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Abstract

This thesis describes the identification and characterization of a novel ‘layer’ of in-
trinsic non-genetic functional heterogeneity within the seemingly homogeneous naive
CD8* T cell population in their survival and proliferation capacities. This hetero-
geneity is predictably marked by the surface level of CD5. Naive CD8% T cells that
are also CD5M have a greater intrinsic capacity to proliferate both in response to IL7
alone or identical stimulation of the TCR pathway (same dose of PMA /ionomycin) as
compared to CD5 cells. In contrast, CD5' cells survive better in conditions of cy-
tokine deprivation. The selective proliferation in response to IL7 as well as the relative
CD5 level is preserved even after several rounds of activation-induced proliferation
and differentiation into memory-like cells in vitro, suggesting that the relative CD5
level could be used as a lineage marker to predict the proliferation capacity of CD8* T
cells. Microarray analysis of two naive TCR transgenic CD8" T cells, from the same
genetic background, but with marked differences in CD5 levels, namely OT-1 and
F5 Rag’/~ T cells, revealed consistent differerences in their cell survival, proliferation
and metabolic pathways. Analysis of upstream regulatory networks suggests that the
E2A family of transcription factors and miR-181 are likely involved in setting the
proliferation and survival capacities of naive T cells, possibly during thymic devel-
opment. Our estimates of spMHC-induced signals in OT-1 (CD5") and F5 (CD5")
cells, based on cytosolic Ca?* influx measurements, suggest that the differences in
their lymphophenia-induced proliferation, which were previously attributed to puta-
tive corresponding differences in their strength of interaction with self-peptide MHC,
may also largely be a result of intrinsic differences in their proliferation capacities in
response to IL7. Further, the potential of exogenous IL7 therapy to skew the CD8*
T cell repertoire towards the CD5" phenotype was demonstrated with in vivo studies
in mice. Conversely, antibody-mediated depletion of IL7 has the opposite result.
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Chapter 1

Highlights of this thesis

The naive T cell repertoire is extremely vast and is estimated to comprise of over a
trillion specificities in humans. This is critical for us to be able to detect a very broad
array of foreign antigens. T cell diversity is solely generated in the thymus by a com-
binatorial process called VDJ recombination. Unlike B cells, T cells do not diversify
their repertoire any further by somatic hypermutation in the periphery, likely mak-
ing the preservation of T cell diversity generated in the thymus especially important.
While the thymic generation of a diverse repertoire of T cells has been extensively
studied, limited work has been done to study the efficient physiological maintenance
of the diversity of the mature T cell repertoire. This thesis delves into this area and
presents novel findings related to the characterization of a previously undescribed
‘layer’ of functional heterogeneity in T cells that likely arises as a consequence of the
heterogeneity in the strength of thymic selection and deconstructs possible transcrip-
tional networks that may determine these subtle but imprinted functional differences

within the naive CD8*" T cell population.

1.1 Homeostasis of T cell diversity

Homeostasis refers to the tendency of the body to preserve its internal steady state,
allowing it to return to a normal set point following perturbation. The term was

first used by the American physiologist Walter Cannon in his seminal work, Wisdom



of the Body, in 1932. He emphasized the dynamic nature of homeostasis, stating
that while it ensures stability of the organism, homeostasis does not imply something
set and immobile, a stagnation. This dynamism is evident in the homeostasis of
mature T cells where rapid fluctuations in the number, diversity, and function of
T lymphocytes occur during immune responses. Yet, for the efficient function of
the immune system, the population and activation states of T cells need to remain
relatively stable in the long term. The term T cell homeostasis has been used to refer
to the maintenance of T cell numbers as well as the maintenance of T cell diversity
[125, 31]. Increasing evidence suggests that the homeostasis of both T cell number
and diversity is regulated through competition for limiting resources, including self-
peptide-MHC complexes (spMHC) and cytokines such as IL7 and IL15 [43].

The specificity of a T cell for antigen is determined by the binding of its T cell re-
ceptor (TCR) to peptide-MHC (pMHC). Most TCRs that strongly bind self-peptide
MHC (spMHC) are eliminated during thymic selection. Successful T cell development
in the thymus requires favorable TCR binding to spMHC in the thymus. Interaction
with spMHC inevitably continues in lymphoid organs in the periphery as circulat-
ing naive T cells actively seek out rare foreign antigens on the surface of antigen-
presenting cells. In contrast to the sustained and strong T'CR signaling induced by
foreign peptides (agonists), TCR signaling from self-peptides is transitory and weak.
Yet, naive T cells depend upon such ‘tickling’ of their TCRs by self-peptides for their
survival and maintenance. They also need IL7, a common gamma-chain cytokine, for
their survival in the periphery. But it is not immediately obvious how the ‘Home-
ostasis of naive T cell diversity’ presents a research problem. It would certainly not
be viewed as a research problem if all T cells that are generated in the thymus have
an equal chance of survival in the periphery and the homeostasis of T cell diversity is
solely determined by a stable thymic output. However, the picture is more complex
as it is thought that T cells have a varying ability to respond to spMHC in the periph-
ery depending on the specificity of the TCR. This view is largely supported by the
observation that the rates of lymphopenia-induced proliferation (LIP) of TCR trans-

genic T cells bearing different TCRs are variable and depend upon the specificity of
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their TCRs. This view presents a problem sometimes referred to as the ‘competition-
diversity paradox’. If indeed, the homeostasis of T cell diversity is maintained by
competition for spMHC and IL7, and T cells respond identically to IL7 and variably
to spMHC, then the diversity of the peripheral repertoire would gradually decrease
if T cells bearing TCRs with a higher avidity for spMHC selectively gain a survival
advantage. However, this prediction does not bear out in practice. To explain this
discrepancy, the signaling in CD8™ T cells due to spMHC and IL7 were independently
studied in vitro. Unexpectedly, this led to the identification of an entirely novel ‘layer’
of heterogeneity within the seemingly homogeneous population of naive CD8% T cells

in their responsiveness to IL7.

