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Regulation of T Cell Activation and Death by the Affinity of TCR for
peptide/MHC complexes

by Cheng-Hong Wei, Microbiology and Tumor Biology Center, Karolinska Institute, Box 280, S-171
77 Stockholm, Sweden.

ABSTRACT

The aim of this study is to investigate the role of the affinity of peptide:MHC/TCR interaction in the
regulation of T cell activation, death and repertoire selection. Three aspects pertinent for our
understanding of this issue have been analyzed.

First, we analyzed the effect of partially agonistic peptides on the activation and survival of CTL
clones specific for a highly immunogenic HLA All-restricted peptide epitope derived from the EBV
nuclear Ag 4(EBNA 4), IVTDFSVIK (designated IVT). Several analogues with substitutions of TCR
contact residues were able to trigger cytotoxic activity without induction of IL-2 mRNA and protein or
T cell proliferation. Triggering with these partial agonists in the absence of exogenous IL-2 resulted in
down-regulation of the cytotoxic potential of the specific CTLs. One analogue selectively triggered
apoptosis as efficiently as the original epitope, subdividing the partial agonists into apoptosis-inducing
and non-inducing ligands. Analysis of early T cell activation events did not reveal significant
differences between the two types of analogue peptides. These results demonstrate that some partial
agonists can dissociate the induction of CTL death from CTL activation. Then, we characterized the
apoptotic programs induced by the immunogenic peptide and its partially agonistic analogues in the
[VT-specific CTL clones. Our major finding is that CTL triggering with partially agonistic peptide
ligands can initiate death receptor dependent and independent apoptotic programs in the effector cells.
[n contrast to classical AICD, death receptors are not essential for the elimination of CTLs activated
with partially agonistic peptides. In addition, death receptor independent apoptosis requires caspases
other than caspase 3 and 8. Induction of anti-apoptotic BCI-2 and BCI-X, expression is associated with
resistance to this form of apoptosis. Also, [L-2 enhances classical and inhibits death receptor
independent AICD. We concluded that TCR triggering not accompanied by IL-2 production may result
in elimination of T-lymphocytes in death receptor independent manner. Our data demonstrated that
engagement of TCR by MHC-peptide complexes can trigger diverse apoptotic programs of AICD and
that the choice between these programs is determined by the agonistic potency of MHC-peptide ligand.

Second, the molecular basis of different outcomes of =~ CTLs stimulation with immunogenic and
partially agonistic peptide ligands was analyzed. The role of MHC:peptide/TCR affinity in the
regulation of T cell activation was characterized using tetramer technology. Our results demonstrated
that the A1l complexes assembled with the partial agonist dissociated from the surface of IVT-specific
CTLs with a faster kinetics as compared with complexes containing the immunogenic peptide. We also
showed that the efficiency of CTL recognition correlates with the stability of interaction between the
specific TCR and MHC:peptide complex. Tetramer binding and secretion of INFy were shown to be
compatible with T-cell activation by partially agonistic peptides. In conclusion, our results indicate that
the affinity of TCR/MHC:peptide interaction determines the strength of TCR signalling, extent of CTL
activation as well as the apoptosis pathway that operates in CTLs in the course of AICD.

The third aim of our study was to investigate the influence of the affinity of TCR/MHC interaction
on the selection and maintenance of T-cell receptor (TCR) repertoire of peptide specific CTLs. Using
tetramer technology, we investigated the restriction of TCR usage among CTL responses against a
subdominat EBNA 4 derived peptide referred to as AVF. In agreement with the earlier findings, ex
vivo analysis of AVF-specific CTLs using AVF-containing HLA All tetramers revealed the same
degree of conservation of the AVF-specific response both in healthy virus carriers and in the course of
primary EBV infection. Tetramer binding and dissociation experiments performed with AVF-specific
CTLs or CTLs expressing a very diverse set of TCRs and specific to another immunodominant All-
restricted EBV-derived peptide epitope did not support a model of affinity driven selection of restricted
TCR repertoires. Characterization of individuals that fail to mount responses to the immunodominant
All-restricted CTL epitope but efficiently respond to the AVF-peptide argued against interclonal
competition as the reason for the observed TCR conservation. Collectively, our data confirm the
existence of naturally induced peptide-specific CTL responses with highly restricted TCR usage. Our
data do not support a major role for affinity of MHC:TCR interaction in the selection of structurally
conserved TCR-repertoires and suggest that such conservations may be due to structural constrains in
MHC:peptide/TCR interactions or endogenous pre-selection of certain clonotypes.
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Abbreviations

Ag - Antigen

AICD — Activation-induced cell death

APC — Antigen presenting cell

AP-1 — Activation protein-1

APL — Altered peptide ligand

AVF - AVFDRKSDAK

2m — B2-microglobulin

CAD - Caspase-activated DNAse

CDR - Complementarity determining region
CsA — Cyclosporin A

CTL — Cytotoxic T lymphocytes

EBV — Epstein-Barr virus

EBNA - EBV-encoded nuclear antigen

ER — endoplasmic reticulum

FACS — Fluorescence activated cell sorter
FADD - Fas-associated death domain

FasL — Fas ligand

FLICE — FADD-like interleukin-1 converting enzyme
FLIP — FLICE-inhibitory protein

HC — heavy chain

HLA — Human leukocyte antigen

IAP — Inhibitor of apoptosis

ICAD - Inhibitor of caspase-activated DNAse
IFN - Interferon

Ig — Immunoglobulin

IL-2 — Interleukin-2

IS — Immunological synapse

ITAM - Immunoreceptor tyrosine-based activation motif
IVT - IVTIDFSVIK

JNK - Jun N-terminal kinase

LCL — Lymphoblastoid cell line

LCMYV - Lymphocytic choriomeningitis virus
MAP kinase — mitogen activated protein kinase
MFI — Mean fluorescence intensity

MKK — MAP kinase kinase

NFAT - nuclear factor of activated T cells
NF-xB — nuclear factor kB

NK - Natural killer

PAMP - Pathogen-associated molecular patterns
PKC - Protein kinase C

PLC — Phospholipase C

pMHC — peptide: MHC molecule complexes
PTK — Protein tyrosine kinase

RT-PCR - reverse transcriptase polymerase chain reaction
SMAC - supramolecular activation clusters
Smac(DIABLO) — Second mitochondria-derived activator of caspase
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TAP - transporter-associated with antigen processing
TCR - T cell receptor

TNF - Tumor necrosis factor

TNFR — TNF receptor

TRAIL — TNF-related apoptosis-inducing ligand
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l. General introduction

The immune system is a complex, co-ordinated network composed of cells,
anatomical structures, substances and procedures which function together to protect
the host from infections and malignant cell outgrowth. According to the mode of
activation, involvement of unspecific or specific recognition, time kinetics of
recruitment and functions, the immune system can be divided into the innate immune
system and the adaptive immune system (1-3). Innate immune system consists of
skin and mucosal epithelium cells, macrophages, neutrophils, dendritic cells, and
natural killer (NK) cells, antimicrobial substances and complement are also important
components of the innate immunity. The innate response is initiated through the
pattern recognition receptors (PRRs) which recognize frequently encountered
structures called pathogen-associated molecular patterns (PAMP) produced by
microorganisms. For example, CD14 receptors on macrophages can bind to bacterial
endotoxin leading to macrophage activation, and the mannose receptor on phagocytes
binds to microbial glycoproteins or glycolipids. Innate immunity acts early in the
host’s defence against microbes and functions to control or eradicate the infection
until the more sophisticated and specific adaptive response has mounted to a sufficient
level. In contrast, the adaptive immunity shows diversified, exquisite specificity for
distinct macromolecules and an ability to " remember ~ and respond more strongly to
repeated exposure to the same microbe. The components of adaptive immunity are T
and B lymphocytes and their products. Adaptive immunity depends on the clonal
expansion of T and B cells which can specifically recognize a certain antigen, and the
adaptive immunity’s extraordinary ability to distinguish among different, even closely
related microbes and macromolecules (for example, two proteins differed with only
one amino acid) is mainly attributed to the existence of a large pool of specific
receptors (slg and TCR for B and T lymphocytes, respectively) which bear a huge
array of diversity (theoretically approximately 10'" for Ig repertoire and 10" for TCR
o repertoire)(4). However, one should keep in mind that the innate and adaptive
immune responses are components of an integrated system of host defence in which
numerous cells and molecules function cooperatively. The two systems are bridged

through two important links. First, the innate immune response to microbes stimulates



adaptive immune responses and influences the nature of the adaptive responses.
Second, adaptive immune responses use many of the effector mechanisms of innate
immunity to eliminate microbes, and they often function by enhancing the
antimicrobial activities of the defence mechanisms of innate immunity. In addition,
processes such as antigen presentation, and chemokines and cytokines incorporate the

two systems together to implement the task of defending the host from pathogens.

The adaptive immune response is more precise and efficient in eliminating the
pathogen, although the kinetics of the responses to infection is much slower. There
are two types of adaptive immune responses, one is humoral immunity and the other
is cell-mediated immunity. Humoral immunity is mediated by molecules in the blood,
called antibodies, that are produced by B lymphocytes. Humoral immunity is the
principal defence mechanism against extracellular microbes and their toxins because
secreted antibodies can bind to these microbes and toxins and assist in their
elimination. Cellular immunity is mediated by T lymphocytes. Intracellular microbes,
such as viruses and some bacteria, survive and proliferate inside phagocytes and other
host cells, where they are inaccessible to circulating antibodies. Defence against such
infections is a function of cell-mediated immunity, which promotes the destruction of
microbes residing in phagocytes or the lysis of infected cells. For example, CD4+ T
helper cells activate macrophages to kill phagocytosed microbes, and CD8+ T cells
usually directly destroy infected cells. Among T lymphocytes, CD8+ cytotoxic T
lymphocytes (CTLs) play an important role in the immune surveillance of various
viral infections (5-22) and malignancies (23-29) in vivo. CTLs expressing the TCR
o heterodimer and CD8 coreceptor recognize peptides derived from intracellularly
processed antigens presented in the context of major histocompatibility complex class
I molecules (30-32). Following activation, they become effector cells and can then kill
these cells by either lyzing them through the release of pore-forming proteins and
caspase-activating granzymes at the target cells (33, 34) (35-37) or by inducing
apoptosis in the target cells through the Fas-FasL. interaction (38).



Il. Structural and functional aspects of MHC: TCR interaction

1l.1 The major histocompatibility complex

The major functions of T cells are defence against intracellular microbes and
activation of other cells such as macrophages, dendritic cells and B lymphocytes. The
task of presenting antigens to T cells are performed by cell surface molecules which
are encoded by genes located within the major histocompatibility complex (MHC). In
humans the MHC is also referred to as HLA ( human leukocyte antigens) and is
located on chromosome 6, and in the mouse it is called H-2 and located on
chromosome 17 (39, 40). The human classical MHC class I molecules are called
HLA-A.-B, and —C; the corresponding murine MHC class I molecules are called H-
2K, -D and —L. HLA-DR, -DP and —DQ are the human classical class II molecules
while for mouse they are termed as I-A and I-E. Many different genes are located
within the MHC and most of them are related to the immune system and its functions.
Two general features of the MHC enable the adaptive immunity to defend the host
from diverse pathogens: (i) the MHC is polygenic; each individual has several
different genes at specific positions on the chromosomes (loci) encoding the two
main types of transplantation antigens MHC class I and class II, (ii) the MHC is
polymorphic; at each classical MHC class I and class II locus one of a multitude of

different but related genes (alleles) is expressed in a given individual (41, 42).

