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PREFACE

This is the best of times. Immunologists can tell us with confidence
the basic features of elements involved in specific immune recognition:
those of the immune receptors, their ligands, and perhaps a framework
of the interactions required to switch on lymphocytes; gene therapists
are armed with vectors which allow them to efficiently transfer genes
of interests.

This is also the worst of times. In no case has immunotherapy become
part of clinical therapy for tumors. By and large, it is still unclear
whether gene therapists are intervening immunity, or are intervened by
immunity.

Nevertheless, history will likely show that this is the time when
ideas matter the most. For this reason alone, interdisplinary conversations
may facilitate the birth of new solutions to the most challenging problem
of tumor immunotherapy. It is in this spirit that I have invited scientists
interested in fundamental immunology, tumor immunology and gene
therapy to discuss the state-of-the-art knowledge in their disciplines,
and to share with us their vision for possible solutions in the future.

I am most grateful to the authors of the chapters whose expert
contributions and enthusiasm have made this book what it is. My loving
gratitute goes to Jon, Molly, Pan and my parents, whose love and
support have made this book possible and worthwhile.

Yang Liu, PhD
New York University Medical Center
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Chapter 1

THE MOLECULAR BASIS OF
ANTIGEN RECOGNITION BY B AND
T LYMPHOCYTES'

Janeway, C. A., Jr.

Introduction

The adaptive immune response results from activation of perhaps the
most specialized system in the vertebrate body. It is unique in using
gene rearrangement to generate a nearly infinite variety of antigen
receptors, and it uses genes that are expressed only in lymphoid cells
to achieve this feat. Even the olfactory and pheromone receptors operate
on a more primitive basis in generating their diversity. In this brief
essay, I will try to introduce the reader to this system of receptors in a
comprehensible manner. For a more in-depth coverage of these topics,
seeref. 1.

Basic Features of Adaptive Immunity

When a person is vaccinated, molecules called antibodies are synthesized
in response to vaccination. These proteins bind specifically to the vaccine
used to raise them, and not to other vaccines based on distinct pathogens.

Supported in part by NIH grant Al-14579 and by the Howard Hughes Medical Institute.
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2  Molecular Approaches to Tumor Immunotherapy

The same response accounts for the resistance to re-infection, i.e. the
natural consequence of an immune response to an initial infection.
With each subsequent exposure to a particular pathogen, immunity
becomes stronger. These features of the antibody response: inducibility,
specificity, and immune memory, illustrate the key features of the adaptive
immune response.

Adaptive immunity is based on relatively simple principles. The
most important principle is the clonal selection of lymphocytes, originally
proposed by Sir Macfarlane Burnet in the mid-1950s. This theory has
four main tenets: (1) Antibody responses reflect the activation of cells
by specific antigen (from antibody generators) binding to cell surface
receptor molecules, (2) such receptors are distributed clonally such
that a very low frequency of cells specific for any given antigen will
respond, (3) all of the progeny of an antigen-specific cell inherit the
same receptor genes, and can secrete antibodies of identical specificity
to their receptor, (4) the random generation of specificity requires that
cells early in their development be tested for their specificity to proteins
prevalent in the site of their development, and those that bind to such
proteins are triggered to die before achieving functional activity. The
studies of Gowans in the early 1960s showed that the cells mediating
antibody responses were small lymphocytes. Thus, the small lymphocyte
is taken as the unit of selection. To these four tenets of clonal selection
Mel Cohn and others have proposed adding one more: To activate a
naive lymphocyte, a second signal is required from another cell, and
this is normally triggered by features of pathogens that are recognized
by invariant receptors selected over evolutionary time. Cells that only
bind antigen but do not receive such a signal are rendered inactive or
are programmed to die. This is essential to guarantee the absence of
response to those self proteins found only on peripheral tissues.

B Lymphocytes and T Lymphocytes

As Gowans showed, the specific cells of the immune system are
lymphocytes, and they are divided into two distinct populations.
B lymphocytes, or B cells, are derived from the bone marrow and they
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are the only cells that produce antibody molecules. T lymphocytes, or
T cells, arise in the bone marrow but mature in the thymus, hence their
name. The T cells do not produce antibody. Rather, they recognize
antigen when it is displayed on the cell surface in the form of short
peptides of degraded proteins bound to a molecule derived from the
major histocompatibility complex (MHC) of genes. These genes produce
two major types of protein called MHC class I and MHC class 11
molecules, and the complex of antigenic peptide and MHC molecule is
recognized by two major classes of T cells: CD8 T cells mediate the
killing of infected target cells and recognize short peptides of 8—10
amino acids derived from the pathogen that are bound to MHC class 1
molecules; CD4 T cells activate target cells expressing MHC class 11
molecules that present a specific foreign antigenic peptide. In the third
section of this chapter, I will discuss the cellular machinery involved
in these two processes that lead to such different consequences. However,
we will first need to discuss the generation of antibody molecules by
B cells and their specific binding to antigen.