1.2 Characterization of functional intrinsic hetero-
geneity within the naive CD81 T cell pool

A number of studies of LIP of TCR transgenic T cells bearing different TCRs have
been interpreted with the implicit assumption that naive CD8* T cells bearing differ-
ent TCRs respond equally to pro-survival cytokines such as IL7. This thesis suggests
an alternative view and presents novel evidence for intrinsic differences in the cytokine
signaling networks of mature T cells and in their survival and proliferation capaci-
ties even within a seemingly homogeneous population of naive CD8% T cells. This
novel ‘layer’ of functional intrinsic heterogeneity in T cells likely arises during thymic
development as a result of variability in the strength of selection of different TCRs.
This heterogeneity is marked by the surface level of CD5 and is also observable even
among T cells bearing the same TCR. We speculate that this intrinsic fine tuning of
T cell signaling networks is critically important for the maintenance of T cell diversity
as well as T cell tolerance in the periphery. This thesis considers the possible origins
of the observed functional heterogeneity in the survival and proliferation capacities of
CD8T T cells, which have the same genetic makeup with the sole exception of their

TCR that is generated by VDJ recombination. This functional heterogeneity could
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arise from either of the following possibilities.

Extrinsic The heterogeneity could reflect the effect of possibly heterogeneous spMHC
or IL7 signaling in the periphery among T cells bearing different TCRs. This
is also the prevailing view and is based on the implicit assumption that these
functional differences would disappear when the T cells are removed from the

heterogeneous spMHC and IL7 stimuli in their environment in vivo.

Intrinsic The heterogeneity is independent of ongoing TCR signals in the periphery

and could reflect intrinsic properties of the cells.

My results are in strong support of a predominantly intrinsic mechanism of het-
erogeneity arising out of intrinsic differences in both the IL7 and TCR signaling
pathways. T cells from the same TCR transgenic mouse respond variably to IL7 in a
manner predicted by the surface levels of CD5. CD5 levels were shown to be differ-
entially imprinted among CD8*% T cells and may be used as a marker for a spectrum
of correlated intrinsic functional differences among naive CD8% T cells. As CD5 is a
negative regulator of TCR signaling, it also reflects intrinsic differences in the TCR
signaling pathway among CD8* T cells. Differences in the intrinsic responsiveness to
IL7 are preserved even after T cell activation and differentiation into memory-like cells
despite dramatic physiological changes in cell physiology as well as multiple rounds
of cell division that occur during T cell activation.

Live video microscopy to study T:DC co-cultures was used to measure spMHC-
induced TCR signaling in naive T cells bearing different TCRs from two different TCR
transgenic mice (OT-1 and F5 Rag”/~ mice). Surprisingly, the Ca?* influx induced by
spMHC on dendritic cells was comparable in OT-1 and F5 cells, although the same
dendritic cells induced dramatically different rates of proliferation in the T cells.
Further, identical downstream triggers of the TCR pathway that bypass the TCR
specificity, such as PMA /ionomycin, as well as the same dose of IL7, induced different
rates of proliferation in T cells marked by different surface levels of CD5. These

results suggest an intrinsic difference in the ability of T cells to proliferate. Similarly,
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we identified baseline differences in IL7R levels, which are unmasked when cells are
removed from IL7, suggesting an intrinsic difference involving the IL7 pathway itself.

In order to better understand the extent of the intrinsic heterogeneity in cellu-
lar processes in CD5 and CD5" cells and the underlying molecular mechanisms, a
microarray expression profiling approach was undertaken. Pathway analysis studies
revealed putative transcriptional factor and miRNA networks that underlie these dif-
ferences. The origin of intrinsic differences in the T cell transcriptional networks is
also discussed in the context of thymic development. We believe that these differences
likely arise during thymic development but further work is necessary to characterize
how they originate and become imprinted in T cells.

By demonstrating that naive T cells bearing different TCRs respond differentially
to IL7 rather than spMHC, the problems posed by the ‘competition-diversity paradox’
are not resolved but the focus of this paradox is merely shifted to IL7 responsiveness.
However, a careful consideration of the physiological levels of IL7 suggests how this
paradox may be avoided in vivo. Estimation of IL7 levels in vivo shows that IL7 is
not too high to avoid selective proliferation of high-avidity T cells and not too low
to avoid survival of low-avidity T cells. As predicted, artificially raising the levels of
IL7 in vivo causes selective proliferation of high-avidity T cells and a reduction in
the levels of IL7 in vivo causes selective survival of low avidity T cells. Finally, the
immunological and biological implications of these findings are discussed in a broader

pathophysiological context.

1.3 Outline of chapters

Chapter two reviews IL7 signaling and spMHC-induced TCR signaling in the pe-

riphery in the context of T cell homeostasis.

Chapter three discusses the attempts of this thesis to quantify spMHC-mediated
TCR signaling in naive CD8% T cells bearing different TCRs, and presents
evidence for intrinsic differences in TCR signaling among naive T cells in the

periphery.
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Chapter four presents novel findings of this thesis related to intrinsic heterogeneity

in T cells in their ability to survive and proliferate in response to IL7.

Chapter five delves into the molecular mechanism driving the intrinsic heterogene-
ity in mature T cells and identifies putative transcriptional networks that could

explain the observed phenomena.
Chapter six considers the above findings in a pathophysiologic context.

Chapter seven discusses the broader implications of these novel findings and sug-

gests directions for future research.
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Chapter 2

Homeostasis of T cell diversity

Some sections of this chapter have been previously published as a part of two review articles co-authored by me for
Cellular and Molecular Immunology [74, 92].

T cell homeostasis commonly refers to the maintenance of relatively stable T' cell
numbers in the peripheral lymphoid organs. Among the large numbers of T cells in the
periphery, T cells exhibit structural diversity, i.e., the expression of a diverse repertoire
of T cell receptors (TCRs), and functional diversity, i.e., T cells of different lineages
and developmental stages. Although the homeostasis of T cell numbers has been
extensively studied, investigation of the mechanisms underlying the maintenance of
structural and functional diversity of T cells is still at an early stage. The fundamental
feature throughout T cell development is the interaction between the TCR and either
self or foreign peptides in association with MHC molecules. It is suggested that the
homeostasis of T cells (both number and diversity) is mediated through competition
for limiting resources. The number of T cells is maintained through competition for
limiting cytokines, whereas the diversity of T cells is thought to be maintained by

competition for diverse cognate self-peptide-MHC complexes [74].

2.1 Lymphocyte homeostasis

Competition for extraneous and limited resources that are required for the survival
and proliferation of T cells emerges as a central theme in the regulation of lympho-

cyte homeostasis. In contrast to other known biological systems in which population
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Self-peptide MHC |

Naive IL7 is needed for survival of both CD4™" | Interaction with spMHC is necessary
and CD8T T cells. IL7 is essential for | for survival of naive CD41 and CD8*
LIP of naive T cells. T cells and for LIP. IL15 is needed for

basal proliferation.

| | Cytokines

Memory | IL7 or IL15 can support acute LIP of | spMHC are not required for memory T
memory T cells. cell survival but are necessary for the
maintenance of memory cell function.