The two major classes of MHC molecules, class I and II, are expressed differentially
on cells. MHC class I molecules are glycoproteins expressed on the plasma membrane
of virtually all nucleated cells, while expression of class IT molecules is restricted to
specialized antigen presenting cells (APCs) such as macrophages, dendritic cells and
B lymphocytes. MHC class I molecules bind peptides derived from intracellularly
processed viral, bacterial or endogenous proteins. Their main function is to transport
and present these peptides to CD8+ T cells (i.e. CTLs). In contrast, MHC class 11
molecules bind peptide antigens generated within endosomal compartments derived
from endocytosed extracellular proteins, they then present these peptides on the

surface of professional APCs for interaction with CD4+ T cells ( helper T cells)(32).
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The interaction of peptide-MHC complexes on the surface of APC with specific
antigen receptors on the surface of T cells triggers T cell activation and effector
functions, e.g. cytolysis, release of cytokines, macrophage activation, B cell activation
and secretion of immunoglobulin, etc (43). Professional APCs all express high level
of costimulatory molecules (e.g. B7-1, B7-2, CD40) which can be recognized by
corresponding receptors (e.g. CD28, CTLA-4) or ligands (e.g. CD154, also called
CD40L) on T cells. For priming of naive T cells, both signal 1 (i.e. TCR-
MHC/peptide interaction) and signal 2 (costimulation) are required, TCR triggering in

the absence of the second signal will lead to anergy or death of naive T cells (44, 45).

1.2 MHC class I antigen processing and presentation pathway

In addition to the MHC class I and II genes, several other genes involved in antigen
presentation are also encoded within the MHC. The two genes encoding the
transporter associated with antigen processing (TAP) lie in the MHC class II region,
in close association with the LMP genes that encode components of the proteasome,
where the genes for tapasin which binds to both MHC class I and TAP in the
endoplasmic reticulum (ER), lies at the centromeric edge of the MHC. The functions
of these proteins will be discussed in more details later. In addition to the highly
polymorphic MHC class I genes, there are non-classical MHC class I genes (MHC
class Ib genes ) exhibiting limited polymorphism (46).

The generation of mature peptide-loaded class I molecules requires the co-ordination
of three essential processes: degradation of antigenic proteins to peptides in the
cytosol, translocation of peptides across the ER membrane, and assembly of MHC
class [ heavy chain:B2m:peptide complexes and their transport to the cell surface(47,
48). Figure 1 summarises the main steps involved in MHC class I restricted antigen

presentation.

Numerous lines of evidence suggest that ubiquitinylation and protein degradation by
the multicatalytic protease complex, defined also as proteasome, are involved in

antigen processing. Michalek et al. have shown that ubiquitinylation is required for
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Figure 1. The MHC class | antigen presentation pathway
(Adapted from van Endert, P.M.  (1999). Curr. Op. Immunol . 11, 82-88)

the generation of antigenic peptides (49), and presentation of an OV A-derived epitope
was prevented by treatment of the APCs with proteasome inhibitors (50). The
proteasome is composed of a 20S cylindrical proteolytic core that binds at each end
activator complexes designated ~ 19S regulator “and " 118 regulator “ (or PA28). The
19S regulator associates with the 20S proteasome to form the 26S protease, which is
involved in the targeted degradation of ubiquitin-conjugated proteins (51). Substrate
proteins are first ubiquitinylated and then unfolded. Within the proteasome, these
proteins are cleaved into peptides. The proteasome possesses five distinct peptidase
activities, including: chymotrypsin-like activity (cleavage after hydrophobic residues),
trypsin-like activity (cleavage after basic residues), peptidylglutamyl peptide-
hydrolyzing activity (PGPH, cleavage after acidic residues), a small neutral amino
acid-preferring (SNAAP) activity (cleavage of peptide bonds between the small
neutral amino acid Ala or Gly) and a branched chain amino acid-preferring (BrAAP)
activity (cleavage of peptide bonds on the carboxyl side of branched residues, such as
Leu, Ile and Val) (52). Incorporation of Lmp2 and Lmp7 in the 20S proteasome core
following [FN-y treatment may alter the peptidase activity, favouring cleavage at the
carboxyl side of hydrophobic, basic and branched chain amino acids (53, 54). This

type of proteasome complex is defined as * immunoproteasome “. Consistent with the
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proteasome peptidase activity, sequence analysis of peptides eluted from HLA class [
molecules highlights a limited variation at the carboxyl termini: Ile, Leu, Val, Arg,
Lys, Tyr or Phe are found at the C-terminus in 95% of all class I restricted epitopes

(55).

Following proteasome degradation, the produced peptides are then actively
transported by the TAP-1/TAP-2 heterodimer from the cytosol into the ER, where
they associate with heterodimers of MHC class I heavy chain and B2-microglobulin
(B2m). It has been shown that TAPs preferentially translocate peptides of
approximately the size usually found associated with MHC class I molecules (56-58).
The efficiency of TAP translocation drops significantly for peptide substrates shorter
than 8 and longer than 14 amino acids. The ability of TAP to transport peptides with
different C-termini varies from species to species. Human TAP is permissive for
peptides with hydrophobic and basic C-terminal amino acids (59, 60), whereas mouse

TAP transports peptides with hydrophobic C-termini (57, 59).

ER resident proteins like calnexin, clareticulin and Erp57 are important in retaining
class I-f2m dimers in the ER in anticipation of peptide binding. Peptide binding of
the class I-32m dimer is dependent on interaction with TAP, which is mediated by
tapasin (61). When stably assembled, the trimeric complexes are transported to the
cell surface through the ER and Golgi network. The peptide binding cleft of MHC
class [ molecules has a strict peptide length requirement of 8-11 amino acids, and
displays an allele-specific motif for preferential peptide binding (62). Once the
peptide is bound deep within the cleft, further processing is not likely to occur.
Despite example of peptide trimming in the ER, it has been established that the
cytosol is the main site of processing of class I presented epitopes. This antigen
processing and presentation pathway is operating in almost all types of cells, enabling

the CTLs to detect intracellular antigens and destroy infected cells.

It should be noted that although intracellular antigens are the main sources of MHC
class I peptide ligands, processing of exogenous antigens for presentation on class |
molecules has been observed in different model systems. In fact, MHC class I-

mediated presentation of exogenous antigens by the specialized APCs, termed cross-



priming or cross-presentation, appears to be critical for CTL immune surveillance

against microorganisms that do not infect the specialized APCs themselves (63-65).

1.3 Structure of the MHC class | molecules

Early studies on the crystal structures of MHC class I molecules have revealed that
they are composed of a highly polymorphic membrane-anchored heavy chain (~45
KD) and a lighter invariant soluble non-covalently attached 2m (~12 KD) (66, 67).
The heavy chain consists of three extracellular domains al, a2 and o3, a
transmembrane region and a cytoplasmic tail. The ol domain does not contain any
cystein residues capable of forming disulphide bonds. The a2, a3 domains and 2m
each contain two cystein residues involved in the disulphide-bond formation. Only the
class I heavy chain spans the membrane. f2m as well as the a3 domain of the heavy
chain have a folded structure that closely resembles that of the immunoglobulin. In
contrast, the ol and a2 domains of the heavy chain form two a-helices topping a
sheet of eight B-strands (Figure 2). This part of the structure, corresponding to the
most polymorphic region of the heavy chain, forms a cleft where peptide antigens
bind (68, 69). The structural integrity of the complex depends on the presence of all
three components. 2m interacts extensively with the al/a2 peptide-binding domain
and its position relative to the peptide-binding region is rather well conserved in all
the known structures of class [ molecules. The a3 domain does not seem to have any

major impact on peptide binding.

The peptide-binding clefts of class I molecules are closed at both ends, restricting the
size of the bound peptides to 8-11 amino acids, and the peptides are held in a largely

extended conformation and run the length of the cleft.

The first two domains (al and a2) of the MHC class I proteins form an extremely
polymorphic peptide binding groove, approximately 30A long and 12A in the middle.
Each o-helical domain contributes half of the eight-stranded B-sheet floor of the
groove and a-helix wall. The most variable residues point into this groove and up

from the tops of both helices, conferring unique peptide-binding and TCR-binding
9



Figure 2. MHC class I-peptide complex. A schematic diagram of the binding groove and peptide for
the HLA B35*%01 HIV Nef peptide complex. The 8-mer peptide is shown in ball-and-stick
representation and MHC residues 138-149 in the 02 helix are highlighted by darker shading. This
portion of the MHC framework appears to shift in response to the precise positioning of the peptide
carboxy-terminus. Adapted from Jones E. Y., Curent Opinion in Immunology 1997, 9(1): 75-79.

specificity of each MHC molecule. The majority of these variable residues are located
in the central portion of the cleft, whereas clusters of highly conserved residues that
stabilize/anchor the peptide termini occur at both ends of the groove. Some of these
conserved, primarily aromatic residues block the ends of the binding groove, while
others create a network of hydrogen bonds with associated peptides. The relative
arrangement of the polymorphic residues that line the peptide-bonding cleft creates
pockets which accommodate amino acid side chains of the peptide, thereby anchoring
the peptide onto the class I molecule. In the analysis of the structure of the first
determined MHC class I molecule, HLA-A2, six major pockets were identified and
labeled as A through F (70). Residues that compromise each region are approximately
the same in all defined MHC class I structures, so that each section of the primary

sequence is located at the same place in the binding cleft in any MHC class 1
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molecule. All the structures have two distinct and fairly conserved pockets A and F at
each end of the peptide-binding groove. Pocket B, C, D, E have distinct sizes and
characters in different allelic variants of MHC class 1 molecules, thereby imposing
different sequence constraints on the peptide bound. A consequence of this is that
class 1 binding peptides contain allele-specific sequence motifs, defined by the
position and identity of at least a couple of anchoring residues, one of which is the C-
terminus. In addition, there are secondary pockets that can enhance and further tune

the affinity of a particular peptide.

1.4 Structure of the MHC class I: peptide complexes (pMHC)

In most class I crystals the peptide is deeply buried in the binding groove, allowing
for multiple interactions between the groove and side chains of the bound peptide.
These contacts increase the overall binding affinity, and align the peptide in the site so
that part of its sequence can be recognized by the TCR. The side chain contacts differ
between different alleles, and determine the peptide sequence specificity. Important
contacts occur between A and F pockets of the MHC groove and the peptide. In all
class I:peptide complexes the N-terminal residue is accommodated with the A pocket

and the C-terminal residue is accommodated with the F pocket.

The binding of peptides to MHC molecules is a noncovalent interaction mediated by
residues both in the peptides and in the clefts of the MHC molecules. These peptides
bind to the cleft in an extended conformation. Once bound, the the peptide and their
associated water molecules fill the clefts, making extensive contacts with the amino
acid residues that form the B-strands of the floor and the a-helices of the side of the
cleft. In most MHC molecules, the B-strands in the floor of the cleft contain “pockets”.
The amino acid residues of a peptide may contain side chains that fit into these
pockets and bind to complementary amino acids in the MHC molecule, often via
hydrophobic interactions. Such residues of the peptide are called anchor residue,
because they contain most of the favorable interactions of the binding (i.e., they
anchor peptide in the cleft of the MHC molecule). The anchor residues of peptides
may be located in the middle or at the ends of the peptide. Each MHC-binding

peptide usually contains only one or two anchor residues, and this presumably allows
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greater variability in other residues of the peptide, which are the residues that are
recognized by specific T cells. Specific interactions of peptides with the a-helical side
chain of the cleft also contribute to peptide binding by forming hydrogen bonds or
charge interactions (salt bridges). Class I-binding peptides usually contain
hydrophobic or basic amino acids at their carboxy termini that also contribute to the

interaction.

Because many of the residues in and around the peptide-binding cleft of MHC
molecules are polymorphic (i.e., they differ among various MHC alleles), different
alleles favor the binding of different peptides. This is the structural basis of the
function of MHC genes as “immune response genes”; animals that are responders to a

particular peptide express MHC alleles that can bind and display it to T cells.

A portion of the bound peptide is exposed from the open top of the cleft of the MHC
molecule, and the amino acid side chains of this portion of the peptide are recognized
by the antigen receptors of specific T cells. The same T cell receptor also interact with
polymorphic residues of the a-helices of the MHC molecule itself. Thus, amino acids
from both the antigenic peptide and the MHC molecules contribute to T cell antigen
recognition, with the peptide being responsible for the fine specificity of antigen
recognition and the MHC residues accounting for the MHC restriction of the T cells.
Predicably, variations either in the peptide antigen or in the peptide-binding cleft of
the MHC molecule will alter presentation of that peptide and/or its recognition by T
cells. By introducing mutations in an immunogenic peptide, it is possible to identify
residues involved in binding to MHC molecules and those that are critical for T cell
recognition. Also, one can enhance the immunogenicity of a peptide by incorporating
into it a residue that strengthen its binding to commonly inherited MHC molecules in
a population. This approach is being tried for the synthesis of custom-designed

vaccines.