Antibody Molecules and Genes and Antigen Recognition
by B Cells

As stated at the outset of this chapter, antibody molecules are produced
in response to specific immunization, vaccination, or natural infection,
and their most impressive feature is their immense diversity. This diversity
allows antibody molecules to distinguish between molecules that would
be difficult for the best chemist to discriminate. This specificity can be
elicited with a virtually limitless range of compounds, suggesting that
antibody molecules must be incredibly diverse in structure. Despite
this, all antibodies share certain features. One of the great triumphs of
modern immunology has been the discovery of the origin of antibody
diversity.

Antibody molecules are plasma proteins with a unique structure,
having two heavy chains of 50,000 d and two light chains of 25,000 d.
These chains are joined together by disulfide bridges from the two
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heavy to the two light chains, and by one or more disulfide bridges
between the two heavy chains. They form a Y-shaped molecule with
two antigen combining sites at the tips of the two arms of the Y that
contain the two light chains and a functional moiety in the stem of the
Y which contains the C-terminal halves of the two heavy chains. The
stem of the Y is identical in all antibodies of the same class or isotype,
there being about 10 isotypes in most mammals, including man.

The heavy and light chains were originally studied by amino acid
sequencing, and this revealed that the amino terminal 110 residues of
both the heavy and the light chains were variable from molecule to
molecule, while the remaining regions had identical sequence in antibodies
of the same isotype. The variable regions could, upon compilation of
sufficient sequences, be further subdivided into regions of great diversity,
of which there are three in each variable region, and regions of relatively
little diversity, of which there are four in each variable region. It was
assumed that the regions of greatest diversity must be involved in the
specific binding of antigen, and when the crystal structure of an antibody
molecule binding to a protein antigen was solved, it was seen that this
is precisely what happens. The rest of the variable region is folded into
a pattern characteristic of antibody molecules, now generically called
immunoglobulins; such folded regions are termed immunoglobulin
domains. The light and heavy immunoglobulin chains pair and bring
the six hypervariable loops, three from the heavy and three from the
light chain, into a cluster at the outer end of the antibody molecule,
where they can contact the antigen. Thus, the loops of greatest variability
in the antibody structures are brought to the end of the molecule and
can easily bind to complementary antigens. These bonds are non-covalent
and consist of electrostatic, hydrogen, van der Waals and hydrophobic
interactions, each of which typically contributes to some of the energy
of the antigen:antibody bond.

This structure, however, raised a seemingly inexplicable problem:
how could each antibody sequenced have part of its sequence variable
and part constant? And how could a genome now estimated to contain
around 10° genes encode such a diversity of proteins? The answer to
both questions required a molecular analysis of the antibody genes.
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Antibody genes are arranged in gene segments, which undergo
recombination in specific somatic cells, those of the B lineage of
lymphocytes. Light chain variable regions are encoded in two types of
gene segment, called V (for variable) and J (for joining), while heavy
chains actually assemble three gene segments, called V, D (for diversity)
and J, to form a complete variable region gene. The junctions between
the gene segments are the sites of greatest diversity, with the heavy
chain actually containing a variable number of non-template encoded
or N-nucleotides. In addition, there are substantial numbers of V, D,
and J gene segments involved in forming the light and heavy antibody
chains, so the total diversity is tremendous. Finally, the pairing of two
diverse peptide chains, one heavy and one light, to form a complete
antigen binding site increases diversity exponentially. This diversity
derived from heavy and light chain pairing is called combinatorial
diversity.

The repertoire of distinct antibody molecules in man has been estimated
to be at least 108, but individual specificities are represented to different
degrees, so that some are quite frequent (=1/10%-3), while others are
quite rare (=1/10'%-12). This diversity is further amplified in an immune
response by a process of somatic hypermutation, which is unique to
B cells proliferating in response to antigen. Somatic hypermutation is
initiated a few days after B cell responses begin, and occurs with a
remarkably high frequency of about one mutation per 10° base pairs
per generation. As a typical B cell response involves 10-12 divisions,
and a typical B cell has around 660 base pairs encoding the two variable
regions, this is close to one mutation per cell division. Many of these
mutations probably destroy antigen recognition as they are nearly random,
but some improve antigen binding significantly, and such mutations
are mainly in the complimentarity determining regions. The B cells
carrying such mutations are readily selected for antigen binding, with
those B cells having receptors with the highest binding affinity continuing
the response while B cells with neutral or deleterious mutations in
their antigen binding domains are lost. ’

Thus, B cell antigen receptors and their secreted products, the antibody
molecules, are tremendously diverse in just those regions required for
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optimal antigen binding. Diversity in other parts of the V region not
involved in antigen binding are selected against, while mutation of
those genes that encode the constant regions is not observed at all.
Therefore, antibody diversity can be encoded in a relatively small number
of gene segments: there are approximately 40 heavy chain V gene
segments, 25 diversity gene segments, and 10 heavy chain J gene segments
in humans, generating a total of 10,000 VDI joins. Diversity is increased
at the VDJ junctions by the insertion of N-nucleotides and further by
somatic hypermutation during the antibody response. The actual number
of distinct antibody molecules that can be formed is much larger than
the number that can be used. The gene rearrangement program also
assures that each cell expresses a unique receptor, and that its progeny
inherit that same basic receptor, or mutants that are better than the
original B cell at binding the antigen.