Table 2.1: Factors needed for the homeostasis of a3 T cells.

numbers are regulated, such as quorum sensing in bacteria [80] and community effect
in Xenopus embryonic mesoderm[44, 45], T cell homeostasis does not involve com-
petition for autocrine ligands produced by the T cells themselves but for extraneous
factors such as cytokines and spMHC that are produced by dendritic cells and stromal
cells in the lymphoid tissues. These limited and limiting resources, which are often
referred to as ‘space’, set the limits on the numbers and the diversity of an individual
T cell population. Table 2.1 summarizes the factors for which a8 T cells compete
[115]. These factors include both pro-survival cytokines as well as spMHC. The ma-
jor pro-survival cytokines, IL7 and IL15, are produced constitutively by dendritic
cells and stromal cells in the lymphoid tissues {40, 131]. spMHC is also expressed at
high levels by dendritic cells, which are believed to be the most important source of
spMHC for T cells.

Because recognition of particular spMHC depends on TCR specificity, whereas
interactions between cytokines and their receptors is thought to be independent of T
cell specificity, it is believed that the pro-survival cytokines regulate total T cell num-
bers while spMHC regulates the T cell repertoire (see Figure 2-1). The homeostasis of
T cell numbers and diversity is brought about through a balance of generation, prolif-
eration, survival, death and differentiation of T cells [36]. T cells are generated in the
thymus and the naive T cell compartment is primarily replenished by thymic output.
At the extremes of life, i.e., in neonates and in old age, the thymic output is not ade-
quate to fill the peripheral T cell compartment. Under these circumstances, increased

survival and proliferation of T cells in the periphery is believed to compensate in a
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4 Self pMHC

Antigen presenting cells and stromal cells

Figure 2-1: Homeostasis of T cell numbers and diversity This figure schemat-
ically depicts our current understanding of the homeostasis of T cell numbers and
diversity. The circles of different colors represent T cells of different specificities and
triangles of a particular color represent the set of spMHC displayed in steady-state
conditions on the surface of APCs that can be recognized by T cells of the cor-
responding specificity. The gradient of blue represents the limiting availability of
survival cytokines, IL-7 and IL-15, that are constitutively produced by antigen pre-
senting cells and stromal cells in the lymphoid tissues. T cells are driven to occupy
the available space and the T cells that do not have adequate access to space con-
sequently die out (represented by broken circles). While interaction with spMHC is
TCR specific, signaling by cytokines does not depend on the TCR specificity.

manner that maintains the total number of T cells. This highlights the importance
of peripheral mechanisms such as proliferation, survival, death and differentiation in
the regulation of T cell homeostasis under normal physiological conditions. T cells in
different compartments turnover at different rates. For example, naive T cells rarely
proliferate while, in contrast, memory T cells undergo a slow but steady proliferation
that depends on availability of IL15 [39]. Naive T cells require both IL7 and spMHC
for survival [123, 62|. However, spMHC are not required for the survival of both CD8*
and CD4" memory T cells [88, 110], but rather are needed for the maintenance of
their function [57]. The lack of dependence of memory T cells on spMHC probably
ensures the long-term maintenance of memory cells that are selected by a particular
antigen experience, without being subjected to possible skewing effects of the self-
peptide repertoire. Pro-survival cytokines such as IL7 and IL15 increase the levels of
anti-apoptotic factors such as Bel-2 and Bel-xL in T cells, while the lack of access to

survival cytokines results in their apoptotic death [1]. Upregulation of anti-apoptotic
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factors such as Bcl-2 is especially important in the long-term maintenance of memory
T cells [42]. Competition for limiting pro-survival factors, which becomes especially
pronounced in densely crowded lymphoid organs, is a key mechanism for maintaining
T cell homeostasis. Rapid proliferation of naive T cells can occur under two circum-
stances and in both cases it is accompanied by concomitant phenotypic change or
differentiation into effector or memory cells. When stimulated by antigens, naive T
cells are activated and undergo rapid proliferation and concomitant differentiation
into effector cells and subsequently into memory cells. Naive T cells also proliferate
in a lymphopenic setting, but in this case they differentiate directly into memory
phenotype cells by a process that is dependent on IL7 and spMHC [18]. These mem-
ory phenotype cells are indistinguishable from conventional antigen-induced memory
cells based on a variety of functional and molecular assays [38]. LIP also occurs un-
der physiological conditions, as in neonates when the thymic output has yet to fill
the peripheral space with mature T cells [81]. It is also believed to be important
in old age when lymphopenic conditions may be present due to a severe decline in
thymic output or other physiological changes. LIP is often equated with homeostatic
proliferation by some investigators. We prefer not to use this term because LIP of
naive T cells does not result in the replenishment of the naive T cell compartment
even in the long term [34]. Rather LIP results in differentiation of naive T cells into
memory cells and therefore contributes to homeostasis of the memory compartment.
Thus, T cell numbers and diversity are maintained throughout life through a balance

of generation, proliferation, survival, death and differentiation.

2.2 T cell diversity

The diversity of a population refers to both the variety and abundance of the con-
stituent individuals or in the case of T cells, the constituent clones. Two common
measures of diversity are defined in Table 2.2. A diverse repertoire of T cells is
selected by a diverse array of cognate spMHC in the thymus. Similar spMHC com-
plexes continue to engage with TCRs in in the periphery, where they are thought
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Figure 2-2: Structural and functional diversity of T cells. Structural diversity
of T cells refers to the diversity in antigen receptors. Functional diversity in T cells
can arise from differences in developmental stage or lineage. See Table 2.3 for specific
examples.

to keep a diverse population of naive T cells alive and poised to respond to foreign
antigen [119, 9, 116]. It has been estimated that in both mice and humans, more
than 10" different TCRs can be generated in the thymus but only about 1 to 30 in
a 100 (i.e.,~10') can survive thymic selection [22, 89]. However there is space in
the periphery of a mouse for only about 10® T cells and in humans for about 102
T cells [25, 4]. Thus, selection for certain TCR specificities is likely to occur in the
periphery due to competition for specific spMHC. The homeostasis of T cell numbers
and diversity is interrelated in the sense that both processes involve competition for
resources. While the homeostasis of T' cell numbers involves competition for resources
that are shared among all T cells, the maintenance of T cell diversity is believed to
result from competition for access to a diverse set of cognate peripheral self-peptides.

