subdominant), 104

dominant, 104

litvear, 41

recopgitition by T cells, 96, 1id, 115
Epstein—Barr virus, 10, 46, 244, 279
ERE. 119
E-selectin, 202-203

Extracellular proteins, processing amnd presentation of,

97101

Fab fragment(s}, 34

Flab "y fragment(s), 34

FACSE (zee Fluorescence-activated cell sorter)

Factor B, 218

Facror I, 218, 300

Factor H, 223

FADID, 151

Fas—Fas lipand system, 133-134, 150—151, 208, 285
in autcimmunity, 285

Fc fragmenti(s), 34

FoyRIL, 187, 214

FoyRIL 137, 187, 214

FoeR L 219-230

Fc receptorts), 137, 187, 214-215, 229-230
Fever. role of cytokines, 15, 165

Fibrin cocoon, 277

FE-506, 121, 261

FLICE, 156

FLIP. 151

Flow cytoametry, S0-51
Fhrorescence-activated cell sorter (FACS), 51
Follicles, lvmphoid, 25-27

Follicular dendritic cells (FDC), 21, 70, 305
Follicular exchusion, 152

Fos, 119

Framework regions (FRs), 38

Fyn, 117

Gamina globulin, 33
#6-T cell receptor, 123-124
¥6-T cells, 123-124
GDP-DTP cxchange svstem (s GTP-binding
proteins)
Germinal centers, 26, T0
selection of high-atlinity satant B cells in, T
Gildfgld mice, 285
Glycocalyx, 277
Gratt(s), 7778, 253-255
allogeneic graft, 254
aumologous praft, 254
syngeneic gratt, 254
xenogenic gratt, 254, 263-264
Graft rejection, 259-260
acute, 260
chronic, 260
hyperacute, 259
prevention of, 261-263
Graft-versus-host disease (GvHDY. 266-267
Granulocyre(g), 22
{See wfso Innate immuonicy; Neotrophils)
Granulecyte colony-stimulating factor (G-CSF), 178
Granulocytcanacrophage colony-stimulating factor
(GM-CF}, 178
Graves” disease, ZR6
Grb2, 164
GTP-bimding proteins, 161, 186, 209, 225, 230

H-2 penetic region (complex), T8
{(See aleo Major histocompatibility complexy
H-2M, 101
Haemophiluy influen=ce, 185, 248249, 267
vaccine against, 248248
Haplotvpeis) (in major histocompatilility complex),
2
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Hapten(s), 3, 229
Heavy (H-) chain(s), in antibodies, 35, 61-62, 6668
gene rearrangements in, 61-62
Helminthic infections, 233, 245
Helper T cells, 15, 94-95, 128-129, 133-135
subsets of. Ty 1 and TP 154, 168, 174-175. 196, 200
Hemolytic ancmia, sutoimmune, 286287
Hemopeoiesis, stimulation by cytokines, 160, 177-178
Hen epp lysoeyme (HEL), 97, 152
Gioodnew’s HEL-anti-HEL double transgeiic
system, 152
Hepatitis B virms, immunity to, 243
Herpes simplex virus, evasion of immuoity, 244
High endothelial venules, 26
Hisramine, 230
HIV {Human Immumodeficienoy Virus), 301307
antibodies to, 305
antigenic variation in, 306
structure of. 301
ransmession of, 306
vaccines against, 307
HLA complex, 81, 8200
{(See alwo Major histocompatibility complex)
HLA-DM, 101
HLA typing, 8638, 262-263
(See alwo Tissue typing)
Homing receptors, 190
Homelogous restriction tactor (HRF), 225
Humoral immuniry, 4, 19, 199, 212
{See also Tnmnrmity)
Hybridomas, 10, 4347, 109
discovery of, 10, 43
selection, -
T-cell hybridomas, 109
use for monoeclenal antibody production, 4446
Hyper-Ighd syndrome, 297-298
Hypermutation. somatic. in V-gencs (=ee Smmatic
mutation in antibody penes)