1.5 Differentiation of CTL and expression of TCR genes

Lymphocytes are the only cells in the body that express highly diverse antigen
receptors that can recognize a wide variety of foreign substances. This diversity is

12



generated during the development of mature B and T lymphocytes from precursor
cells that do not express antigen receptors and cannot recognize and respond to
antigens. The process by which bone marrow-derived lymphocyte progenitors are
converted to mature lymphocytes that populate the peripheral lymphoid tissues is
called lymphocyte maturation. The collection of antigen receptors, and therefore
specificities, expressed in B and T lymphocytes composes the lymphocyte repertoire.
During maturation, a tightly regulated program of sequential gene expression leads to
changes in the phenotype of the developing cells, generation of a diverse repertoire,
acquisition of functional competence, and selection events that ensure that most of the
lymphocytes that enter peripheral tissues are useful, in that they respond to foreign
antigens but not to many self antigens. The expression of antigen receptor genes is the

central feature of all these maturation events (71).

The T cell receptor is a heterodimer composed of two polypeptide chains, o and 3 or
v and J, which are divided into a variable domain involved in antigen recognition and
a constant domain which is important for membrane attachment and T cell activation.
The variable domain is encoded by multiple variable (V), diversity (D) and joining (J)
gene segments. The constant domain is encoded by constant (C) gene segments.
Somatic rearrangement during lymphocyte development in the thymus juxtapose V-J
or V-D-J segments that code for the o/y and P/d chains respectively. This
combinatory potential creates an array of unique TCRs capable of recognizing a large
variety of epitopes. The diversity is further increased by several possible o/B or /0
pairings and by nucleotide additions and/or trimming at the V(D)J junctions (72-75).
Figure 3 depicts a simplified scheme of rearrangement of TCR a and B gene

segments.

Amino acid sequence comparison suggested that T cell receptors are structurally
immunoglobulin-like (76). Crystal structure analysis confirmed that the extracellular
portion of the aff TCR heterodimer is structrually similar to the antigen-binding
fragment (Fab) of Ig molecule. The V regions of the TCR o and [ chains contain
short streches of sequences where the variability between different TCRs is
concentrated, and these form the hypervariable or complementarity-determining

regions (CDRs). Three CDRs in the a chain are juxtaposed to three similar regions in
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the B chain to form the part of the TCR that specifically recognizes peptide-MHC
complexes. In the o and B chains of the TCR, the third hypervariable regions (which
form CDR3) are composed of sequences encoded by V and J gene segments (in the o
chain) or V, D and J gene segments (in the § chain). The CDR3 regions also contain
sequences that are not present in the genome but are encoded by random nucleotide

additions, so-called N regions. Therefore, most of the sequence variability in TCRs is

concentrated in CDR3 (4).
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Figure 3. T cell receptor o. and  chain rearrangement and expression. The T cell receptor o and 3
chain genes are composed of discrete segments that are joined by somatic recombination during
development of the T cell. For the TCR o chain, a Va gene segments rearranges to a Jo. gene segment
to create a functional exon. Transcription and splicing of the VJa exon to Co generates the mRNA that
is translated to yield the the TCR o chain protein. For the TCR f3 chain, the variable domain is encoded
in three gene segments, V3, Df, and JB. Rearrangement of these gene segments generates a functional
VDIJB exon that is transcribed and spliced to join to Cf3; the resulting mRNA is translated to yield the
TCR B chain. The o and B chains pair soon after their biosynthesis to yield the o:f TCR heterodimer.
Not all J gene segments are shown. Adapted from Janeway C. A. et al., Immunobiology, 1999, 4th
edition.
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T cell maturation in the thymus progresses in stages distinguished by expression of
antigen receptor genes, CD4 and CD8 coreceptor molecules, and location in the
thymus. The earliest T lineage immigrants to the thymus do not express TCRs or CD4
or CD8 molecules. The developing T cells within the thymus, called thymocytes,
initially populate the outer cortex, where they undergo proliferation, rearrangement of
TCR genes, and surface expression of CD3, TCR, CD4 and CD8 molecules. As the
cells mature, they migrate from the cortex to the medulla. The least mature
thymocytes, called pro-T cells, are CD4" CDS8" (double negative, DN), and the TCR
genes are in the germline configuration. In the pre-T stage, thymocytes remain double
negative, but V-D-J recombination occurs in the TCR B chain locus. Primary 3 chain
transcripts are expressed and processed to bring the CB segment adjacent to the VDJ
complex, and B chain polypeptides are produced. The B chain associates with the
invariant pre-T o chain to form a pre-T receptor. The B:pre-T o receptor transduces
signals that inhibit rearrangement on the other B chain allele (allelic exclusion) and
promote CD4 and CDS8 expression and further proliferation of immature thymocytes.
In the CD4" CD8" (double positive, DP) stage of T cell development, V-J
recombinations occur in the o locus, a chain polypeptides are produced, and low

levels of TCRs are expressed on the cell surface.

In order to eliminate TCRs which recognize self antigen or self MHC with too high
affinity and lead to autoimmunity, also to eliminate useless TCRs which will not
function in antigen recognition, selection processes are very critical after the random
somatic rearrangement of TCR germline V, D, and J gene segments. These selection
processes drive maturation of TCR-expressing, DP thymocytes and shape the T cell
repertoire toward self-MHC restriction and self-tolerance. Positive selection of CD4"
CD8" TCRop double positive thymocytes require low-avidity recognition of peptide-
MHC complexes on thymic epithelial cells, leading to a rescue of the cells from
programmed death. Negative selection of CD4" CD8" TCRaf double positive
thymocytes occurs when these cells recognize, with high avidity, antigens that are
present in the thymus. This process is responsible for tolerance to many self antigens.
Most of the cortical thymocytes do not survive these selection processes. As the

surviving TCRaf} thymocytes mature, they move into the medulla and become single
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positive (SP), i.e. either CD4" CD§ or CD4" CDS8". Medullary thymocytes acquire the
ability to differentiate into either helper or cytolytic effector cells and finally emigrate

to peripheral lymphoid tissues (77, 78).

1l.6 The TCR complex

The C regions of both o and B chain continue into short hinge regions, which contain
cystein residues that contribute to disulfite bond that links the two chains. The hinge
is followed by the hydrophobic transmembrane portions, an unusual feature of which
is the presence of positively charged amino acid residues, including a lysine residue
(in the B chain) or a lysine and arginine residue (in the o chain). These residues
interact with negatively charged residues present in the transmembrane portion of
other polypeptides (CD3 and () that form the TCR complex. Both o and  chains
have carboxy terminal cytoplasmic regions that are 5 to 12 amino acids long. These
cytoplasmic regions are too small to transduce signals, and the CD3 and { molecules

physically associated with the TCR serve the signal-transduction functions (79).

CD3-specific antibodies recognize the complex which consists of three proteins that
are designated CD3 v, 9, and ¢ (80). The TCR complexes also contain a disulfite-
linked homodimer of the £ chain. The CD3 and the £ chain are identical in all T cells
regardless of the specificity, which is consistent with their role in signal transduction
and not in antigen recognition. The CD3 y, §, and €are homologous to each
other. The N-terminal extracellular regions of y, 8, and € each contain a single Ig-like
domain, therefore these three proteins are members of the Ig superfamily. The
transmembrane segments of all three CD3 chains contain a negatively charged
aspartic acid residue, which binds to positively charged residues in the transmembrane
domains of the TCR o and [ chains, thus keeping the complex intact. The
cytoplasmic domains of the CD3 v, 3, and ¢ proteins range from 44 to 81 amino acid
rresidues long, and each of these domains contains one copy of a conserved sequence
motif important for signaling functions that is called the immunoreceptor tyrosine-
based activation motif (ITAM). The £ chain has a short extracellular region of nine
amino acids, a transmembrane region containing a negatively charged aspartic acid
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residue (similar to the CD3 chains), and a long cytoplasmic region (113 amino acids)
that contains three ITAMs. It is normally expressed as a homodimer. It has been
established that the expression of the TCR complex requires synthesis of all its
components. The function of CD3 and { chain is to initiate the biochemical events
that lead to T cell activation following recognition of antigen by the specific TCR
(81).

1.7 the pMHC: TCR interactions (structure)

The antigen-binding site of the TCR is a flat surface formed by the CDRs of the o and
B chains. This resembles the antigen-binding surface of antibody molecules, which is
formed by the V regions of the heavy and light chains. In the few TCR structures that
have been studied in details (82-85), though there are some differences among the
solved structures, certain common features of the interaction between a TCR and its
ligand has been revealed. Figure 4 shows a representative structure of complex
formed between a TCR and its ligand, a peptide/MHC molecule complex. The TCR
interfaces the MHC/peptide complex in a diagonal orientation, parallel to the 3 sheets
which form the pedestal of the MHC peptide-binding cleft. The TCR a chain is
oriented over the N-terminal region of the peptide, and the TCR J chain is over the C-
terminal region of the peptide. CDR2a loop positions over the a2 helix of the MHC
class I molecule, and CDR2f appears over the al helix. The CDR3 loops are
positioned over the center of the MHC-associated peptide. In some TCRs, parts of all
six CDR loops make contact with the MHC molecule (84), whereas in others
recognition of the MHC molecule is mainly the function of CDR1 and CDR2, while
CDR3 contacts the peptide. The dominant role of CDR3 in recognizing the most
variable component of the ligands, i.e. the peptide antigens, is consistent with the fact
that the greatest variability of the TCR is concentrated in CDR3(86). Many more
TCRs that are bound to their peptide-MHC ligands will need to be analysed before
generalization can be drawn. However, one surprising result of the analyses already
completed is that the side chains of only one or two amino acid residues of the MHC-

bound peptide make contact with the TCR. This is structure basis for the remarkable
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ability of T cells to distinguish among diverse antigens on the basis of very few amino

acid differences.

Figure 4. Structure of the complex formed between a T cell receptor, peptide and a MHC class 1
molecule,as revealed by X-ray crystallography. (A) Molecular surface of the ligand-binding face of the
TCR viewed from above the CDR loops of the of the TCRa and TCR chains. (B) Footprint of the
TCR on the peptide-MHC complex. (C) MHC class I molecule (H-2Kb) with bound peptide. (D)
Backbon tube representation of the TCR-pMHC complex. The TCR is on top, with the MHC class 1
molecule on the bottom. The octamer peptideis ahown as a large tube. Note that all CDRs 1-3 of the a
and B chains of the TCR contact both peptide and MHC residues, with CDR3s straddling the middle of
the peptide. Adapted from Garcia K. C. et al., Science 1996, 274(5285): 209-219.
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1.8 pMHC: TCR interactions (affinity)

The function of TCRs in immunity depend on both their specificity and affinity.
Specificity is the potential to bind one unique chemical structure more strongly than a
number of similar alternatives, it is established by TCR gene arrangements early in a
T cell’s ontogeny. Affinity refers to the strength of the binding between a certain
antibody or TCR for its antigen or ligand. During the dynamic interaction of TCR and
its ligand (pMHC), two opposing reactions are operating at the same time, which are
the association reaction TCR + pMHC — TCR:pMHC and the dissociation reaction
TCR:pMHC — TCR + pMHC. The reaction will eventually reach an equilibrium, at
which the net velocity is zero because the absolute velocity in the forward reaction
(association reaction) equals the absolute velocity in the reverse direction
(dissociation reaction). The forward velocity,Va, is proportional to the concentration
of TCR and pMHC: Va=K,{TCR}{pMHC}, where K, is know as the association rate
constant (also called Koy, its unit is M"'xS™). The reverse velocity, Vd, is proportional
to the concentration of TCR:pMHC complex: Vd=K4{TCR:pMHC}, where Kd is

know as the dissociation rate constant ( also known as Kog, its unit is $7)(87).