While T cell diversity usually refers to the vast repertoire of antigenic specificities
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[ Index of Diversity | Expression | Definition |
5
Zni(ﬂ‘i - ].)
Simpson’s index Ds = =1 This index measures the probability that any
two individuals in the population are different.
It gives less importance to rare species.
S
Shannon-Weaver index | D% = Z s;lns; This index is based on information theory and
i=1 is a measure of information contained. Rare
species are better accounted for by this index.

n; is the number of individuals of a particular species, N is the total number of individuals,
si is the frequency of an individual species, and S is the total number of species.

Table 2.2: Indices of diversity. Shannon-Weaver index and Simpson’s index are
two two commonly used indices of population diversity. Population A and B are each
comprised of seven clones but in different proportions. Population A is considered
to be more diverse in terms of both the variety of the clones present as well as their
relative abundance.

in an animal, T cells are also diverse in their function (see Figure 2-2). Functional
diversity refers to T cells with different specialized function. It arises from differences
in T cell lineage or developmental stage. For examples of each, see Table 2.3). Each
lineage of T cells may be found at multiple developmental stages which have distinct
functions. Indeed, a similar pattern of functional diversity is observed with other
lymphocytes such as B cells or NK cells. B cells have variable BCR repertoire, are
seen in different lineages (B1, MZB, and B2) and in different developmental stages
(naive, plasma, and memory). NK cell subsets also express different combinations of
NK receptors and like T or B cells, and they also undergo activation and proliferation.
This thesis describes an entirely ‘novel’ layer of functional heterogeneity within a
seemingly homogeneous population of naive a3 CD8* T cells.

Experiments involving adoptive transfer of naive TCR transgenic T cells into syn-

geneic wild-type mice suggest that 20-200 naive T cells of a particular specificity can
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[ Type | Varying factor | Examples |

Structural diversity | Antigen receptor T cells with different TCRs and thereby
different antigenic and self specificities.
Functional diversity | Lineage Restricted by MHC-I/II:

CD4*, CD8™, natural Treg
Restricted by non-classical MHC:
NKT (CD1d restricted), MAIT (MR1
restricted)

Developmental stage | Mature:

naive, effector, memory, exhausted, to-
lerized, induced Tieg

Immature:

DN1, DN2, DN3, DN4, DP

Table 2.3: Types of T cell diversity.

survive long term and increasing the number of transferred cells resulted in progres-
sive decline in their half-life in vivo [47]. This observation is thought to be reflective
of the precursor frequency of antigen-specific T cells. The precursor frequency of
antigen specific T cells has been directly measured and is found to be slightly higher
for CD8% than CD4*% T cells [84, 90]. These data are in agreement with previous
estimates based on indirect approaches [11]. The failure of a large number of T cells
of a single specificity to survive in wvivo for long periods suggests that T cells recog-
nize specific and limited cognate spMHC ligands. However, a transferred polyclonal
population of T cells can persist vivo for significantly longer periods of time [47]. This
suggests that there is a mechanism for maximizing the diversity of the T cell popu-
lation and one way how this could be achieved is that the T cells compete for their
specific cognate spMHC ligands and the diversity of the spMHC repertoire maintains

a correspondingly diverse T cell repertoire in the periphery.

2.3 Diversity of self-peptides

The diversity of the self-peptide repertoire has been estimated and some quantitative
estimates are presented below for the class I spMHC repertoire and similar arguments
can be made for the class IT spMHC repertoire. From a total of 30,000 distinct proteins

present in the mouse or human with an average length of 400 amino acids, it can be
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calculated that nearly 107 peptides of 8-9 amino acids in length can be generated. This
estimate assumes no preference for specific protease cleavage sites. For a peptide to
be presented on class I MHC it needs to be (i) generated by proteases, (ii) transported
by TAP into the endoplasmic reticulum, and (iii) bound by an MHC molecule. When
a sequence corresponding to a naturally occurring epitope is inserted anywhere into
a protein, it is nearly always displayed on the cell surface but at widely varying levels
depending on its flanking sequences unless the epitope carries an obligate protease
cleavage site [102]. There may be some selection for transport of particular peptides
occurring at the level of TAP [63] but the major bottleneck for display of a peptide on
the surface lies in its ability to form stable peptide MHC complexes. Evidence suggests
that the a priori probability for any random peptide to bind relatively stably to MHC
is about 1% [12]. This leaves only around 10° of a total of 107 peptides that can be
generated in the animal to be presented on the surface of APCs as peptide-MHC
complexes per MHC allele. Experiments suggest that majority of the self-peptides
on class I MHC are derived from abundant housekeeping proteins such as ribosomal
proteins, N-terminal leader sequences, histones and heat shock proteins [52]. The
~30,000 distinct proteins expressed in the mouse or human are present in widely
varying quantities in the body. Since there are only around 100,000 MHC class I
molecules expressed by each APC, equal representation of peptides on MHC class 1
molecules from each of these proteins is not possible [142]. It has been found that the
population of MHC class [ molecules on uninfected cells simultaneously displays about
1,000 to more than 10,000 different ‘naturally processed’ peptides with a broad range
of copy number. A few of these peptides are present at 10,000 copies per cell, whereas
the remaining are presented at less than ten to a couple of hundred copies per cell [27].
Thus, assuming a mean of 100 copies per peptide, a single APC presents about 10°
different self-peptides albeit in widely varying quantities. In comparison, the total
number of distinct spMHC complexes in an animal can be estimated to be about
10° (see above) which is many orders of magnitude smaller than the TCR diversity.
This disparity implies that the spMHC molecules are shared among different TCRs,
highlighting the degree of competition for the same spMHC that can occur among T
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cells expressing different TCRs.

[ Type of pMHC complex | Induced T cell response | Specificity for a given TCR |
Agonist Full activation of T cell; cy- ++ ++
tokine secretion; T-cell prolifer-
ation; CTL effector function

Antagonist Inhibits activation by agonist; ++
does not induce activation on its
own

Weak agonist Same as agonist, but requires a ++

higher dose for the same degree
of activation; slower activation
kinetics

Partial agonist Induces some, but not all, effects ++
of agonist (e.g., cytokine secre-

tion but not proliferation)

Null No detectable activation Not TCR specific

Table 2.4: Types of peptides. Classification of peptide MHC based on T cell
response.