ICAM-1, 136, 190
Idictope. 154-155
antibodies o, in cancer immnotherapy, 279
IFN-y (zee Interferonis)y
g and Tgfi, 130
IgA, 28, 3839, 226227
IgD, 38-39, 6768
IgE, 3839, 227-230
Ipds, 38-39, 72, 173, 214, 227
subclasses of, 39, 175, 214
Ighd, 3839
athnity and avidiry of, 42
complement-binding properties of, 221
IxE, 122
Ihnmature B czll, 67
Immediate hypersensitivity, 205, 227-228

INDEX

TImmediate hypersensitivity (Cort):

mechanizms of, 228233
Immune complexes, 47

in discaszs, 285
Immune response, 1-2, 4, 6-7

peneral features, 67

phazes, 6

primary and secondary, 2, 6, 6869

regulation of, 154-15%

{(See wfvo Imommity)
Inmuone surveillance, 270-27]
Immunity, 1-10, 182-197

adaptive, 2

cellular and bunoral theories of, 19

innate, 1, 182-197

instructionist theory of, 7

selectionist theory of, 7
Immunnigation, 4, 247250

active, 4

passive, 4

(See wlvo Vaccination)
Immunoassays, 47-52

solid-phase, 47-50
Immunedeficiencies, 293-307

acquired, 293, 300307

conpeimtal, 293300
Immunoditfusion, 47
Immuncfluorescent assay, S0-51
Timmunegenicity va. tolerogenicity, 152-153
Immuneglobulings) (see Antibodies)
Immunoglobulin genesy, 44-73

pernline content of loci, 6061, 68, T2

rearmangements, SE-60, 62-67

switch recombination, 71-72

V, I, and T sepments, 60-61

(See alvo Variable regions)
Immmnelogic memory, 2, 67, 6870

(See alvo Memory)
Immunoprecipitation, 51
Immunoreceptor tyrosine-hased actreation motifis)

(TTAMs), 113, 130
Immunoreceptor tyrosine-based inbibition motifis)
(ITIMs), 193

Immunotherapy of cancer, 277-279
Immmnotoxim(z), 46, 279
Ioflammation, 22, 164, 185, 201205
Innate immurdty, 1-2, 182-196
Inositol-1,4,5-triphesphate (IP3), 120
Inside -out signaling, 135
Insulin-dependent diabetes mellitus (IDDM), 234285
Integringsy, 135136, 187, 190, 202203
Interdigitating dendritic cells, 21
Interferon(s), 91, 166-167, 174-175, 200, 203

interferon o (IFMN-o, 166—167

interfercn B (IFI-f, 166-167
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Interferons{s) (Cont )

interferon y (IFIN -3, 174-175, 200, 203

Ty, subsets and, 154, 175, 200, 203

Interleukin-1 (TL-1}, 151, 160, 165-166

receplor, 166
Interleukin-2 (JL-Z) 119, 120121, 163, 170-172

functions of, 172

receptor, 171
Interleukin-3 (1L-3}, 160, 177
[oterleukin-g (T4}, 160. 173

functions of, 173

receptor, 173

Ty, subsets and, 154, 173, 278
Interleukin-5 (1L-5), 160, 174, 233
Interlenkin-6 (IL-6), 160, 168
Interleukin-7 (IL-7i, 160, 177178
Interleulkin-# (TL-&8), 170
Interleukin-9 (TL-9), 160, 178
[oterlenliin-10 (IL-109, 160, 162
Interlenkin-11 {TL-11}, 160, 178
Interleukin-12 (TL-133, 160, 168169, 194, 202

functions of, 168169, 194, 202

Ty, subsets and, 16E-169, 194, 202
Interleukin-13 (IL-13}, 160, 176
Interleukin-15 (IL-15), 160, 169
Interleukin-16 (TL-16), 160, 177
Interleukin-17 (IL-173, 160, 177
Interleukin-1# (IL-18% 160, 169
Intraepithelial enplocytes, 184-185
[sotvpes, antibody, 3840

heavy chain, 3839

light chain, 3940

{(See afro Antibodies; Class switch)

