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ABSTRACT

The molecular signals that are involved in cytotoxic T cell activation may be
investigated by studying the transcriptional regulation of activation-dependent genes. One
such gene is granzyme B, which encodes a protein that is an integral component of the
cytolytic machinery. The studies described in this thesis examine the genetic regulatory
sequences that are involved in the expression of the murine granzyme B gene.

Potentially important regulatory sequences in the granzyme B promoter were
identified by deletion analysis and a 243 bp promoter fragment consistently produced high
levels of activity in T cells. Within this fragment, five distinct transcription factor binding
sites were identified by DNasel footprinting studies. These correspond to a cyclic AMP
responsive element (CRE), an APl element, two core binding factor sites (CBF), and
Ikaros.

To determine the relative importance of each factor in the regulation of granzyme B
transcription, selected mutations were introduced into each site within the context of the
243 bp promoter. Although none of the individual sites were essential for expression, the
combination of the 3° CBF and API binding sites were necessary in activated primary
lymphocytes. Their close proximity and requirement in promoter function suggest an
important role for protein-protein interactions between AP1 and CBF.

The in vivo importance of this region in transcriptional regulation was demonstrated
by in vivo footprinting and DNasel hypersensitivity analysis in purified CD8* and CD4*
primary T lymphocytes. One region of highly nuclease accessible DNA was present in
activated T cells, which directly correlated with the above mentioned binding sites. This
hypersensitive site was not detectable in unstimulated T cells or fibroblasts. Interestingly,
all of these transcription factors were found to occupy the endogenous granzyme B
promoter in activated, but not resting, T cells. Together, these studies have identified the
major regulatory sequences that are responsible for granzyme B transcription in activated T

cells and have provided a greater understanding of how cytotoxic T cells are activated.
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CHAPTER 1

INTRODUCTION

T lymphocytes are the antigen-specific effectors of immune responses. The role of T
lymphocytes in the mammalian immune system is to detect virus infected and transformed
cells and destroy them before they become a danger to the individual. Upon detection of an
anomalous cell, T cells are activated by the recognition of presented peptide antigens. T
helper cells (Th) are activated by specialized antigen presenting cells to secrete
lymphokines, that recruit and stimulate other lymphocytes. Alternatively, cytotoxic T cells
(CTL) are activated by antigens, presented by most cell types, to engage specialized
cytolytic machinery to kill the target cell in response to antigenic and lymphokine
stimulation.

How T cells become activated in response to antigen and lymphokine stimulation has
become the focus of intense research in the past couple of decades. Several detailed
accounts of how extracellular information is conveyed into the nucleus have helped to
further our understanding of T cell activation. As well, the study of lymphoid-specific
gene regulation has identified a multitude of nuclear targets for these cascades.

One approach to understanding the events that occur is to study the specialized subset
of genes that are induced during T cell activation. These include the lymphokine and
lymphokine receptor genes, as well as the genes that encode components of the killing
machinery, such as perforin and granzymes. The studies described in this thesis focus on
the regulation of one member of a family of cytotoxic serine proteinase genes, the
granzyme B gene. Importantly, the regulation of granzyme B transcription was
investigated in newly activated primary murine lymphocytes, which illustrates one of the
first attempts to study T cell-specific gene regulation in a physiologically relevant

experimental system.
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I. T CELLS IN THE IMMUNE SYSTEM

1. DEVELOPMENT OF T CELL SUBSETS

The lymphoid pedigree is derived from pluripotent hematopoietic stem cells located in
the marrow of the bone. Mitotic divisions result in the formation of two distinct
populations of daughter cells; those that retain pluripotency and those that acquire the
capability to differentiate into the myeloid, erythroid, and lymphoid lineages. Although this
process of differentiation is still poorly understood, it is of great interest to molecular and
developmental biologists seeking an understanding of the molecular basis of differentiation
and cell commitment.

T lymphocytes are named as such because they complete their developmental
programming in the thymus, a specialized organ in which vast numbers of T cells undergo
selection and maturation (reviewed in Abbas et al., 1991:; Leclercq and Plum, 1996;
Shortman and Wu, 1996; and Weissman, 1994). T cell precursors are believed to commit
to the lymphoid lineage before they leave the bone marrow. Once in the blood stream, they
migrate to the thymus and ‘seed’ the organ by a poorly understood homing mechanism.
They begin their maturation in the thymic cortex and develop as they migrate into the
medulla. As they proceed, they receive sequential educational signals from the thymic
epithelium, as well as from other cells in the microenvironment (reviewed in Ritter and
Boyd, 1993). The stages of T cell development have mainly been described in terms of the
sequential expression of several characteristic T cell surface markers, including the T cell
receptor (TCR), and the CD4 and CD8 coreceptor molecules.