Usually, the TCR affinity (essentially measured by the equilibrium constant, K, and
K=K,/Kg) correlates with the stability of the complex measured by the rate constant of
dissociation (Kg) or half-life (ti): the higher the affinity, the longer the complex
half-life. The value of t;» can be either measured directly or calculated from the

dissociation rate constant Kg, i.e., Kg= 0.693/ t1/,.

Traditionally, the affinity of an antibody or TCR for its ligand is expressed as a
dissociation equilibrium constant Kp (Kp=Kd/K,, S/ M'xS'=M, thus its unit is M),
which describes the concentration of antigen (for antibody) or ligand (pMHC, for
TCR) that is required to occupy the binding sites of half the antibody or TCR
molecules present in the system. A smaller Kp indicates a stronger or higher affinity
interaction. The affinity of the TCR for peptide-MHC complexes is quite low, much
lower than that of most antibodies. In the few T cells that have been analyzed in
detail, the dissociation equilibrium constant (Kp) of TCR interactions with peptide-
MHC complexes varies from ~107 to ~107 M, while the dissociation constants of
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immunoglobulin is frequently < 10° M (88, 89). The off rate of this interaction is
also rapid, because the half-life of TCR-pMHC interaction is on the order of only 1 to
10 seconds. These are the likely reasons why accessory molecules are needed to
stabilise the adhesion of T cells to APCs, thus allowing biological responses to be

initiated.

Since the TCR affinity is determined by the ratio between the dissociation and the
association rate constant (Kp=Kg4/K,), and Kq inversely correlates with the half-live of
the interaction (Kg= 0.693/ t1,2), TCR-pMHC complexes with the same affinity may
have different half-lives. Indeed, in some circumstances the half-life, not the affinity

of the complex, may determine the nature and magnitude of the T-cell response.

Why do some T cell responses depend primarily on the kinetics of the TCR-pMHC
reaction (i.e. Ko, t1/2), while others depend on the reaction’s equilibrium dissociation
constant (affinity, Kp)? This distinction can be explained based on the assumption
that only a fraction of the TCR-pMHC encounters produce “activated” TCRs, and that
triggering of downstream signaling events requires accumulation of a critical number
of productively engaged TCRs. The concept of productive engagement assumes that a
TCR-pMHC complex persists for a critical time sufficient for the receptors to become
activated. This critical time may be different for various manifestations of the T cell
responses. Thus, both the number of ligated TCR and the half-life of TCR-pMHC
complexes or bonds are meaningful. For a high affinity reaction, practically every
TCR-pMHC bond will persist longer than the required critical time and the magnitude
of the response will depend on the affinity-determined number of ligated TCRs. Such
T cell responses are driven by the reaction’s equilibrium (affinity) binding constant.
In contrast, in the case of low-affinity reactions only a small fraction of the TCR-
pMHC bonds last long enough. For such reactions variations in the half-life of the
TCR-pMHC complex become a more important parameter than TCR affinity. For
instance, two reactions with comparably low affinities would produce similar
numbers of ligated TCRs. However, the probability to accumulate the critical number
of productively engaged TCRs would be higher for reaction with smaller Kqg or
longer TCR-pMHC half-life. Thus, T cell responses induced by low-affinity reactions
may be limited by the kinetics of pMHC dissociation from the TCR rather than by the
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TCR-pMHC reaction’s affinity. Under these conditions T cell responses are

kinetically dominated.

11.9 functional outcomes of TCR triggering with altered peptide ligands
(APLs)

Through introducing single amino acid substitution, one can generate series of peptide
analogs which only differ from the original immunogenic peptide with just one
residue. In different antigen system, these analogs have been tested for their capacity
to stimulate a variety of T cell responses in panels of T cells specific for the same
ligand. From such analysis, MHC-anchor residue and TCR contact site can be mapped
for a certain peptide antigen. TCR contact residues can be further classified as *
primary ” or * secondary ” TCR contact site. The primary TCR contact residue is
represented by an amino acid which makes a major contribution in establishing strong
interaction between MHC:peptide complex and different TCRs of the same peptide
specificity. Secondary residues were defined as the other TCR contact sites, which
were unique to each TCR in the population, and they were assumed to play a lesser
role in the overall interaction between TCR and ligand. Initially, Sloan-Lancaster and
Allen defined the term “altered peptide ligand (APL)” to describe analogs of
immunogenic peptides in which the TCR contact sites have been manipulated (90). In
broad terms, any peptide that serves as a TCR ligand in which substitutions of a single
or multiple amino acids lead to changes in functional outcome of TCR signaling may

be considered an APL.

Based on the functional outcome, TCR ligands can be classified as agonists, partial
agonists, antagonists, superagonists and null peptides (89, 91). In principle, an agonist
peptide induces the full functional repertoire of a given T cell, for example, cytolysis,
cytokine and chemokine release, proliferation and upregulation of surface receptors.
On the other hand, partial agonists are APLs with amino acid substitution in one of
the TCR or MHC contact residues that have a distinct signaling ““footprint” and
induce only some, not all, T cell functions. Antagonists usually do not induce any
specific function, but are engaged by the TCR and can inhibit responses normally
stimulated by agonist if both ligands are present at the same time. Superagonists are

APLs that induce stronger functional activation in specific T cells than the original
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immunogenic peptide does. Engagement of null ligands has no functional
consequences for the T cell because their binding affinity is below the threshold for
TCR signaling. Also, it has been shown that a subgroup of TCR-APLs selectively
induces apoptosis in CD4+ T cells (92).

It is now certain that kinetic parameters are important. In particular, the off rate (and
thus the half-life) of the monomeric TCR-MHC/peptide interaction plays a decisive
role in determining the final MHC density accumulated into the mature
immunological synapse (IS, a commonly-observed structure formed in T cells after
antigen stimulation; it is believed to play a role in T cell activation. I will come to the
disscussion of IS in section IV of this thesis), and hence the extent of T cell activation.
The wide range of biological activities displayed by altered peptide ligands has been
correlated with the half-life (t12) of the TCR-MHC-peptide interactions, in agreement
with the “kinetic model” of T cell activation. According to this model, optimal ligands
induce the longest interaction between MHC-peptide and the TCR (longest ti ),
while all other potential ligands sustain this trimolecular complex for lesser time. The
t1» of the trimolecular complex determines whether the full immunological synapse
formation develops between the T cell and APC. On the other hand, APLs with
shorter ti, (partial agonists) elicits only partial T cell triggering, which may be
adequate for some effector functions, but are inefficient to form a full mature
immulogical synapse, which is required for the most complex functions such as T cell
proliferation. Engagement of null ligands has no functional consequences for the T

cell because their binding affinity is below the threshold for TCR signaling.

lll. TCR-mediated signalling

The T cell receptor complex and co-receptor (CD4 or CD8) are associated with Src-
family protein kinases, Fyn and Lck respectively (93, 94). T cell activation by
antigen-presenting cells results in the activation of protein tyrosine kinases (PTKs)
that associate with the CD3 and TCRC subunits and the co-receptor CD4 or CDS. It
has now been firmly established that members of the Src, ZAP (C-associated protein)-
70/Syk, Tec and Csk families of nonreceptor PTKs play a crucial role in T cell
activation (95-101). Activation of PTKs following TCR engagement results in the
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recruitment and tyrosine phosphorylation of enzymes such as phospholipase Cyl
(PLCy1) and Vav as well as critical adaptor proteins such as LAT (linker for
activation of T cells), Src-homology domain (SH2)-containing leukocyte protein
76(SLP-76) and Cbl. These proximal activation events lead to reorganization of the
cytoskeleton as well as transcriptional activation of multiple genes leading to T
lymphocyte proliferation, differentiation and/or effector function. The details of these

signal transduction pathways will be discussed in the following part of this section.

Upon binding of the pMHC ligand to the TCR and co-receptor, the TCR, CD4 or CD8
coreceptor and the protein tyrosine phosphotase CD45 are brought together. This
allows the CD45 tyrosine phosphatase to remove inhibitory phosphate groups and
thereby activate Lck and Fyn. As described before, CD3-y, -8 and -¢ each contain one
ITAM and TCR( contains three ITAM; The two critical tyrosines of each TCRC are
phosphorylated by the activated Src family kinase Lck and/or Fyn (81, 96), resulting
in the generation of differentially phosphorylated TCRC isoforms, p21 and p23, which
have been observed predominantly in resting and activated T cells respectively. It has
also been shown that p21 and p23 contain predominantly singly and dual
phosphorylated ITAMs, respectively. More importantly, it has been demonstrated that
there exists a highly ordered sequential phosphorylation of all the six tyrosines of 3
TCREITAMs and that full phosphorylation of all six tyrosines of the TCRE was
dependent on the strength of TCR occupancy (102).

Phosphorylation of the TCRC chains enables them to bind the cytosolic PTK ZAP-70
through the two SH2 domains of ZAP-70 (99, 103, 104), the bound ZAP-70 becomes
a substrate for the adjacent Lck, and as a result, ZAP-70 is tyrosine phosphorylated,
acquires its own tyrosine kinase activity (95, 97, 105). Once activated, ZAP-70 can
also autophosphorylate itself. The cruitial function of ZAP-70 in TCR signal
transduction has previously been established from studies in ZAP-70 deficient mice
and humans with a genetic deficiency in ZAP-70. It is well-documented that ZAP-70
plays two crucial roles: firstly in the phosphorylation of PLCy1l, SLP-76 and LAT
(106-108); secondly in TCR-induced Ca”" mobilization, activation of the transcription

factor NFAT (nuclear factor of activated T cells) and [L-2 production (108).
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After the membrane adapter protein LAT and the cytosolic adaptor protein SLP-76
become tyrosine phosphorylated by ZAP-70, the cytosolic enzyme PLCy1 is recruited
to the plasma membrane and then phosphorylated by ZAP-70 (106, 109, 110). PLCy1
thus become active and catalyzes the hydrolysis of a plasma membrane phospholipid
called phosphatidylinositol 4,5-biphosphate (PIP2), generating two PIP2 breakdown
products, inositol 1,4,5-triphosphate (IP3) and diacyglucerol (DAG)(111). These two
breakdown products then activate two distinct signaling pathways in T cells. IP3
diffuses through the cytosol to the endoplasmic reticulum, where it binds to its
receptor and stimulates release of Ca®* store, causing a rapid rise (over a few minutes)
in the cytosolic free Ca®" ion concentration, from a resting level of about 100 nM to a
peak of 600 to 1000 nM. In addition, a plasma membrane Ca®* channel is opened in
response to as yet incompletely understood TCR-generated signals, producing an
influx of extracellular Ca®*. This influx of extracellular Ca*" allows the T cell to
sustain an increase in cytosolic free Ca>* for over an hour. Cytosolic free Ca®" acts as
a signaling molecule by binding to a ubiquitous Ca®'-dependnet regulatory protein
called calmodulin. Calcium-calmodulin complexes then activate the protein
serine/threonine phosphatase calcineurin, which dephosphorylate the transcription
factor NFAT, thereby uncovering a nuclear localization signal that allows NFAT to
translocate from the cytoplasm to the nucleus (112). NFAT is a transcription factor
required for the expression of IL-2, IL-4, TNF, and other cytokine genes. Once in the
nucleus, NFAT binds to consensus-binding sequences in the promoter and/or
enhancer regions of IL-2, [L-4 and other cytokine genes, usually in association with
other transcription factors, such as AP-1. On the other hand, DAG, the second
breakdown product of PIP2, activates the enzyme PKC (which has several isofroms)
that also participates in the generation of active transcription factors, such as NF-kB.
NF-kB is involved in T cell activation, contributing to IL-2 transcription (113). NF-
kB also activates the transcriptions of genes whose products protect cells from

apoptotic.