Jamus kinases (JAKs), 117, 161-162
J- tjoining-} chain, 39
INE, 119
I sepments, 58-63. 114-115
in antibody gencs, 661, 63
in TCK peoes, 114-115
Jun, 119, 121-122

Eappa (&) light chain, 3%

penes encoding, 61-63, 67

receprot editing in, 148
Killzr cell inhikitory receptor(s) (E1Rs), 193
Eupifer cells, 20

Lambda () ight chain, 3%
gones encoding, 61-63. 67

Langerhans cells, 21

Large granular lymphocytes, 16

Late-phase reaction, 233

LEF protein, 189

Lk, 118

) 315 4

Lectin pathway of complement activation, 221
Leu-13, 131
Leukocyte adhesion deficiency (LAD), 299
Leukocytes:
inflammatesy, 22, 183, 190, 202-203
recruitment of, 190, 202
“passcnger.” 255, 258
Leukotrienes, 186, 231, 232
Light (L} chains, 35, 37, 39, 61-63, &7
gene rearcangements in. 61-63. &7
isotype exclusion, 62
Light zone, 70
Linkage disequilibrivm. in MHC tvping, 263
Lipid mediators:
in immediate hypersensitivity, 231-232
in inflammation, 186
Lipopolysaccharide (LPS), 184, 187-189, 286
receptor, 1871589
signal transduction, 189
Lipopolysaccharide-binding protzin, (LBF}, 189
Lipoxygenass, 231
LMP2 and LMPT genes, 102
Lpr/lpr mice, 255
L-selectin, 202
Lymph, 24-25
Lymphatic system. 225
Lymph nodes, 2426
Lymphoblasts, 16
Lyvimphocytes, 3-8, 14-17
activated, 16
heteropeneity, 15
clonal selection of, 78
(e wleo B ocells, T cellsy
Lymphoid follicles (ree Follickes, hanpladd)
Lymphoid organs, 13-15, 23-29
generative (primary), 14-15, 23-24
peripheral (secondarvy, 24-29
Lymphoad tissee, 13
mucosal, 28, 206227
Lymphokine-activated killer cells (LAK), 172, 267
Lymphokines, 159
Lymphotoxin (LTy, 160, 176
Lysosomes, role in antigen processing, 98
Lysoryme, 183

Macrophageis). 17-19, 185-193, 201-204
activation of, 19, 189193
alveclar, 20
characteristics of, 18
in delaved-tvpe hypersenstnvaty, 2204
phagocytosis, 190
BOI formation, 190-192
Macrophage colony-stimulating factor (M-CSF), 160,
178
MAGE, 273
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Major histocompatibility complex (MHCY, 4, 32,
Ti-104, 115, 255-263
alleles, TR-R2, 262-263
autoimmunity amd, 288289
Class T genesfinclecules, 8183
antipen presentation by, 97, 101-103
Class Il genesfmolecules, 81, B384
antigen presentation by, 97-101, 103104
expreasion, 90-91, 132
mapping of. 7TR-E1, RE-E9
organization of, T8-81, BE-90
peptide binding, 8485
hMannose-binding lectin (MEL), 195, 221
MAP kinases, 119
Marpinal zone, 27-28
Mast cells, 185, 228233
in immediate hypersensitivity, 228233
Mature B cell, 67
MBEP protein. 283
Medulla:
of banph node), 25
of thyms), 2324
Membrane attack complex (MAC), 195, 216, 222
Memory, immune, 2, 6-7, 16, 68-73
{(See alw Immunologic memory)
Memory cells, 67, 16
Microbmphocytotoxic test, 86
Migration inkibition factor (MIFY, 160, 177
Minoe bistocomparibility antipens, 266
Mixed banphocyte reaction (MLE), 86-87, 257

Monoclonal antibodies (see Antibodies, monoclonal,

Hybridomas)