From a single TCR perspective, cognate self-peptides can be divided on the ba-
sis of their biological activity into agonist peptides, weak agonists, partial agonists,
antagonists or null peptides (see Table 2.4). However, these are not all present in
identical proportions (see Figure 2-3). Peptides that are null (non-cognate) are likely
to be the most abundant. Agonist peptides for a given TCR are likely to be the least
abundant because they are most TCR specific and because T cells that strongly rec-
ognize self-peptides are negatively selected in the thymus. It seems counterintuitive
that a3 T cells specific for any agonist self-peptides can survive negative selection
under the physiological conditions. Not all self-antigens are expressed in the thymus
at adequate levels to allow strict negative selection. Such T cells could recognize
self-antigens as agonists in the periphery and are potentially autoreactive but are
kept in check by various mechanisms of peripheral tolerance [96]. Nevertheless, in
the self-peptide repertoire, the fraction of agonist peptides for a given TCR is likely
to be extremely small. For any given TCR found in the periphery, a slightly larger

fraction of the self-peptide repertoire could be intermediate affinity ligands such as
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Figure 2-3: Hypothetical proportions of the types of self-peptides in the
periphery seen from the perspective of a single TCR. From a single TCR
perspective, null peptides are likely to be the most abundant since they are not
TCR specific. High affinity agonist peptides among spMHC are likely to be the least
abundant because T cells that strongly recognize self-peptides are negatively selected
in the thymus. For any given TCR found in the periphery, an intermediate fraction of
the self-peptide repertoire could be low affinity ligands such as weak or partial agonists
or even antagonists because there is likely to be higher cross-reactivity among low
affinity ligands for a given TCR than for high affinity ligands. A similar argument can
be made from a single spMHC perspective that majority of the TCR specificities will
see 1t as a null peptide; a very small fraction of TCRs will recognize it as an agonist
and an intermediate fraction of TCRs will recognize any particular spMHC complex
as a low affinity ligand such as a weak agonist, partial agonist or an antagonist.

weak or partial agonists or even antagonists. They are likely to be more abundant
than agonist peptides not only because T cells are positively selected on such low
affinity ligands in the thymus which are presumably also be found in the periphery
but also because there is a higher cross-reactivity among low affinity ligands for a
single TCR. From a single spMHC perspective, a similar argument can be made that
any given spMHC will be seen as a null peptide by a majority of the TCR specificities.
A very small fraction of TCRs will recognize a given spMHC as an agonist and an
intermediate fraction of TCRs will recognize any particular spMHC complex as a low
affinity ligand such as a weak agonist, partial agonist or an antagonist. Although it
Is interesting to speculate on the nature of single TCR-spMHC interactions, it should
be emphasized that when a T cell interacts with a single dendritic cell, ~ 10° TCRs
on the T cell interact with a diverse set of spMHC on the surface of the APC, which

in combination, give rise to a TCR signal.
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2.4 Identity of the self-peptides that regulate T

cell homeostasis

The identity of cognate self-peptides that regulate the homeostasis of T cell diversity
in the periphery is still not clear. Competition between clones expressing different
TCRs during LIP suggests that cognate self-peptides are present in limiting amounts
in the periphery. The low affinity self-peptides, rather than agonist peptides, are
likely to drive LIP because of the lack of concurrent observable T cell activation.
Studies with CD4t cells selected in H2-M~/~ mice, which express mostly the CLIP
peptide (class Il-associated invariant chain peptide) in the periphery, suggest that
the positively selecting ligands in the thymus are responsible for LIP in the periphery
[28]. However, this does not entirely rule out the possibility that agonist self-peptides
play a role in LIP. Weak agonist peptides may be able to drive LIP without resulting
in conventional activation either because they are present in extremely low amounts
or because they stimulate T cells in the absence of costimulation or by cooperating
with other (null) spMHC. Regardless whether agonist peptides or low affinity peptides
or both support lymphocyte homeostasis, given that the amount of these peptides is
small, it is natural that competition for these peptides contributes to the homeostasis
of TCR diversity in the periphery.

A majority of the naturally occurring cognate self-peptides that have been char-
acterized so far arise from abundantly expressed self-proteins. This could be because
the detection of rare but functional naturally occurring cognate self-peptides for any
particular TCR may be limited by the sensitivity of the peptide purification and bio-
logical assays used in their identification. It is quite likely that there are many cognate
self-peptides that are recognized by the above TCRs and regulate their homeostasis
but too rare to be detected by current biochemical assays. Further, the spMHC-
mediated signaling that is responsible for T cell survival in the periphery is neither
well understood nor easy to measure directly. Therefore, the biological assays used
for the detection of naturally occurring cognate self-peptides such as CTL killing or

co-receptor dulling in DP cells, which are often used with excess concentration of
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test peptides may not be truly representative of physiological homeostatic spMHC-
mediated TCR signaling that has been referred to as peripheral ‘TCR tickling’ by
some authors. Given that null peptides are most abundant, it is certainly possible that
they could also contribute to the TCR signal required for lymphocyte homeostasis.
It should be emphasized that the definition of a null peptide-MHC complex (pMHC)
is only related to its lack of potential to induce any grade of activation in a T cell. It
does not mean that null pMHCs are biochemically null in terms of interacting with
a TCR. A TCR contacts pMHC at its three complementarity determining regions
(CDR1, CDR2 and CDR3). The CDR1 and CDR2 regions of the TCR primarily in-
teract with the MHC portion of the pMHC complex and the CDR3 interacts with the
presented peptide. If the peptide in the pMHC complex is a null peptide it is conceiv-
able that a stable TCR-pMHC complex is not formed but the CDR1 and CDR2 can
still interact weakly with the MHC alone, perhaps giving rise to short-lived ‘“TCR-null
pMHC’ complex. Such transient interactions, wherein the peptide plays a minimal
contributory role, may become cumulatively significant because of the abundance of
null peptides and may provide a homeostatic signal to T cells. Furthermore, it is also
conceivable that sp)MHC-TCR interactions only increase the duration of contact with
dendritic cells and other uncharacterized ligands on the surface of dendritic cells may
also provide a survival signal to T cells and future research is likely to shed light on

these areas.