Besides the calcineurin and PKC signaling pathway, another important signaling
pathway in T cell activation is the MAPK (mitogen-activated protein kinase) pathway,

which is also called the Ras and Rac pathway (114). Ras molecules compose a family
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of 21 KD guanine nucleotide-binding proteins with intrinsic GTPase activity, and Ras
activation links cell membrane receptors with downstream signaling pathways. Ras is
loosely attached to the plasma membrane through covalently attached lipids. In its
inactive form, the guanine nucleotide-binding site is occupied by guanine diphosphate
(GDP). When the bound GDP is replaced by GTP, Ras undergoes a conformational
change and becomes an allosteric activator of various cellular enzymes. Following
TCR triggering, ZAP-70 is activated; as mentioned earlier, it then phosphorylates the
adaptor protein LAT. LAT then binds and recruits to the membrane additional SH2
domain-containing adaptor proteins, such as Grb-2. Once attached to the complex,
Grb-2 itself is tyrosine phosphorylated by ZAP-70, and it recruits to the membrane the
Ras GTP/GDP exchange factor Sos (son of sevenless). Sos catalyzes GTP for GDP
exchange on Ras. This generates the GTP-bound form of Ras (Ras.GTP), which then
function as an allosteric activator of the cascade of MAP kinase. This enzyme cascade
involves the sequential activation of at least three different kinases (Raf, MEK-1,
ERK-1, 2), each of which phosphorylates (and thus activates) the next enzyme in the
cascade. The MAP kinase pathway ultimately leads to the activation of an enzyme
called the extracellular receptor-activated kinase (ERK), which is the prototypic
member of the family of MAP kinasees. The activated ERK phosphorylates a protein
called Elk, and phosphorylated Elk stimulates transcription of Fos, a component of the
activation protein-1 (AP-1) transcription factor. Another enzyme, called
phosphatidylinositol-3 kinase (PI-3 kinase), also appears to play a role in the Ras-
MAP kinase pathway, but the exact function of PI-3 kinase in T cells is not well
known. In parallel with the catalysis of Ras.GTP exchange through recruitment of
Grb-2 and Sos, the phosphorylated LAT and SLP-76 adaptor proteins also recruit and
activate a GTP exchange protein called Vav that acts on another small 21 KD guanine
nucleotide-binding protein called Rac. Rac.GTP initiates a parallel MAP kinase
cascade (Mekk, Jnkk), resulting in the activation of the C-Jun N-terminal Kinase
(JNK). JNK is sometimes called stress-activated protein (SAP) kinase. Activated INK
then phsphorylates c-Jun, the second component of the AP-1 transcription factor. A
related member of the SAP kinase family is called p38, and it too may play a role in T

cell responses.

25



CD4/CD8

A CDh45 CD45

& [TAM

mobilization

Agtin

\
@ reorganization

l';aicirurin
¥

Figure 5. TCR signalling. (A) Early signalling of the T cell receptor. Trigger of the TCR together with
the co-receptor CD4 or CDS results in the recruitment of the PTKs (Fyn, Lck) and ZAP-70 kinase,
which are activated by dephosphorylation/phosphorylation as indicated. (B) Complexicity of TCR
signalling. Activation of the kinases as indicated in (A) results in the activation of several pathways
that lead to transcriptional activation or actin reorganization. Adapted from Medema J. P. & Borst J.,
Human Immunology 1999, 60(5): 403-411.
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In short, following ligand binding to TCR, four different signal transduction pathways
are initiated that result in the activation of four enzymes: the Ras pathway leading to
activation of ERK, the Rac pathway leading to activation of JNK, the PLCy1-Ca*'-
dependnet pathway leading to activation of calcineurin, and the PLCyl1-DAG-
dependnet pathway leading to activation of PKC. These pathways contribute to the
activation of transcription factors AP-1, NFAT and NF-«kB respectively, resulting in
the expression of genes encoding proteins needed for T cell clonal expansion,
differentiation, and effector functions. A simplified scheme of early and downstream

signalling events following TCR triggering is shown in Figure 5.

Another important aspect in T cell activation is the signaling delivered by
costimulatory molecules (115, 116). It is well-documented that costimulatory
molecules prevent the occurrence of anergy in naive T cells; they can lower the
signaling threshold required for T cell activation, and costimulation also increases the
expression level of the anti-apoptotic proteins Bcl-X, in T cells following TCR
triggering (117-119). Biochemically, CD 28 triggering can activate PI-3 kinase and
facilitate GTP exchange in Ras, resulting in activation of the MAP kinase pathway.
CD28 also provides an independent pathway for the activation of Vav, and the
associated Rac pathway. Costimulators may function in T cell activation by increasing
the level of the same signal transduction pathways that are triggered by the TCR (i.e.,
costimulatory signals may interact directly with and augment TCR signaling).
Alternatively, costimulators may activate distinct signaling pathways that converge
with those activated by the TCR, or they may function by activating novel signal
transduction pathways that are unrelated to TCR signals. These possibilities are not

mutually exclusive and are not yet resolved.

In addition, TCR engagement results in polarized reorganization of the cytoskeleton
and the formation of TCR caps. Recent studies implicate SLP-76 as a critical scaffold
in these processes. TCR-induced tyrosine phosphorylation of SLP-76 results in the
formation of a trimolecular SLP-76-Vav-Nck complex (120). In turn, Nck binds
through its SH3 domain to two effector proteins of Rho-family GTPases, i.e. the
serine-threonine kinase Pak (p2l-activated kinase) and the actin-binding WASP
(Wiscott-Aldrich syndrome protein). Vav- and WASP-deficient mice studies indicate
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both Vav and WASP are critical for polarized actin reorganization, receptor capping
and TCR-induced proliferation (121-124). Therefore, it appears that SLP-76 functions
as a scaffold to efficiently induce Rho-family small-GTPase-dependent activation of
Pak and WASP—Ileading to polarized F-actin formation as well as receptor caps

which in turn, may be important for efficient TCR signaling.

IV. Models of sustained TCR triggering and T cell activation

Throughout the last decade, many experimental data accumulated during T cell
biologists’ pursue for understanding T cell activation. Biochemical analyses have
provided much important information. It is known that within seconds of pMHC
engagement, the TCR initiates a tyrosine phosphorylation cascade that triggers
multiple branching signaling pathways. These early signals may be sufficient to
trigger some effector functions, such as lysis of target cells by CTL. In contrast, more
complex functions, such as T cell proliferation, require TCR engagement and
signaling for many minutes or hours. The mechanism of sustained TCR engagement,
however, is not well understood. Different models were proposed to explain how
exactly TCR occupancy by pMHC ligand leads to proximal signaling and eventually
sustained downstream signaling events and full T cell activation. Among these models
the serial triggering model, the kinetic proof-reading model are the two best known

models.

IV.1 The serial triggering model

The idea of serial engagement of the TCR was first proposed by Lanzavecchia and
colleagues to explain how T cells could be activated by 100 specific peptide-MHC
complexes on an APC (125). They propose that a single MHC—peptide complex can
trigger up to 100 TCRs, thus explaining how a minimal number of peptide-MHC
complexes could result in activation of a T cell. Assuming that receptor engagement
results in internalization, they measured the number of surface TCRs after stimulation
and found a correlation between the internalization of 8000 receptors and full scale T

cell activation (126). Using T cells containing two different TCRs, they showed that
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internalization is specific, as it requires specific antigen recognition. Because of
differences in half-lives, it is not surprising that a single MHC—peptide complex can
trigger multiple TCRs. MHC—peptide complexes can have half-lives on the order of
hours (127), while the association of the TCR with MHC—peptide has a half-life of
seconds (128). Thus, assuming that unliganded TCRs can be recruited and held
together in the contact area, the high chemical off rate of the TCR-MHC complex
will result in TCR-MHC partner swapping. Although partner swapping has not been
directly demonstrated for the TCR-MHC interaction, it has been demonstrated for the
CD2-CD58 interaction (129). Thus, the potency of any particular peptide-MHC
complex will be related to both its overall affinity and its off rate. The affinity (2D
Kp) of the TCR for the peptide-MHC complex will determine the minimal number of
receptors that can be engaged at equilibrium. The off rate will determine how many

additional TCRs can be engaged by a single peptide-MHC complex.

IV.2 The kinetic model

At the same time, McKeithan and McConnell and colleagues separately proposed
models of T cell activation that they call "kinetic proofreading"(130) or "kinetic
editing" models (131), respectively. These models were proposed to explain how a
low affinity receptor, the TCR, could distinguish between small differences in
antigen. The TCR, for example, which makes contact with only a few amino acid side
chains of the antigenic peptide, can easily distinguish single, conservative amino acid
changes in the peptide (132). These models propose that small differences in receptor
affinity correlate with differences in the duration of receptor engagement. Because T
cell activation requires the assembly of multiple layers of proteins to the
phosphorylated TCR (133), a certain amount of time is required to assemble the
correct signaling complex. Thus, the formation of the complete complex will require
stimuli that exceed a certain threshold of strength and duration. Altered peptide
ligands (APL), which are slightly lower affinity ligands for the TCR (134), stimulate
the TCR but are unable to sustain signaling long enough to generate the complete
signaling complex. Thus, the system allows the TCR to respond in an off or on

fashion to antigenic stimuli within a very narrow affinity range. These models were a
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breakthrough in our understanding of TCR signaling.

A key feature of these kinetic models is the importance of signal duration. But these
models do not address exactly how signal duration is achieved, assuming simply that
signal duration is directly related to receptor affinity. Because of issues of TCR size
and affinity, it seems likely that signal duration will be closely related to the stability
of the cell-cell contact formed. Extracellular binding events, which are largely

dependent on 2D affinities, will therefore determine the duration of TCR signalling.

Consistent with the kinetic proofreading model, it has been shown that TCR-peptide-
MHC (pMHC) binding affinities that distinguish the process of positive selection and
T cell activation exhibit an extremely narrow window (135). For example, affinities
with Kp values of around 100 uM appear to be sufficient for positive selection, while
affinities with Kp values of 1-10 uM elicit either negative selection or activation of
peripheral T cells (89). It has been suggested that it is the affinity of a TCR-pMHC
interaction (136) or the dissociation rate of the TCR from the pMHC (128, 134, 137)
that determines the biological activity of a T cell. In the " kinetic proofreading model”,
as mentioned earlier, it has been proposed that TCR-pMHC lifetimes of dissociation (t
1/2) in the range of about 10 to 40 s yield full signaling and T cell activation, while
shorter lifetimes yield partial signaling and antagonist effects (130, 131, 134).
According to the serial triggering theory, for an efficient serial engagement of
multiple TCRs by a few cognate pMHC ligands, each individual TCR needs to bind
and dissociate from the ligand with fast enough kinetics to allow the next TCR to be
engaged. This results in a sustained TCR signal. Also, an additional requirement for a
productive TCR signal is a minimal half-life for the TCR-pMHC interaction, as
postulated by the kinetic proofreading model. According to this theory, premature
dissociation of the TCR from the pMHC ligand would result in incomplete signaling,
preventing T cell activation. In support of this model it has been shown that, in
general, T cell activation correlates with the half-life of the TCR-pMHC interaction.
Thus, for an agonist pMHC ligands, the half-life of TCR interaction is above a certain
threshold, whereas for antagonist pMHC ligands the half-life must be below this
threshold. These antagonist pMHC ligands are unable to engage the TCR with

sufficient stability to allow completion of a productive signaling cascade.
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However, the strict positive correlation between the affinity or half-life of a TCR-
pMHC interaction and T cell activation is not always observed (138). It has been
found that some peptide variants with a longer half-life or higher affinity induce
reduced response in T cells bearing the specific TCRs (139-141). But because of the
very limited number of available examples, this discrepancy has not been

conclusively resolved yet.