Monooytes, 17
Monokines, 159
Multiple sclevosis, 283

FAF a5 an animal model of, 283284
Mutations. scamatic, in antibody genes. 69-T0, 73
Myastenia gravis, 286
Mycobacteriun sabercuforiz, 200, 203-205
MMyelomas, 43-45

as a fusion partoer in hybeidema technology, 4345

as a source of homogenous antibodics, 43

Matural killer cells (INK), 16, 163, 168, 172, 174, 175,

192194
mechanism of killing, 192-193
recepltors of, 192-193
Megative selection, 146-147
Meglect, death by, 145
Meonatal Fo receptor (FoRny, 227
MNerwork hypothesis, 155
Weutralization by antibodies, 213-214
Neutrophils, 27, 164, 185187, 192, 202-203
in inflammation, 185187, 192, 202-203
MNFAT, 121-122

INDEX

MNFxH, 121-122
Mude mice, 129
Murse cells, 24

Oligenuclectide primers (in PCR), BE
Oncogeneis), cellular proto-, 272
Opportunistic infections, in ATDS, 304
Opsonins, 19, 214

Opsonization, 19, 214, 224-225

Oral tolerance, 153

Parasitic infections, 245-247
Passenger leukocytes (see Leukooytes, “passenger™)
PECAM-1 (CD31}, 150
Peptide(s), 4, 82-86, 97-104

antagonists (altered ligands), 150

binding to MHC molecules, 8486

peneration in the acidic vesicular compartment,

0299
peneration in the cyrosol, 101-102
tratficking to MHC molecules, 100-104
to MHC Class 1 moleoules, 102104
to MHC Class IT molecules, 100101

Peptide-binding domain, of MHC molscules, 8284
Perforin, 208, 222
Periarteriolar lymmphoid sheath (PALS), 27
Pever's patches, 14, 28
pH. role in antigen processing, 104
Phagooytosis, 18, 187, 190-191

mechanizms of, 190-191
Phagolysosome, 190
Phospholipase C, 119-120, 186
Pleox-91, 209
Pilin, 244
Plasma cells, 16, 23, 70-71, 168

peneration of, 16, 70-71

IL-6 and, 168
Platelet-activating factor (PAFY, 231
Hlatelet-derived growth factor (PDGF), 186, 192
Pleiotropy, oytokine, 159
Polyclonal anfibodies (see Antibodies, polyclonal)
Poly-Tg recepror, 226
Pobmierase chain reaction (PCR), 88
Pobmorphisim (in MHC), 77, 20
Polysaccharide antipens, 3, 28, 129130
Positive selection, 145
Pravstoitz—Kustner phenomenon, 228
Pre-B cell, 66
Precipitation, 47
Pre-Twe chain, 115
Primary follicles, 26
Pro-B cell, 66
Probes, labeled (in immunoassays), 51, 57-60
Programmed cell death (see Apoptosis)
Properdin, 218, 219
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Prostaglandins, 186, 231-232

Protease inbilitors, in AIDS therapy, 306307

Proteascme, 100102

Protein Knase C (PEC), 120, 186, 230

Protein tyrosine kinase(s) (PTK), 117-118, 130-131,
230

P-sclecting 2082

Pseudogeneis), 89-90

Rac, 119-120

Baf, 118-119

BAG-1 and BAG-2Z, 6506, 148

FasGTP system, 118119

Fas protzins, [18-119

Reactive oxygen intermediates (ROT), 190-192

Feagins, 228

Feeognition sequences, in anbibody gene
rearrangemment, G

Bed pulp, 27-28

Redumdancy, cytokine, 159-160

Begulators of complement activation (RCA). 223275

Fespiratory burse, 191, 203

Festriction cnoanes, use in immunclogy, 57-38

“Reticuloendothelial system™ 20

Fetrovimses, 301

Rhenmatoid arthritis, 29, 287

Fhewmmatoid factons), 287

BIP, 134

EMA splicing, role in B cell maturation, 67-68, 71

Sandwich solid-phase immninoassavs, S0

Secondary immune responses, 7, 6873

Secondary hmphoid organs, 24-29

Scoretory component, 227

Seli-MHC recognition by T cells, 96

Self tolerance, 7, 143, 145
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