Immature thymocytes are devoid of T cell receptors, CD4, and CD8 surface
molecules and are sometimes referred to as triple negative cells. One of the first molecular
events to occur is the rearrangement of the T cell receptor genes. The TCR genes (a, B, v,
and ) consist of one or more variable (V), joining (J), and constant (C) region segments.

The B and & genes also contain several diversity (D) region segments. During TCR gene
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rearrangement, one each of the V, D, and J coding regions is retained and spliced to the

constant region, in the order V-D-J-C. The genetic material intervening these regions is
recombined out by specialized recombinases and is permanently deleted. In each T cell,
different combinations of V, D, J, and C regions may be selected in order to generate a
diverse number of coding sequences. Further diversity may be achieved as nucleotides
between the segments are added, deleted, or imperfectly spliced in the recombination
process. Rearrangement occurs only in one allele of each TCR gene while the other allele
is silenced. This allows each cell a high probability of expressing one unique TCR, while
providing a vast repertoire of TCR possibilities (approximately 10'®). T cells may express
one of two distinct heterodimeric transmembrane TCR complexes: most express an off
TCR but a smaller population express a 8§ TCR. In af T cells, the TCRB gene is
rearranged first and its expression precedes the rearrangement of TCRa. The expression of
both genes and proteins are essential events in af§ T cell development as mice that have
disruptions in either gene have been found to sustain major developmental blocks in
thymocyte development (reviewed in Palmer er al., 1993).

The TCR o and B chains are associated with CD3 complex proteins. These proteins
are expressed, assembled, and appear on the cell surface concomitant with the o TCR.
The CD3 complex consists of a number of transmembrane glycoproteins that include the §,
€, and v chains in complex with either a homodimer of { proteins or a heterodimer of {/n
proteins. These are stoichiometrically associated with TCRaf as CD3y8ey/{a(or{/m). The
cytoplasmic domains of the CD3 complex function as the main intracellular signaling
component of the TCR and will be discussed in more detail in a subsequent section. Just
prior to the appearance of the of TCR/CD3 complex on the cell surface, the CD4 and CDS8
transmembrane glycoproteins are expressed. Thymocytes that express both CD4 and CD8
are referred to as double positive. Functional maturation of double positive cells occurs as
these cells begin to express low levels of the TCR/CD3 complex, migrate from the thymic

cortex to the medulla, and undergo a rigorous double selection process.
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Individual TCRs must be capable of recognizing self-antigens in context with self

Major Histocompatibility Complex (MHC) molecules. However, if this interaction results
in the activation of the T cell, it is self-reactive and must be eliminated. Of the vast
repertoire of TCR specificities, only a subset are capable of recognizing and binding to self
MHC molecules. MHC molecules are the antigen associated ligands for the T cell receptor.
In the process of positive selection (reviewed by Von Boehmer, 1994), thymocytes with
TCRs that are unable to bind to self MHC molecules, and are therefore incapable of
triggering an immune response, are induced to die via programmed cell death. Those that
do bind are allowed to develop further and are then subjected to the negative selection
process.

In negative selection (reviewed by Nossal, 1994), self antigens are presented to the
developing T cells, in the context of self MHC molecules, mainly by the cells of the thymic
stroma and by specialized antigen presenting dendritic cells (reviewed in Anderson et al.,
1996). Those T cells which are activated in response to self antigen are deleted from the
repertoire by the induction of programmed cell death. This process ensures that
autoreactive T cells are eliminated before they enter the periphery, where they might mount
an immune response against self tissues. Together, positive and negative selection
eliminate the majority of T cells that enter the thymus and ensure that the few that do
emerge are self MHC-restricted and self tolerant.