The B cell antigen receptor consists of a cell surface antibody molecule
derived from the same rearranged V(D)J genes as the antibody that the
cell will secrete upon activation. The antibody on the cell surface is
associated with chains called Igo and IgP that allow the B cell that
binds to antigen to respond by making antibody. These chains lack
enzymatic activity of their own, but they do contain so-called immune
receptor tyrosine-based activation motifs, or ITAMs, which allow them
to interact with cytosolic tyrosine kinases. However, most antigens do
not stimulate B cell growth and differentiation directly upon antigen
binding. Rather, they are bound by surface antibody molecules and
taken up by antigen binding to the B cells receptor, which degrades
them into peptides to be presented to T cells. Molecules taken up in
this way focus T cells specific for the same antigen on the antigen-
binding B cell itself. B cells are one of the few cells in the body that
express MHC class II molecules, and therefore can be activated by
CD4 T cells which can stimulate the B cell to divide and make antibodies.
Thus, all adaptive immunity is T cell-dependent, and we must therefore
turn to how T-cells recognize antigen in order to understand the immune
response.

Before doing so, however, it is useful to ask how one can use antibodies
to trace and target tumors. Antibodies are produced in a variety of
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forms even when one uses a very precisely defined antigen. This
heterogeneity of antibodies is the result of the great diversity produced
by gene rearrangement and somatic hypermutation. It also poses problems
for the individual who would use antibodies as a therapeutic tool,
because each batch of antibodies prepared will have different properties.
However, if one could start from a single B cell and expand it indefinitely,
then each cell should make antibodies that are the same. The trick to
having homogeneous antibodies is to be able to grow from one cell an
immortal clone all of whose antibodies are identical. This feat was
accomplished in the mid-1970s by Kohler and Milstein, who invented
monoclonal antibodies. They fused spleen cells from a mouse that was
immunized with a specific antigen to a mouse myeloma that had all of
its own antibody genes removed, and then screened for a cell that
secreted the specific antibody. The spleen cell provided the genes encoding
the antibody, while the myeloma provided the immortalizing genes and
the necessary machinery for synthesizing large amounts of antibody.
More recently, even more sophisticated techniques for generating antibodies
have been introduced through genetic engineering.

Antibodies have been used against a number of tumors, and on
occasion have had the desired effect of attacking the specific tumor.
Their potency can be enhanced by coupling them to cytotoxic drugs to
form immunotoxins, or to radionuclides to allow the cells in the tumor
to be exposed to irradiation. Similar techniques can identify sites where
tumor cells are accumulating in the living patient. However, most tumors
are not readily recognized by antibodies, and one is left with using
T cells in most cases. T cells can find and attack tumors because of
their specific receptors, and they can recognize small changes in the
tumor cell surface that are not detectable by antibodies. Thus, we must
study T cell antigen recognition and differentiation in order to understand
why T cells are the focus of so much interest today.

Recognition of Antigen by T Cell Receptors

As stated in the introduction, T cell receptors are distinct from antibody
molecules. The major distinction is in how they recognize antigen.
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Antibody molecules are responsible for clearing the extracellular fluid
of bacteria, viruses and other pathogens. They do so by binding to
these extracellular forms of pathogens with high affinity. T cells, by
contrast, are responsible for monitoring the integrity of the intracellular
milieu of cells. They do this by inspecting the surface of cells for the
presence of bound non-self peptides. In this way, T cells can detect
infection inside of cells and remove the infected cells in the case of
killer T cells, which are mainly CD8 cells, or activate them to destroy
pathogens that are growing within them in the case of CD4 T cells. To
understand how this happens, it is necessary to divide the cell into two
domains: the cytosol, including the nucleus; and the vesicular compartments
of a cell: the endoplasmic reticulum, Golgi apparatus, endosomes and
lysosomes, which are topograpically separated from the cytosol and
exchanged with the extracellular fluid by means of phagocytosis,
pinocytosis, and receptor-mediated endocytosis. These two compartments
generate peptides in two distinct ways, and present them at the cell
surface on two distinct classes of MHC molecule. This process will be
described in detail by Rudensky in the next chapter of this book, but a
brief description is useful now in order to understand why it is both
necessary and important to know how T cells recognize infected or
transformed cells.

MHC class I molecules present peptides of 8—10 amino acids to
CD8 T cells. Proteins in the cytosol are degraded, probably by proteosomes,
which are large multicatalytic proteases present in all cells from the
oldest bacteria to present day mammals. These short peptides are
transported across the membrane of the endoplasmic reticulum (ER)
by an ATP-dependent transporter made up of two subunits called
TAP-1 and TAP-2. In the presence of ATP, these transporters pass the
peptides into the lumen of the ER where they are met by MHC class 1
molecules comprising of two chains, an o chain that is a transmembrane
protein encoded in the MHC and shows extensive genetic polymorphism,
and a light chain called B2 microglobulin that is not polymorphic, is
encoded on a different chromosome and associates non-covalently with
the MHC class I heavy chain. When a peptide of appropriate sequence
is presented to the MHC class I molecule, this molecule completes its