2.5 spMHC-mediated TCR signaling

A schematic of TCR signaling is presented in Figure 2-4 [68]. Full-blown TCR stimu-
lation by a foreign agonist pMHC results in a naive T cell results in the sustained acti-
vation of multiple downstream TCR pathways as described below. However, spMHC
alone can also trigger partial activation of especially the proximal components of the
TCR signaling cascade. Both CD4" and CD8" T cells are thought to receive a tonic
signal from spMHC in vivo and they have a reduced lifespan when deprived of con-

tact with MHC [122, 124]. Stimulation of the TCR by antigenic pMHC triggers the
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activation of the Src family kinase, Lck. Lek is present in both as a soluble factor and
bound to the co-receptor (CD4 or CD8). Binding to pMHC induces co-localization
of TCR and the co-receptor, which helps bring Lck in close proximity to the CD3
complex. The CD3 ¢, §, v and ¢ subunits are critical components of the TCR complex
and contain a number of ITAMs (immunotryosine-based activation motifs) which are
phosphorylated by Lck, which in turn recruit ZAP70 to the TCR signaling complex.
In the presence of agonist pMHC, ZAP70 phosphorylates its substrates LAT and
SLP-76 which which through many intermediaries trigger (i) calcium influx into the
cytosol, (ii) activation of the Ras pathway, and (iii) cytoskeletal remodeling. Partial
phosphorylation of CD3(¢ chains and recruitment of ZAP70 is also seen in freshly
isolated T cells and is thought to reflect tonic signaling from spMHC in vivo [116].

The recruitment of PLCy1 (Phospholipase Cv1) to the membrane by LAT causes
hydrolysis of PIP, (phosphatidyl-inositol 4,5 bis-phosphate) into IP3 (inositol 1,4,5
triphosphate) and DAG (diacyl glycerol). IPj is a critical second messenger that
triggers calcium influx into the cytosol, which is a hallmark of TCR signaling. Ca?"
influx initially occurs from the ER which leads to the opening of the CRAC (Ca?*
release activated Ca?*) channels in the plasma membrane and a rush of extracellular
Ca2* into the cytosol. The extracellular Ca* concentration is 10,000-fold higher than
intracellular levels, allowing the rapid influx of Ca?* through the CRAC channels and
activation of calcineurin, which in turn dephosphorylates the transcription factor,
NFAT, causing its translocation to the nucleus. Cytosolic Ca?* influx is also seen
during spMHC-mediated TCR signaling but it is brief and intermittent unlike the
sustained Ca?* influx seen upon agonist pMHC-mediated stimulation of the TCR
[24].

Activation of the Ras pathway is critical for TCR signaling. RasGRP, a guanine
exchange factor, is activated by DAG. RasGRP and PKC trigger the activation of
Ras pathway, which is comprised of a signaling cascade of kinases that leads to the
activation of MAP kinases Erk1/2, JNK and p38. These MAP kinases activate the
heterodimeric transcription factor AP-1. This is conventionally referred to as the

“first signal’. Production of IL2 during T cell activation requires the release of tran-
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scription factor NF-xB from IxB. This is dependent on the ‘second signal’, provided
by co-stimulatory pathways (e.g. CD28). CD28 leads to Akt and MAPKKK activa-
tion, which activate IKK and consequent phosphorylation of IxB, which marks it for
ubiquitin-mediated degradation.

During antigen recognition by the TCR, a rearrangement of a number of surface
molecules in addition to the TCR:pMHC complexes is observed at the T-APC cell in-
terface. This supra-molecular clustering of TCRs, adhesion, signaling and cytoskeletal
molecules, has been termed the ‘immunological synapse’ [41]. Extensive cytoskeletal
remodeling and reorientation of the T cell microtubule organizing center towards the
APC, which is triggered upon TCR signaling, may also be involved in synapse for-
mation. A ‘mature’ immunological synapse normally seen in the context of agonist
pMHC-driven signaling has a supramolecular activation cluster (¢SMAC) enriched in
TCR, CD2 and CD28, which is surrounded by a peripheral SMAC (pSMAC), en-
riched in LFA-1 (lymphocyte functionassociated antigen-1) [41, 83]. The formation
of immunological synapses has also been reported in T cells interacting with dendritic
cells even in the absence of agonist peptides [106]. Such agonist antigen-independent
synapse formation is driven by spMHC even in the absence of agonist pMHC, and is
also tightly associated with brief weak Ca®* responses. The formation of the immuno-
logical synapses induced by spMHC is also not sustained and may result in unusual
synapse morphologies.

CD5 is a type I transmembrane protein of the group B of scavenger receptor
cysteine-rich (SRCR) superfamily. The CD5 ectodomain interacts with conserved
fungal cell wall components and protects from zymosan-induced septic shock-like syn-
drome [128]. Tt also has a large cytoplasmic tail with numerous conserved tryosine as
well as serine/threonine phosphorylation sites, which is critical for modulating TCR
signaling. The cytoplasimic domain is critical for the modulatory effects of the TCR
and is highly conserved (see Figure 2-6). The mechanism by which CD5 modulates
TCR signaling is shown in Figure 2-5. CD6 is a closely related molecule of the same
family, which also associates with the TCR and CD5, and is closely linked to CD5

on chromosome 19 in mouse and chromosome 11 in humans [37]. It is possible that
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Figure 2-4: TCR signaling network. This is a detailed schematic of TCR signaling
involved in T cell activation and selection, as prepared by Joseph Lin and Arthur
Weiss [68]. The details of spMHC-mediated homeostatic TCR signaling are poorly
understood, but the upstream molecules are likely to be shared and involve partial
phosphorylation of CD3¢ chains and the recruitment of ZAP70 to the TCR complex,
as well as brief spikes of cytosolic Ca?* influx. However, sustained activation of
the downstream TCR pathways depicted above is not triggered in resting T cells by
spMHC.

they arose from genomic duplication but have significant differences in their cytosolic
domains. CD5 associates with the TCR signaling complex and modulates T cell ac-
tivation and differentiation [72]. Cross-linking of CD5 with antibodies has suggested
that CD5 can positively impact TCR signaling but the physiological significance of
these results is unclear [72]. However, genetic studies, using CD5 knockouts suggest
that CD5 has an inhibitory role [6]. CD5 inhibits the extent of tyrosine phosphoryla-
tion at the synapse as well as the amplitude of calcium responses induced by antigen
recognition without interfering in synapse formation [13]. CD5 is developmentally

regulated in the thymus and is upregulated during positive selection [7]. In the pe-
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Figure 2-5: CDS5 signaling network. The intra-cellular domain of CD5 is rich
in phosphorylation sites and it can recruit a number of signaling mediators that
impact TCR signaling. Genetic studies suggest that CD5 is a negative regulator of
TCR signaling. SHP-1, which interferes with proximal TCR signaling, is a major
component of this inhibitory interaction.

riphery, the level of CD5 is thought to be maintained by engagement with spMHC
and therefore, the levels of CD5 on mature T cells is often used as an indicator of the
strength of spMHC-induced TCR signaling in the periphery [113]. The transcription
of CD5 is positively regulated by the Ets family transcription factors and inhibited
by the E2A family transcription factor, E47 [3, 138].