IV.3 The immunological synapse (IS)

Four to five years ago, several independent imaging studies of antigen-specific T cell
junctions have revealed the formation of a specialised contact, termed the
immunological synapse (IS)(142-144). The mature immunological synapse is defined
by a specific bull’s eye pattern of receptor segregation with a central cluster of TCRs
surrounded by a ring of integrin family adhesion melecules ( e.g. LFA-1)(144). The
immunological synapse usually forms within 15 minutes of T cell-APC contact.
When both the T cell and APC contact regions were analyzed by confocal
microscopy, it was detected that the center of the bull’s eye or cSMAC (central
supramolecular activation cluster) is enriched for TCR and peptide/MHC complexes,
and the ring of the bull’s eye or the peripheral SMAC (pSMAC) contains the integrin
LFA-1 and its counterreceptor ICAM-1. The central SMAC also contains the
signaling molecules on the T cell cytoplasmic side of the IS, including PKC 6 and
Lck. The T cell side of the pSMAC contains the integrin-associated cytoskelettal
proteins including talin. The formation of the IS requires the intact T cell
cytoskeleton, it is an active and dynamic process which actually begins as an inverted
structure with a central adhesion cluster surrounded by a ring of engaged TCR. The
final stage of IS formation is the stabilization of the central cluster of MHC-peptide
complexes, which correlates with sustained parallel engagement of TCR by at least 60
MHC-peptide complexes. Maintenance of the stabilized IS for greater than lhr is well
correlated with full T cell activation. Based on image studies, it has been proposed
that physiological T cell activation can be divided into a series of temporal stages: T
cell polarization, initial adhesion, IS formation (initial signaling), and IS maturation

(sustained signaling)(145).
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The discovery of IS formation during T cell activation and the established concept of
IS seem to provide a good model to explain the mechanism of sustained TCR
engagement and signaling. As suggested from the recent study by Grakoui et al.
(144), sustained engagement faces several barriers that are overcome by formation of
the immunological synapse. (i) The barrier of the small size of the TCR and MHC-
peptide complexes in relation to large glycoproteins is overcome by forcing a ring of
T cell membrane against the substrate early in the synapse formation process. Close
apposition was maintained as the captured MHC-peptide complexes were transported
to the center of the synapse. (ii) The barrier of low affinity is overcome by the tight
apposition of this ring of membrane to the substrate that confines the interaction to an
attoliter (10® liter) volume. (iii) The barrier of rare MHC-peptide complexes is
overcome by actively concentrating available complexes by greater than 100-fold in
the center of the synapse. This concentration may have been accomplished by active
cytoskeletal transport of engaged TCRs that associate with the actin cytoskeleton after
interaction with MHC-peptide complexes. The concentration of MHC-peptide
complexes in the central cluster may also drive formation of TCR-MHC-peptide
oligomers that could account for the cluster stabilization stage. (iv) Finally, the barrier
of T cell migration is overcome by the cytoskeletal organization that is an integral part
of synapse formation. The organization of the immune synapse is radially symmetric
and inward directed, such that force vectors cancel and the cells remain in place.
Thus, the immunological synapse organization is synonymous with the antigen-
dependent stop signal. The data of Grakoui A. et al. also support a role for the
immunological synapse in the discrimination of potential antigenic ligands by the
TCR. The TCR exhibits an exquisite specificity for its antigen as demonstrated by the
significantly different biological outcomes induced by ligands that differ by only a
single amino acid. Examination of TCR interaction with MHC-peptide by a panel of
altered peptide ligands showed a direct relationship between the process of
immunological synapse formation and T cell proliferation. Furthermore, all densities
of agonist MHC-peptide complexes that induced T cell proliferation also triggered a
central cluster with greater than or equal to 60 molecules per square micrometer of
accumulated MHC-peptide complexes. As the number of accumulated MHC-peptide

complexes was "locked in" in the final stage of immunological synapse formation, the
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T cell could thus set a specific threshold to determine whether to commit to the

program of T cell activation.

Consistent with the kinetic model of T cell activation, Grakoui A. et al. found that the
t12 of the TCR-MHC-peptide interaction correlates with the number of MHC-peptide
complexes in the cluster. One process that may contribute to kinetic discrimination is
the recruitment of p56'* to the engaged TCR by CD4. The time required to recruit
CD#4 to the engaged TCR may provide a kinetic window that determines the ability of
antigenic peptide complexes to trigger early signals. In contrast, there is no evidence
that CD4 participates directly in stabilizing the TCR-MHC-peptide interaction. As for
the requirement of coreceptors in the formation of IS, Kupfer and colleagues(146)
have recently demonstrated that naive CD8+ T cells require CD8 molecules in order
to form a c-SMAC. This differs from recently activated CD4+ T cells, in which
engagement of CD4 is not an absolute requirement for c-SMAC formation(147). The
formation of a cluster of MHC-peptide complexes, the size of which is determined by
early kinetic discrimination, provides a link between early signaling and later T cell

commitment.

This quantitative analysis reveals how the formation of an immunological synapse
provides the machinery to integrate cell surface events into the T cell activation
decision. Central cluster formation is based on a transport process sensitive to MHC-
peptide strength and number. The intrinsically transient interaction of TCR and MHC-
peptide complex is stabilized in the immunological synapse. The MHC-peptide
complex must be of sufficient density and potency to attain the stable central cluster,
to fully activate the T cell. Thus, building an immunological synapse provides a high-
order molecular mechanism to assess MHC-peptide strength with respect to three
stages of synapse formation: junction formation (stopping), MHC-peptide transport,

and cluster stabilization.

In summary, many experimental observations convincingly demonstrated the
involvement of the IS during T cell activation, and studies on IS formation seem to
suggest it allows for T cell receptor (TCR) clustering and for sustained signalling in T
cells for many hours, leading to T cell activation. However, up till now, most of the

work on IS formation and T cell activation are correlation studies, i.e. when T cell is
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fully activated, a mature IS is observed; when T cell is partially or weakly activated,
IS formation is either disturbed or disorganized, no mature IS is formed; when T cell
is not activated (i.e. in the case of null peptide), no IS formation can be observed.
Whether IS formation is really an important, indispensable signalling event or it is
just a companying event that simply co-proceed with TCR signalling, or it actually
plays some other roles than TCR signalling remains unclear. Recently, a work by
Andrew Shaw’s group (148) has clearly shown that TCR-mediated tyrosine kinase
signalling in naive T cells occurrs primarily at the periphery of the synapse and is
largely abated before mature immunological synapses is formed. These data suggest
that many hours of TCR signalling are not required for T cell activation. These
observations challenge current ideas about the role of immunological synapses in T
cell activation. Moreover, the same group also demonstrates that in T cells from
CD2AP knockout mice, no TCR clustering is seen even after 30 minutes of triggering;
also, TCR downregulation is defective in these T cells. However, these T cells are
hyperreactive instead of hyporeactive or nonresponsive following TCR triggering
(149). All these data together suggest that IS probably is not involved in initiating or
sustaining TCR signalling, it actually is important in initiating TCR internalization.
Also, serial triggering of TCR might serve other functions than signalling. More data
need to be generated from different system to resolve the role of IS in T cell

activation.

V. Regulation of mature T cell apoptosis by TCR triggering

V.1 Apopftotic pathways in T lymphocytes

Following TCR engagement with peptide-MHC complex, the expression of a number
of immediate early genes is induced in T cells. These early events dictate the eventual
outcomes of TCR stimulation in different T cell populations. For thymocytes, TCR
signals can lead either to apoptosis or to positive selection, whereas TCR stimulation
of peripheral T cells usually results in T cell activation. Resting mature T
lymphocytes are activated when triggered via their specific TCR to elicit an

appropriate immune response. In contrast, for preactivated peripheral T cells repeated
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stimulation can also lead to cell death (activation-induced cell death, AICD). Along
with cell death induced by growth factor deprivation, AICD followed by the
elimination of useless or potentially harmful cells preserves homeostasis, leads to

termination of cellular immune responses.

Development of peptide-MHC tetramers to stain T cells on the basis of TCR
specificity, and of intracellular cytokine staining assay have greatly assisted our
understanding of the dynamic of CD8+ T cell response in a more precisely
quantitative way. For example, following infection with the natural pathogen LCMV,
the number of naive CD8+ T cells that recognize LCMV epitopes increases 2-10 fold
by eight days after exposure. Notably, most of the CD8+ T-cell expansion is antigen-
specific. All these antigen-specific T cells may go through 13 or more divisions
within 8 days, producing massive amounts of effector cells. The rare, antigen-specific,
naive CD8+ T cells present before infection can divide 13-15 times during this time,
so that their frequency may go from 1 in 10*-10° to more than 50% the CD8" T cell
population (150, 151). Such rapid proliferation leads to the production of enormous
numbers of effectors capable of killing infected cells and releasing cytokines upon
antigen encounter. Such a massive CD8+ T cell response is not unique to LCMV
infection, as large numbers of antigen-specific T cells are generated in other human
and animal infections, such as HIV (7), EBV(152), HSV(153), influenza virus (154).
During the few days after antigen has been cleared, 90-99% of the effector T cells die,
leaving an expanded population of memory pool (155). The original naive CD8+ T
cell pool is left intact, except for the promotion of the pathogen-specific members.
What regulates the decline and contraction of the overwheming numbers of memory
cells is not well understood yet. There is evidence that not all the massive apoptosis of
the effector cells can be attributed to the role of Fas/FasL (also called CD95/CD95L)

or TNF family member.

Since it is a prerequisite for successful attempts to modulate AICD, the molecular
mechanisms controlling the induction or prevention of AICD have developed into a
scientific topic of great interest to immunologists. Over the past 7-9 years, it was
suggested that the CD95/CD95L system plays a major role in the induction and
regulation of programmed cell death in T lymphocytes (156-161). It was also shown
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that AICD in many cases reflects a CD95-dependnent cell death where CD95L is
transiently induced by activation of the T cells via the antigen-specific TCR (162). A
commonly considered scenario proceeds as follows: upon stimulation of activated T
cells via the CD3/TCR complex, associated with tyrosine phosphorylation and
activation of TCR-sensitive transcription factors, CD95L mRNA and cell surface
expression are rapidly induced. CD95L binds to the surface-expressed CD95
molecule on the same or on neighbouring cells and triggers CD95-dependent
apoptosis. Due to membrane folding or, alternatively, CD95 cleavage by
metalloproteases, CD95/CD95L interactions result in both autocrine “suicide” and
paracrine “fratricide”. Although the role of the CD95/CD95L system in the induction
of T cell apoptosis is unambiguous in different in vitro model systems, it is evident
that other molecules could also be important. Therefore, it is unlikely that all T cell
apoptosis involves the Fas/FasL system. Under certain circumstances, TNFo and
TRAIL can act as a mediator of apoptosis in mature T lymphocytes. In addition,
CD95-independent apoptosis has been reported for T cells triggered through the

alternative pathway of T cell activation via the CD2 molecule.

The Fas apoptosis pathway has been studied extensively since the discovery of this
molecule a decade ago. Like many forms of apoptosis induced through other
pathways, Fas-mediated apoptosis involves the activation of a series of cystein
proteases that cleave proteins after the aspartic acid residues and have therefore been
called caspases (163). The ligand for this molecule, FasL, is in the form of trimers and
when they bind, they induce trimerization of the Fas molecule. The cytoplasmic tail of
Fas possess a motif know as death domain, which is a protein-protein interaction
domain. Following the crosslinking of Fas by FasL, an adaptor protein FADD binds
to the death domain in the cytoplasmic tail of Fas. FADD in turn interact with the
protein pro-caspase 8. Pro-caspase 8 undergoes autocatalytic activation and is able to
cleave and activate the downstream effector caspases, for example caspase 3 (164). At
the end of this pathway a caspase-activated DNAse (CAD) enters the nucleus and
cleaves DNA into the 200 base pair fragments characteristic of apoptotic cell death

(165, 166). A scheme of Fas-mediated apoptotic pathway is illustrated in Figure 6.
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Figure 6. The death receptor-dependent apoptosis pathway as typified by Fas(CD95). Oligomerization
of Fas by FasL (on the same cell or a neighbouring cell) induces recruitment of adaptor protein FADD
to the cytoplasmic tail of Fas by their mutual death domains (DD, black boxes). The opposite end of
FADD contains death effector domains (DED, white boxes) that allows recruitment of either
procaspase-8 or FLIP. The latter contains a mutation in the enzymatic domain (black line)rendering it
enzymatically inactive. Caspase-8 can cleave the BH3-only protein Bid and the resulting truncated Bid
(tBid) can inactivate Bcl-2 in the mitochondria membrane (as can Bax, following DNA damage). This
allows the release of cytochrome c, which clusters with Apaf-1 and caspase-9 in the presence of dATP
to activate caspase-9. Smac/DIABLO is also released from the mitochondria and inactivates IAPs
(inhibitor of apoptosis). Active caspase-9 can cleave abd activate procaspase-3 to its active form,
leading to activation of other caspases, breakdown of several cytoskeletal proteins and degradation of
the DNAse inhibitor, ICAD, therebyreleasing CAD. Adapted from Budd R. C., Current Opinion in
Immunology 2001, 13: 356-362.