As CD4"/8" cells undergo positive selection, they downregulate the expression of
either CD4 or CD8. CD4 and CDS8 are the main co-receptor molecules of the TCR complex
and play an essential role in T cell activation and function (reviewed in Julius ez al., 1993;
and O’Rourke and Mescher, 1993). CD4 and CD8 molecules bind to non-polymorphic
regions of Class I MHC and Class I MHC, respectively (Doyle and Strominger, 1987:
Fleury et al., 1991; Norment er al., 1988; Sanders et al., 1991; Salter et al., 1989). T
cells with TCRs that recognize class I MHC, in conjunction with CD8 coreceptors,

downregulate the expression of CD4 and develop into mature CD8* CTLs. Alternatively,
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lymphocytes with TCRs that recognize class I MHC, in conjunction with CD4

coreceptors, downregulate the expression of CD8 and become mature CD4* Th cells. The
expression of CD4 and CD8 molecules during thymic development is essential to the
maturation of their respective subsets. Mutations that affect either MHC binding or
cytoplasmic signaling by the CD4 protein have been found to have profound negative
effects on the development of the CD4"* T cell subset. Similarly, the same was found to be
true for the CD8 protein in the development of the CD8" T cell subset (Ramsdell and
Fowlkes, 1989; Seong et al., 1992: and reviewed in Miceli and Parnes, 1993).

2. T CELL ACTIVATION

The lymphocytes that do not die in the thymus emerge as either mature CD4* helper T
cells or CD8" cytotoxic T cells. In the periphery, they are generally quiescent and non-
effectual until they receive an appropriate antigenic stimulus. The process of activation
induces the cells to proliferate and express the genes, and subsequently the proteins, that

allow them to acquire their effector functions, such as cytokine production and cytotoxicity.

a. Antigen Recognition by the TCR

T cells recognize foreign antigens, via their T cell receptor complexes, in the context
of membrane-associated Class [ and Class I MHC molecules on target cells (Chien and
Davis, 1993). Class I MHC molecules are found on essentially all nucleated cells. Class II
MHC molecules are present only on antigen presenting cells (APC) such as B cells,
macrophages, dendritic cells, endothelial cells, and Langerhans cells. This pattern of MHC
expression is important in that Class I-restricted CTL are able to recognize and kill all cells
that may become virus infected or transformed, whereas Class II-restricted Th cells may
activate distinct immune responses depending on the type of APC it encounters.

Antigens are presented to T cells in the form of short polypeptides, 8-15 amino acids

in length, that are non-covalently bound in the antigen presenting groove of MHC
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molecules. Peptides associated with Class I MHC are endogenously derived, that is they

are generated by the proteolytic degradation of proteins present within the cell (reviewed in
York and Rock, 1996). Altemnatively, peptides associated with Class I MHC are
exogenously derived, or they are the degradation products of extracellular microbes and
non-cellular debris that are phagocytosed by the APCs. The variable regions of the TCR «
and B glycoprotein chains recognize and bind to two polymorphic a-helical regions of
MHC molecules, on either side of the antigenic peptide pocket, in addition to making one
or more contacts with the peptide itself (Bjorkman et al., 1987). In effect, the antigen and
MHC molecules create a distinct composite surface to which only a select number of TCRs
may bind. CD4 or CD8 molecules augment TCR/MHC interaction by binding
simultaneously to a non-polymorphic region of the MHC molecule apart from the antigen.
The binding of the TCR/CD3 complex, and the CD4 or CD8 coreceptors, to a foreign
antigen containing MHC molecule induces several distinct signal transduction pathways

that begin at the plasma membrane and terminate in the nucleus.

b. T Cell Receptor Signaling

The of chains of the T cell receptor have essentially no intracellular signaling capacity
due to their small cytoplasmic domains. The main transmembrane signaling component of
the TCR/CD3 complex is derived from the large cytoplasmic domains of the invariant
subunits of the CD3 complex (8, v, €, and &/ or {/n) (reviewed in Cantrell, 1996; Crabtree
and Clipstone, 1994). These domains contain specialized motifs, termed [TAMs (for
immunoglobulin receptor family tyrosine-based activation motifs), that consist of the

conserved and strategically spaced amino acids (D/E)XXYXXL/I(X), . YXXL/I (reviewed

in Cambier, 1992; Chan ez al., 1994; Samelson and Klausner, 1992; Weiss and Littman,
1994). One ITAM sequence is present in each of the CD3 subunits, except for the { chain,
which contains three ITAMs. The tyrosine residues (Y) in the [TAMs of the CD3 v, 3, €.
and g chains are rapidly phosphorylated upon antigen binding by the TCR, presumably in
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response to receptor aggregation or multimerization. Phosphorylation is mediated by

members of the src family of protein tyrosine kinases (PTKs), namely p59fyn, and p56lck.
These PTKs are membrane associated by virtue of myristylated glycine residues in their
N-terminal domains. p56lck interacts with the cytoplasmic domains of the CD4 and CD8
co-receptors while p59fyn is associated with the CD3 chains. Coengagement of the
TCR/CD3 complex and CD4 or CD8 molecules localizes p56Ick and p59fyn to the internal
TCR/CD3 signaling complex (Figure 1-1).