2.6 IL7 signaling network

IL7 is produced primarily by fibroblastic reticular cells in the T cell zone in lymphoid
organs [69] and binds to the IL7 receptor complex, a heterodimer consisting of the

IL7Re chain (IL7R) and the common gamma (vyc) chain [78]. While IL7 shares pro-
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Figure 2-6: Conservation of CD5 signaling domain. CD5 intracellular alignment
with ClustalW is shown above with putative serine, threonine and tyrosine phospho-
rylation sites. The sites of phosphorylation by casein-kinase II and protein kinase C
and the pseudo-ITAM domain are indicated above.

survival and proliferative capacities with related interleukin family members, it also
plays non-redundant roles in T cell development and homeostasis [53]. IL7R is also
expressed on pro-B cells, dendritic cells (DCs) and monocytes, suggesting a possible
role for IL7 in multiple hematopoietic lineages [104]. IL7 is bound to the extracellular
matrix and is likely displayed in a matrix-associated form in sites near the sites of
production, like other cytokines which bind the common < chain [136]. Naive T
cells continuously recirculate between IL7-rich lymphoid organs and blood and it is
speculated that IL7 consumption occurs primarily in the secondary lymphoid organs
but not while in transit in the lymph and blood [120]. Indeed, the survival of T cells
is found to be impaired in mice that lack secondary lymphoid organs [21].

In lymphocytes, ILTR signaling results in survival, proliferation and differen-
tiation, depending on the developmental stage of the lymphocyte. In dendritic
cells, ILTR signaling has an immunomodulatory role, especially in the context of
thymic stromal lymphopoietin (TSLP), which also signals through the IL7R in a het-
erodimeric complex with the TSLP receptor (TSLPR). Both IL7 and IL7R knockout
mice have been studied. IL7 knockout mice are deficient in T cells, B cells, NK cells,
and NKT cells as well as intra-epithelial lymphocytes [129]. Similarly, mice lacking

IL7R have a similar but more severe phenotype than IL7 knockout mice [95], possibly
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because TSLP signaling is also abrogated in the IL7R knockout mice. Binding of
TSLP to the ILTR:TSLPR complex can activate at least some of the signaling cas-
cades normally activated by IL7, but it also triggers some unique signaling pathways

involving the Tec kinases [51, 70].

Figure 2-7: IL7 signaling network. A schematic diagram of the ILTR signaling
network and its connectivity with interacting signaling networks, including TSLP,
IL15 and the TCR.

Major signaling cascades activated by the binding of IL7 to IL7R include the
Jak-Stat and PI3K-Akt pathways (see Figure 2-7) [53, 120]. IL7 binding to ILTR/~c
complex causes activation of Jakl (bound to IL7R) and Jak3 (bound to the y¢ chain).
They phosphorylate Statba/b which causes migration of the phosphorylated Statb
dimers to the nucleus and gene transcription. Deletion of II7TR, Jak3, yc chain, or
a combined deletion of Statba and Stat5b causes severe lymphopenia as a result of

defective T cell development and survival [65]. Simultaneous deletion of Stat5a and
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Stat5b in mature T cells results in a severe depletion of mature T cells, suggesting the
critical role of IL7 signaling in mature T cell survival [139]. IL7 signaling prevents the
mitochondrial pathway of apoptosis. Bcl2 and Mcll play a dominant role in naive T
cells because other anti-apoptotic molecules are not expressed at high levels in naive
T cells. Bcl2 and Mecll interfere with the pro-apoptotic molecules Bax and Bak,
which can induce the mitochondrial pathway of apoptosis by inducing the release
of cytochrome ¢ from mitochondria [59]. Bcl2 and Mcll can also inhibit multiple
BH3-only family members such as Bim, Bid, PUMA and Bad which activate Bax and
Bak [17]. Bcl2”/- mice can be rescued from premature death by crossing them onto a
Bim*/~ background (Bcl2111*/- ). Although CD8* T cell development is near normal
in these mice, the survival in the periphery is highly impaired. This defect can be
further rescued in Bcl2/- Bel21117/- mice where the naive T cell numbers are mostly
restored [134]. This suggests that Bcl2l11 is a key mediator of T cell death. Excess
IL7, as seen in lymphopenia, can induce the spontaneous proliferation of naive T cells,
without inducing activation. IL7-mediated proliferation requires the PI3K pathway,
and Gsk3 and p275P! are key mediators of the IL7-induced progression of cell cycle
from the G to S phase (see Figure 2-7). IL7 signaling is also known to induce a
number of feedback suppression loops. IL7 signaling suppressed the transcription of
IL7R, via a feedback loop involving the transcription factor Gfilb. SOCS1 (suppressor
of cytokine signaling 1) is yet another feedback suppressor of IL7 signaling that is
also induced by IL7 signaling.

In addition to the balance between pro-apoptotic and anti-apoptotic pathways, au-
tophagy is another highly conserved mechanism that promotes the survival of naive
T cells during nutrient deprivation. Autophagy was shown to be critical for maintain-
ing the survival of IL3-dependent cell lines after cytokine withdrawal [73]. A role for
autophagy in T cell survival and proliferation has been shown in vivo using lethally
irradiated mice repopulated with hematopoietic cells from fetal livers of Atg5/ mice
[100]. Atg5”/ T cells develop normally in the recipient thymus, but fail to repopulate
the periphery due to a dramatic defect in cell survival. It is speculated that T cells, on

exit from the thymus, become exposed to nutritional stress owing to limited access to
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pro-survival factors and require autophagy to sustain them in the periphery. It is not
known if T cells require a basal level of autophagy to maintain their survival in the
periphery but autophagosomes have been reported in freshly isolated mouse T cells
[100]. Similar results are seen with Atg7~/- mice. Superfluous mitochondria, which
could be a source of toxic ROS, are also consumed by autophagy and eliminated.

This may be an additional function of autophagy in T cell development.

2.7 Competition-diversity paradox

The ‘competition-diversity paradox’ refers to the idea that competition among periph-
eral lymphocytes for in vivo survival factors would ultimately result in the domination
of the repertoire by T cell clones with the best ability to compete for the survival
factors [23, 30]. This is likely to be applicable for T cells, as they require spMHC
for survival and it is currently believed that there is a widespread variation in the
strengths of spMHC signals received by T cells bearing different TCRs. Differential
responsiveness to survival factors among T cells can also occur as a result of variable
access or responsiveness to IL7 (see Figure 2-8).