In preactivated mature T lymphocytes, AICD can be triggered via the TCR/CD3
antigen receptor complex. Monoclonal anti-TCR or anti-CD3 antibodies have been
widely used to study AICD in T cells, because it was confirmed by many studies that
crosslinking of the TCR/CD3 complex by mAbs triggered AICD not only in
immature thymocytes (167), transformed T cells (168, 169), T cell hybridomas (170)
but also in normal T Ilymphocytes (171-173). Usually, resting peripheral T
lymphocytes are resistant to AICD triggered by anti-CD3/TCR mAbs; instead, these
cells respond to CD3/TCR signaling by the induction of proliferative response. Under
in vitro culture conditions, it takes several days of stimulation before freshly isolated
mature peripheral T cells acquire sensitivity towards AICD (174-176). The
development of AICD sensitivity at least in part correlates with CD95 surface
expression and CD95 sensitivity and is regulated by cellular inhibitors of the CD95-
signalling cascade, termed FLICE-inhibitory proteins, c-FLIPs (177-179). In response
to anti-TCR mAbs, AICD is induced both in T cells expressing the conventional o3
TCR and in T cells expressing the yd TCR (180). The induction of AICD sensitivity
of mature T cells is also influenced by several parameters. Interestingly, the T cell
growth factor IL-2 has been implicated in the priming of T lymphocytes for AICD
(181, 182). It was demonstrated that the role of IL-2 in enhancing the Fas-mediated
AICD is to increase the transcription and surface expression of Fas ligand and
suppress transcription and expression of FLIP, the inhibitor of Fas-mediated apoptosis
(183). Also, the ligation of CD4 molecules through mAb crosslinking has also been
shown to regulate AICD triggered via TCR/CD3 complex (184, 185), though the role
of CD4 in the regulation of AICD is more complex: while for resting CD4+ T cells
crosslinking of CD4 primes the T cell for apoptosis, the opposite was observed for
activated CD4+ T lymphocytes. It was shown that ligation of CD4 inhibits subsequent
AICD of human CD4 T cells triggered through CD3/TCR, due to the prevention of
upregulation of FasL (186, 187).

Taken together, there are many examples where AICD has been successfully triggered
in normal preactivated T lymphocytes by mAbs against CD3 or TCR. However, one
should keep in mind that the strength (and probably the quality) of the signal
generated by anti-CD3/TCR mAb versus aitigenic peptide presented by appropriate
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MHC molecules or by superantigens that ligate MHC molecules to certain TCR
chains may be quite different (188, 189). Therefore, importantly, it has been well-
documented that AICD can be initiated by TCR ligands that are naturally encountered
by T lymphocytes including superantigens and conventional peptide antigens

(reviewed in Ref. 189).

Although the exact molecular mechanism underlying the differential outcome of CD3
signaling (proliferative response or AICD) in individual populations are still not
understood, mutational studies of the TCRZ chain I[TAMs and othe functional studies
clearly indicated that the principal signaling components include the respective chains
of the TCR/CD3/¢, complex(190), the Src family PTK (p56“* and p59°™)(191-193),
ZAP-70 kinase(194), PKC-6 (195, 196), calcineurin (195, 196) and downstream
signaling molecules (197). In this scenario, the non-receptor tyrosine kinases play a
cruicial role in TCR/CD3 triggered AICD. It was demonstrated that AICD, in contrast
to CD95 mAb-triggered death, strictly depends on PTK activity and can be blocked
efficiently using inhibitors for Src kinases such as Herbimycin (191, 192). As has
been suggested by a number of different in vitro and in vivo studies, the complex
regulation of CD95L expression involves a whole bunch of molecules including Myc
and Max (198), Nur77 (199, 200), Egr-3 (201), ALG-2 and ALG-3 (202), GILZ
(203), NFAT (204, 205), RAR (206), NF-kB (207), RORy1 (208) and many others.
However, the mechanism of how these different gene products play in concert to
regulate CD95L expression following antigen receptor stimulation are still poorly
understood. The regulation of AICD and CD95L expression is further complicated by
the fact that ligation of other (co-stimulatory) surface molecules such as CD4 (186,
187) or CD28 (118, 209) is able to modulate the TCR signal to abrogate AICD as do
certain cytokines such as [L-6(210), IL-7 (211), TGF-J (212).

In addition to the above-discussed antigen-driven apoptosis of T cells (AICD),
another major form of T cell apoptosis is induced by lymphokine withdrawl. Usually
they are also called passive T cell apoptosis to distinguish from the antigen-driven,
active T cell apoptosis. The active and passive forms of apoptosis have molecular

differences. Passive apoptosis requires new protein synthesis, is strongly inhibitede by
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Bcl-2 and related molecules, and may involve mitochondria apoptosis mechanisms
rather than death cytokines (TNF, TRAIL, FasL etc). Active apoptosis requires TCR
stimulation, and involves death cytokines such as TNF and FasL, is independent of
new protein sysnthesis after death, and is inefficiently inhibited by Bcl-2. Passive
apoptosis can be prevented by several T cell growth cytokines that all use the
common gamma chain I[L-2, IL-4, IL-7 and [L-15. Active apoptosis can occur at
concentrations of these cytokines that cause proliferation, but IL-2 causes the greatest

proliferation and susceptibility to active apoptosis (Reviewed in Ref. 213).

Mitochondria play an important role in the induction of apoptosis and in part also
regulate CD95-induced apoptosis (214, 215). It is now clear that in response to
apoptosis-inducing signals mitochondria release cytochrome c, which forms a
complex with Apaf-1 and caspase 9 and catalyzes the activation of caspase 9 (216).
Although the mitochondria have a regulatory role in the pathways induced by many
apoptotic stimuli, their role in death receptor-induced apoptosis seems to depend on
the cell type tested. In so-called type 1 cells, where sufficient amounts of caspase 8
are activated by CD95, mitochondria are not required and the caspase cascade can be
triggered directly. In contrast, type 2 cells display only marginal initial caspase 8
activation and require the mitochondria to amplify the signal. Most studies in vitro
suggest that T cells are type 1 cells, in which CD95-induced apoptosis is not blocked
by overexpression of Bcl-X;(215), Bcl-2 (217), or absence of the mediator of

mitochondria-initiated apoptosis, i.e. Apaf-1 (218) or caspase-9.

V.2 The role of different apoptotic pathways in the regulation of T cell
death in vivo

Although from the above discussion it seems clear that several apoptosis pathways
(death receptor-mediated, lymphokine withdrawal-mediated) can operate during the
process of T cell apoptosis, we should always remember that most of these data are
obtained through in vitro studies, and the majority of them use anti-CD3/TCR
antibodies to mimic the physiological stimulation (i.e. TCR triggering by pMHC on
APCs) in vivo. Though as model system these studies have provided many useful

information about the molecular signalling pathways involved in T cell apoptosis, the
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in vivo significance of all these pathways need to be evaluated carefully using animal
model systems. In deed, in vivo studies have provided many important informations
and significantly improved our understanding of T cell death in vivo. In a study
performed by Pircher and co-workers, it is demonstrated that transgenic mice that
constitutively express high levels of the anti-apoptotic Bcl-X;, or Bcl-2 protein in their
T cells display similar clonal downsizing after a viral infection as wild mice, though
expression of Bcl-Xp or Bcel-2 does prevent LCMV peptide-induced peripheral
deletion of mature CD8+ T cells in vivo and apoptosis of activated LCMV-specific
effector T cells in vitro (219). These data suggest distinct apoptosis signaling
pathways exist in CD8+ T cells, one can be inhibited by Bcl-X;, or Bcl-2 (probably
involves mitochondria-mediated apoptotic pathway), and another one can not be

blocked (probably involves death receptors-mediated pathway).

More importantly, several recent in vivo studies strongly suggest that withdrawal of
lymphokines and AICD mediated by death receptors cannot account for all instances
of T cell death. Experiments with mice deficient in Fas or FasL (220-224) or lacking
both Fas and TNFRI1 demonstrate that these molecules are not essential for the
termination of specific immune responses (225, 226), suggesting the existence of
active but death receptor-independent mechanisms of T cell death. Furthermore,
superantigen-induced deletion of mature T lymphocytes in vivo does not require Fas
or TNFR (227), and the development of transplantation tolerance under conditions of
costimulatory blockade involves triggering and proliferation of specific T cells
followed by their elimination in a Fas-independent manner (228, 229). However, in
these two cases T cell activation does not involve the recognition of specific MHC-
peptide ligands and does not lead to productive immune response and establishment
of memory. It is not known whether death receptor-independent apoptotic programs
can be directly initiated in mature T lymphocytes by recognition of MHC-peptide
complexes on the surface of APCs. Therefore, we decided to explore this possibility
in our model system based on EBV-specific All-restircted CTL clones and analyze

modulation of T cell apoptosis by the affinity of MHC/TCR interactions.
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VI. Modulation of activation and apoptotic programs in mature
T cells by variations in the affinity in MHC: TCR interaction

It has been well-documented in different independent systems that the altered, weaker
TCR signal generated from TCR triggering with APLs correlates with either a lower
TCR affinity or higher dissociation rate (and hence shorter half-life), causing a partial
activation (89). For antagonists, it has been shown that they have a lower on-rate and
higher off-rate compared with the original agonistic peptide (134). Therefore, it is
reasonable to simply consider partial agonists or antagonists as low affinity ligands or

kinetically unstable ligands for TCR, and superagonists as high affinity ligands.

The focus of my studies was to characterize the modulation of activation as well as
apoptotic programs in mature T cells by TCR:pMHC affinity. As suggested by many
studies, modulation of T cell activation can be achieved in two principally different
ways: through structural modificantion of TCR ligand or by changing the context of
TCR triggering by the same ligand. The first can be accomplished by introducing
amino acid substitutions in either the specific peptide (90) or the relevant MHC
molecule (230). This can result in the generation of functionally different TCR
ligands refered to as partial agonists, antagonists, superagonists (90). The second
phenomenon is observed when the same TCR ligand is presented to the specific T cell
by different APCs (231, 232) or in different lymphokine melieu (233, 234). Our work
has been concentrated on partially agonistic peptide ligands (partial agonists). In the
literature, partial activation was shown to engage only some of the signal transduction
pathways operating in the course of full scale T cell activation (235). Partially
agonistic peptides can selectively induce cytolytic function of CTLs (236), Fas-
mediated cytotoxicity (237, 238), early activation events without lymphokine
production or cell proliferation (239), secretion of some lymphokines without
detectable production of others (240, 241), as well as induce anergy in specific T cells
(242-245).

In Paper 1 (246) we analyzed the effect of partially agonistic peptides on the

activation and survival of CTL clones specific for a highly immunogenic HLA Al11-
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restricted peptide epitope derived from the EBV nuclear Ag-4, IVTDFSVIK
(designated IVT). Several analogues with substitutions of TCR contact residues were
able to trigger cytotoxic activity without induction of IL-2 mRNA and protein or T
cell proliferation. Triggering with these partial agonists in the absence of exogenous
IL-2 resulted in down-regulation of the cytotoxic potential of the specific CTLs.
Analysis of early T cell activation events, induction of Ca®" influx, and acid release

did not reveal significant differences between the two types of analogue peptides.

Besides activation, apoptosis is another possible outcome of TCR engagement. In the
same study, we found that one partially agonistic analogue selectively triggered
apoptosis as efficiently as the original epitope, subdividing the partial agonists into
apoptosis-inducing and non-inducing ligands. These results demonstrate that some

partial agonists can dissociate the induction of CTL death from CTL activation.