Activation of the src kinases has been proposed to precede the phosphorylation of the
ITAMs. The phosphorylated ITAMs then serve as a docking site for a 70 kD, non-
myristylated cytoplasmic protein termed ZAP-70 (Chan et al., 1991; Chan et al., 1992;
Iwashima et al., 1994). ZAP-70 is activated by tyrosine phosphorylation by an as yet
undesignated kinase. It associates with the ITAMs via its two src homology 2 (SH2)
domains which are strategically spaced such that each one directly interacts with one of the
two phosphorylated tyrosine residues of the [ITAMs. The function of ZAP-70 following
phosphorylation and association with the ITAMs is unclear but it may function as a kinase
that phosphorylates subsequent substrates in the signal transduction cascade.

Several proteins are known to be phosphorylated in response to T cell receptor
engagement. These include various plasma membrane proteins, kinases, and numerous
downstream enzymes. The phosphorylated membrane proteins include the CD3 8, ¢, v, and
€ chains and other receptor molecules, such as CD5 and CD6. The src kinases (Ick and
fyn) and the syk kinases (ZAP-70 and syk) are themselves phosphorylated, in addition to
the downstream kinase, MAP-kinase. Other PTK substrates include several protooncogene
proteins, such as Vav, c-cbl, and shc, the cytoskeletal protein Ezrin, phospholipase Cyl,
GTPase-activating proteins (GAPs), and the valsolin containing protein (reviewed in
Cantrell, 1996; Weiss, 1994). Although these proteins are known targets of the TCR
regulated kinases, the functional significance of many of the phosphorylations are not

known.



Figure 1-1 The T Cell Receptor and Cytokine Receptors Activate Several

Signaling Transduction Pathways.

Target cell binding through MHC/TCR/CDS interactions elicit a variety of intracellular
signaling events from the cytoplasmic domains of the CD3 complex. These events include
the activation of protein tyrosine kinases (PTK) and protein kinase C (PKC) pathways,
plus the increase in intracellular calcium concentrations. These pathways trigger the
activation of a number of transcription factors, by a variety of mechanisms. The
JAK/STAT pathway of cytokine signal transduction and the protein kinase A (PKA)

pathway are shown as well.
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c¢. Regulation of Phosphatidylinositol Metabolism

One of the best characterized T cell signal transduction pathways involves the
metabolism of the membrane phospholipid phosphatidylinositol, which is hydrolyzed by
phospholipase Cyl (PLCyl). PLCyl is activated by tyrosine phosphorylation in response
to TCR stimulation, most likely by p56ick (Weiss et al., 1991). It was shown to be
recruited to the plasma membrane, via its SH2 domains, by a 36 kD membrane protein that
is also tyrosine phosphorylated in response to TCR engagement (Sieh er al., 1994).
PLCy1 catalyses the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into the
second messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3
diffuses into the cytoplasm where it interacts with [P3-gated calcium transport channels of
the endoplasmic reticulum. An induced conformational change in the channels triggers the
release of intracellular calcium stores into the cytoplasm. DAG remains membrane-
associated and activates several of the protein kinase C (PKC) isozymes and increases their
affinity for calcium, also an activator of PKCs.

It is important to note that the experimental use of phorbol esters and calcium
ionophores to activate T cells in vitro mimics this signal transduction pathway. The
phorbol ester 12-O-Tetradecanoylphorbol-13-acetate (TPA) structurally resembles DAG
and is a potent activator of PKC. Interestingly, the use of either phorbol esters or calcium
lonophores alone is not capable of inducing T cell activation. This implies that two distinct
types of signals are necessary for full T cell activation; one calcium-regulated and the other

kinase-regulated.