It has been reported that some APLs can selectively trigger apoptosis in mouse CD4 "
T cells by expression of FasL and TNF mRNA without concomitantly inducing IL-2,
IL-3 and IFN-y production (92). These apoptosis-inducing ligands did not elicit a
common pattern of tyrosine phoshorylation of the TCR-associated signal transduction
chains, suggesting that they are low affinity TCR ligands. Interestingly, some other
analogues do not induce cytokine production and apoptosis directly by themselves,
but deliver “ competence to die” signal. These partial agonists can regulate T cell
deletion in vivo even when Fas or TNF is provided by T cells of unrelated specificity,
but they do not cause the liver necrosis that is associated with T cell elimination by
the full agonist (247). Thus, modulation of TCR affinity can lead to selective
signalling and regulate T cell deletion and immune damage in vivo and may be

important for peripheral tolerance.

In Paper II (248) we further characterized the apoptotic programs induced by the
immunogenic peptide and its partially agonistic analogues in the IVT-specific CTL
clones. Our major finding is that CTL triggering with partially agonistic peptide
ligands can initiate death receptor dependent and independent programs in the eftector
cells. In contrast to classical AICD, death receptors are not essential for the

elimination of CTLs activated with partially agonistic peptides. In addition, death
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receptor independent apoptosis requires caspases other than caspase 3 and 8.
Induction of anti-apoptotic Bcl-2 and Bcel-X;, expression is associated with resistance
to this form of apoptosis. Also, [L-2 enhances classical and inhibits death receptor
independent AICD. We concluded that TCR triggering not accompanied by IL-2
production may result in elimination of T-lymphocytes in death receptor independent
manner. Our data demonstrated that engagement of TCR by MHC-peptide complexes
could trigger diverse apoptotic programs of AICD and that the choice between these
programs is determined by the agonistic potency of MHC-peptide ligand.

As a continuation, the molecular basis of different outcomes of CTLs stimulation with
immunogenic and partially agonistic peptide ligands was analysed in Paper IIL. The
role of MHC:peptide/TCR affinity in the regulation of T cell activation was
characterized using tetramer technology. A panel of CTL clones, bulk CTL cultures
and PBMC isolated from HLA Al1-positive EBV-infected individuals were analysed
for their ability to bind tetramer complexes assembled with either the immunogenic
IVT peptide or the partially agonistic Y5 peptide, and tetramer binding was compared
with the activity of the peptides in functional assays. Our results demonstrated that the
A1l complexes assembled with the partial agonist dissociated from the surface of
IVT-specific CTLs with a faster kinetics as compared with complexes containing the
immunogenic peptide. We also showed that the efficiency of CTL recognition
correlates with the stability of interaction between the specific TCR and MHC:peptide
complex. Tetramer binding and secretion of INFy were shown to be compatible with
T-cell activation by partially agonistic peptides. Therefore, MHC:TCR interactions of
low affinity may contribute to the results of T-cell monitoring performed with these

assays.

As far as modulation of T cell activation and apoptosis by peptide lignads with higher
affinity are concerned, there are few examples in the literature. Previously, various
models have predicted that activation is limited to a narrow window of affinities (or
dissociation rates) for the TCR-pMHC interaction and that above or below this
window, T cells will fail to undergo activation. In a recent work by Holler et al., the
authors examined the activity of a T cell that expresses a TCR with 300-fold greater
affinity than even the highest affinity interaction ever studied, the 2C TCR and
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QLY/L* (Kp=3 pM). The study was made possible by using a mutant TCR from CTL
2C (Kp=10 nM) that was engineered for higher affinity by a process of yeast surface
display and directed evolution. Their results show that despite a 300-fold higher
affinity and a 45-fold longer off-rate compared with the wild-type TCR, T cells that
expressed the mutant TCRs were activated by the peptide. In fact, activation could be
detected at significantly lower peptide concentrations than with T cells that expressed
the wild-type TCR. These findings indicate that: even with an affinity as high as 10
nM and a dissociation lifetime of 1,650 s, T cells exhibited enhanced, peptide-specific
activity (249). This suggests that the kinetic or equilibrium “optimum” models

probably need to be revised.

As for the modulation of T cell apoptosis by high affinity TCR ligands, Berzofsky’s
group has shown that following stimulation with a supraoptimal peptide-MHC,
apoptotic death occurs in specific CTLs. The death is mediated by TNF and involves
its binding to TNF-RII. However, although TNF and TNF-RII are necessary for
induction of apoptotic death of CTL in this model, under usual conditions they are not
sufficient. One finding of the study is that the supraoptimal TCR ligand decreased
level of Bcl-2 protein in CTLs and thus renders them competent to die by exposure to
TNF. These findings suggest that a decrease in Bcl-2 may account for the TNF-o.-
mediated apoptotic death triggered by supraoptimal peptide-MHC stimulation (250).

In conclusion, our results indicate that the affinity of TCR/MHC:peptide interaction
determines the strength of TCR signalling, extent of CTL activation as well as the
apoptotic pathway that operates in CTLs in the course of AICD. Our data defined a
new alternative apoptotic pathway operating in T cells, which is TCR-triggered and
death receptor-independent, openning new possibility for studying the molecular
mechanisms regulating T cell apoptosis in vivo. It is conceivable that this type of
analogues can play an important role in the modulation of anti-tumor or anti-viral
CTL immune responses in vivo. In fact, naturally-occuring partially agonistic self
peptide ligands, functionally similar to analogues characterized in our model system,
have been found for MART-1-specific CTLs (251), although the apoptosis-inducing
activity of these analogues have not been studied. It is also imaginable that immune

responses against genetically unstable pathogens (such as HIV) could be abolished by
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viral epitope variants with partially agonistic properties. In addition, partially
agonistic peptide analogues may also allow the development of therapeutic
approaches aiming to selectively down-regulate harmful manifestations of immunity
such as autoimmune and allergic reactions or damage accompanying excessive

immune responses against viruses and bacteria.

VII. The role of TCR/MHC affinity in the selection of the T cell
repertoire

In addition to modulation of apoptosis and activation programs, TCR affinity has been
reported to play a role in the selection of TCR repertoires in several studies (252-254).
Therefore, we also studied the role of TCR affinity in this process.

Since the discovery of the genetic organization of the TCR genes, a large amount of
data regarding the expressed TCR repertoire, in health and disease, has accumulated.
By the use of monoclonal antibodies specific for V gene products, it was
demonstrated that the level of expression is non-random (255). Furthermore, a biased
usage of certain TCR Va/p genes towards both CD4+ as well as CD8+ T cell subsets
has been reported (255, 256). Moreover, among both healthy individuals and patients
with various diseases, exceptionaly selective usage of certain TCR V genes has been
found (257-261). In many instances, these expansions were demonstrated to be clonal

or oligoclonal.

Evidence for restricted TCR usage has also been reported when the CDR3 region of
TCR has been investigated. In particular, frequent oligoclonal populations are
normally detected in CD8+ T cells as well as in many different chronic diseases (259,
262, 263). Most of our knowledge of TCR repertoire evolution after immunization
comes from systems where a highly restricted T cell population responds to a
dominant epitope. When antigen-driven T cell expansion was studied, analysis of
TCR composition in response to dominant or sub-dominant epitopes reveals certain
patterns of TCR usage. T cells of a given MHC class II-peptide complex specificity
generally express TCRs that exhibit limited diversity (264-266). This limitation

concerns in most cases both TCR o and TCR B chains, and for each chain both the V
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and J segments and the amino acid composition of the junctional region. Interestingly,
from different individuals T cells with identical TCR o and/or B chains have been
isolated at a relatively high frequencies, suggesting a highly selective pressure for
TCR repertoire shaping against certain epitopes. Similar levels of constraints on V
gene usage and CDR3 diversity have been detected in MHC class 1 restricted
responses (267-270).

Several mechanisms have been suggested to account for this phenomenon. First,
Mariansky and Casanova proposed that endogenous peptides structurally related to
the immunogenic epitope induce deletion of potentially peptide reactive T-cells
thereby narrowing the specific TCR usage (271). Several studies provided indirect
support for this model. However, it was later shown that, at least in some cases,
deletion of a highly conserved TCR caused by cross-reactivity to self results in
diversification of TCR usage by peptide specific T cells (272). Second, it was
suggested that competition of clones with different TCR affinity for the specific
peptide epitope could select for a very limited set of high affinity clones (267, 273,
274). Such a mechanism may be especially relevant for peptides presented on the
surface of APCs at low copy numbers. Third, interclonal competition between T-cells
specific for different peptides was suggested to account for the phenomenon of
immunodominance and could also contribute to the selection of restricted TCR
repertoires (275-278). Fourth, the process of positive selection in the thymus and
subsequent shaping of the repertoire in the periphery have been shown to significantly
affect the composition of TCR repertoire in mice (279). Therefore, restriction of TCR
usage could also result from very efficient central or preferential selection of certain
T-cell clones which accidentally express high affinity receptor for the immunogenic
peptide in question. Finally, it is conceivable that structural constrains may account
for the selection of restricted TCR repertoires in response to certain peptide epitopes.
Although the compositions of TCR repertoires expressed by antigen specific T-cells
have been analysed in a number of animal models as well as in healthy and diseased
humans, there is no conclusive evidence as to which of the above mentioned
mechanisms is the major driving force in the selection of restricted peptide specific
TCR repertoires. Nevertheless, knowledge of such a mechanism would be important

for our general understanding of T-cell selection and differentiation and may be also
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relevant for vaccine design and monitoring of immunity because T-cell populations
with restricted TCR repertoire may be more easily subverted by antigenic variation in
the specific CTL epitope and less efficient in controlling genetically unstable

microorganisms.

In our previous studies performed in vitro, we have demonstrated that CTL response
specific to the HLA Al1 restricted peptide epitope derived from the amino acid
residues 399-408 (AVFDRKSDAK, referred thereafter as AVF-peptide) of the
Epstein-Barr virus (EBV) nuclear antigen 4 (EBNA 4) exhibits an extraordinary
conserved TCR usage characterized by selective expression of V3 3, one of the two
structurally related V[ chains and highly conserved structure of CDRs3 (267). In
some A1 positive EBV carriers, the amino acid motifs and the length of the CDR3 of
AVF-specific TCRs were identical. In contrast, a broad repertoire utilizing different
combinations of TCR-a/f} V and J segments and CDRs3 was detected both in any
given individual and at the level of population in response to the immunodominant
IVT epitope (EBNA4 416-424, IVTDFSVIK). In paper IV, we have investigated the
restriction of TCR usage among AVF-specific CTL responses using tetramer
technology. In agreement with these earlier findings, ex vivo analysis of AVF-specific
CTLs using AVF-containing HLA A1l polymeric complexes revealed the same
degree of conservation of the AVF-specific response both in healthy virus carriers and
in the course of primary EBV infection. Tetramer binding and dissociation
experiments performed with AVF-specific CTLs or CTLs expressing a very diverse
set of TCRs and specific to another immunodominant A11-restricted EBV-derived
peptide epitope did not support a model of affinity driven selection of restricted TCR
repertoires. Characterization of individuals that fail to mount responses to the
immunodominant All-restricted CTL epitope but efficiently respond to the AVF-
peptide argued against interclonal competition as the reason for the observed TCR
conservation. Collectively, our data confirm the existence of naturally induced
peptide-specific CTL responses with highly restricted TCR usage. Our data do not
support a major role for affinity of MHC:TCR interaction in the selection of
structurally conserved TCR-repertoires and suggest that specific structural features of
the AVF-peptide may be responsible for the restricted TCR usage by AVF-specific
CTLs
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VIII. Conclusions

In conclusion, our results indicate that the affinity of TCR/MHC:peptide interaction
determines the strength of TCR signalling, extent of CTL activation as well as the
apoptotic pathways that operate in CTLs in the course of AICD. However, the
affinity of TCR/MHC:peptide interaction does not appear to play a major role in the

selection of restricted TCR repertoire in the model system analyzed in this study.
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