d. p2lras Activation and MAP Kinases

A consequence of TCR-mediated PTK stimulation, and possibly PKC stimulation, is
the activation of the p2lras guanine nucleotide binding proteins (reviewed in Cantrell,
1996; Downward et al., 1992). p2lras proteins are associated with the inner cytoplasmic

membrane via covalently attached polyisoprenoid groups near their carboxy termini. The
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GTP bound form of p2lras is active; however, a weak GTPase activity makes p2lras

function dependent upon interaction with guanine nucleotide exchange proteins and the
presence of cellular GTP. Guanine nucleotide exchange proteins facilitate the reciprocation
of GDP for GTP and include the proteins Vav, Sos, and C3G. Altematively, the GTPase
activating proteins (GAPs) promote the hydrolysis of GTP by p2lras, thereby inhibiting its
activity. This repression is overcome upon TCR stimulation by the PKC-dependent
phosphorylation of GAP, which inhibits its GTPase activating effects (reviewed in Polakis
and McCormic, 1993; Margolis et al., 1992).

Vav is generally restricted to hematopoietic cells and is tyrosine phosphorylated in
response to T cell activation by p56ick. The phosphorylated form of Vav has increased
guanine nucleotide releasing activity for p2lras in vitro (Gulbins et al., 1993). The Sos
guanine nucleotide exchange factor is associated with Grb2, a 26 kD adaptor protein which
contains one SH2 domain and two SH3 domains (reviewed in McCormick, 1993). Grb2
binds to Sos via its SH3 domains and links Sos to the plasma membrane by binding to
tyrosine phosphorylated proteins through its SH2 domain. Two different proteins have
been found to interact with Grb2. One molecule is a 36 kD membrane protein that becomes
phosphorylated upon TCR ligation (Bunday et al., 1994; Sieh er al., 1994). The
formation of p36/Grb2/Sos complexes occurs rapidly following activation and their
presence correlates with p2lras activity. The other protein is the adaptor protein Shc
(Osman er al., 1995; Ravichandran et al., 1993). Shc is tyrosine phosphorylated in
response to T cell activation and the Shc/Grb2/Sos complex may also be involved in p2lras
regulation. A different complex that was found to form in response to T cell activation
involves the C3G guanine nucleotide exchange protein. C3G interacts with the three SH3
domains of the Crk adaptor protein, while the two SH2 domains of Crk interact with
tyrosine phosphoproteins, in a manner analogous to Grb2 (Sawasdikosol, 1995).
Unfortunately, the exact function of Grb2 and C3G containing complexes in p2lras

regulation in T cells is not yet known.
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The downstream target of activated p2lras has recently been identified as the

serine/threonine kinase Raf-1. Direct protein-protein interactions between p2lras and
Raf-1 have been shown to occur but the mechanism of Raf-1 activation is still unknown
(Crews and Erikson, 1993). Activated Raf-1 phosphorylates and activates mitogen-
activated protein (MAP) kinase-kinase, which in turn phosphorylates and activates the

MAP kinases ERK 1 and ERK?2 (reviewed in Cooper, 1994; Marshall, 1994).

3. CONSEQUENCES OF SIGNAL TRANSDUCTION IN T CELLS

The few linear signaling pathways that have been characterized were the result of
many concerted efforts to identify the molecular events that lead to the expression of
cytokine genes in T cells, particularly the [L-2 gene. Many of these pathways contain
integrated or interdependent branches of the p21ras/MAP kinase pathway, the calcium/PKC
pathway, and the JAK/STAT pathway. The ultimate targets for these transducing events
are nuclear transcription factors, which may be activated by a variety of different

mechanisms and often by multiple pathways (see Table 1-1 and Figure [-1).

a. p2lras/MAP Kinase-Mediated Signals

The ‘extracellular signal regulated kinases’ ERK1 and ERK?2 become phosphorylated
upon TCR stimulation via the p2Iiras/Raf/MAP kinase pathway. ERK | and ERK2 have
been shown to enter the nucleus and phosphorylate the transcription factors Elk-1, SAP-1,
and AML-1 (also known as core binding factor) (reviewed in Hill and Teisman, 1995:
Treisman, 1994). Phosphorylation on a cluster of serine/threonine motifs in the carboxy-
termini of Elk-1 and SAP-1 is believed to increase their DNA binding activity to the serum
response element, which is present in many activation-responsive genes including the c-fos
promoter. The phosphorylation of AMLI on two specific serine residues potentiates its

transcriptional transactivation capacity when it is bound to its recognition sequence in an