It is currently believed that the differences in the levels of CD5, IL7R and CD8«
among CD8* T cells are extrinsic, i.e.the differences would disappear upon with-
drawal from the heterogeneous sources of spMHC or IL7 in their physiological en-
vironment. Variable strengths of interaction with cognate spMHC among TCRs of
different specificities, is thought to be responsible for the differences in CD5 levels. It
is worth noting the terms ‘spMHC avidity’ and ‘spMHC signal” have sometimes used
interchangeably. However, this thesis draws a distinction between them and I have
used the terms to refer to the biochemical interaction with the TCR and the signal
transduced through the TCR respectively. In this thesis, the spMHC-mediated TCR
signal has been operationally defined in terms of the degree of cytosolic calcium influx
in T cells.

There are at least two mechanisms that cause variability in the responsiveness of

CD8* T cells to IL7 (see Figures 2-8b and ¢). (i) CD8* T cells that are recently sig-
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Figure 2-8: Extrinsic diversity Extrinsic diversity in T cells. Three potential
sources of extrinsic heterogeneity in T cells are shown above. Note that all these
extrinsic differences would be expected to disappear once the T cells are isolated
from the respective extrinsic modulator of their signaling networks. (a) Different
levels of CD5. The TCRs of OT-1, 2C and F5 cells are thought to have different
avidities for their cognate spMHC. This is believed to result in correspondingly dif-
ferent CD5 levels on the T cells as well as different spMHC-induced TCR signals. (b)
Co-receptor tuning. This model proposes that the spMHC-mediated TCR signal
inhibits the IL7 signaling pathway and conversely, IL7 signaling enhances the TCR
signal by increasing the transcription of CD8a. Thus two cells with different respon-
siveness to spMHC would be predicted to have extrinsic differences in both the TCR
and IL7 pathways. (c) ‘Altruistic’ downregulation of IL7R. Recently signaled T
cells are thought to ‘altruistically’ downregulate the transcription of IL7R to allow
optimal utilization of IL7 from the perspective of the entire population. Thus, re-
cently signaled T cells would be expected to have an extrinsic difference in their IL7
signaling pathway. T cells are thought to be exposed to a spatially heterogeneous IL7
environment in vivo.
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naled by IL7 downregulate the levels of IL7R, resulting in a heterogenous population
of T cells with varying IL7R levels, which has been considered to be an ‘altruistic’
way of maximizing IL7 utilization among CD8% T cells [93]. (ii) Cross-wiring of the
TCR and IL7 signaling networks called ‘co-receptor tuning’ is thought to result in the
dampening of IL7 signaling in T cells that receive stronger TCR signals [94]. Such
feedback, cross-inhibiting and amplifying loops could result in the maximization of
the cumulative signal in T cells from both spMHC and IL7 [92] (see Figure 2-8).
However, further quantitative analysis needs to be done to determine their impact on

the trade-off between T cell competition and their diversity.
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Chapter 3

spMHC-induced TCR signaling

The differences in LIP among TCR transgenic mice are believed to be due to their
receiving spMHC signals of correspondingly different strengths. This is supported by
the strong correlation between CD5 levels and the rate of LIP for any given T cell.
However, direct measurements of spMHC responsiveness in TCR transgenic T cells
with variable rates of LIP have not been performed to rigorously test this hypothesis.
This chapter details our efforts in this direction. We have focused on naive CD8% T
cells as we had ready access to a panel of TCR transgenic Ragl”/- T cells, namely
OT-1, 2C and F5, all of which are selected into the CD8" lineage, in an identical
MHC background (C57/BL6, H-2°). These TCR transgenic T cells exhibit different
rates of LIP upon adoptive transer into the same syngeneic Rag/~ background. In
particular, we focused on CD8*" T cells obtained from OT-1 and F5 Ragl”" mice
(hereafter referred to as just OT-1 or F5 cells), as they were expected to show the
maximum difference in spMHC-mediated signaling based on a comparison of their

CD5 levels and rates of LIP [33].

3.1 An in vitro co-culture system to study LIP

LIP can be recapitulated in wvitro using a T-cell:DC co-culture system with a suffi-
ciently high DC:T-cell ratio[33]. We surveyed the ability of the following syngeneic

dendritic cells derived from various sources for their ability to support LIP of OT-
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1 T cells in wvitro: (i) Splenic DCs were magnetically enriched (CD11c*t selection)
from the spleens of B6 mice, which had been implanted with GMCSF-producing B16
melanoma cells (see Appendix A.2). (ii) BMDCs were differentiated from B6 bone
marrow precursors with GMCSF treatment for seven days (see Appendix A.2). (iil)
D(C2.4 is a cell line originally derived from the oncogenic transformation of B6 bone
marrow dendritic cells [111]. These three DC types were co-cultured with CFSE
labeled naive OT-1 cells in a 1:1 ratio for seven days, and T cell proliferation was
assessed (see Figure 3-1). To prevent proliferation of DC2.4 cells, they were gamma-
irradiated with 500 Rads using a '37Cs irradiation source. DC2.4 cells were best able
to support the LIP of OT-1 T cells. The proliferation was dependent on MHC-I in
all cases. Splenic DCs derived from Bm”" mice did not support the proliferation of
OT-1 cells. In the absence of MHC-I, BMDCs and DC2.4 cells could not even support
the survival of OT-1 cells as evident from co-culture of OT-1 cells with BMDCs from
Bom™/~ mice and the addition of 10pg of anti-K® antibody (B8.24.3) to the co-culture
with DC2.4 cells completely. This is consistent with previous studies showing that
OT-1 cells are selected on K and likely recognize spMHC presented on K® in the
periphery [107]. Therefore, DC2.4 cells were chosen for further analysis.

Sglenic DCs BMDC DC2.4
400 N7 3{ 16 7 . 9
b
10 2 ‘
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[
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s g
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Figure 3-1: In vitro lymphopenia-induced proliferation induced by dendritic
cells from different sources. Splenic DCs, BMDCs or irradiated DC2.4 cells were
co-cultured with CFSE-labeled OT-1 cells in a 1:1 ratio for seven days and OT-1 cell
proliferation was assessed by CFSE dilution.

To test if the relative differences in the rates of LIP seen in vivo can be recapitu-
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lated in this in vitro system, CFSE-labeled naive OT-1 and F5 T cells were co-cultured
with DC2.4 cells for three days in a 1:1 ratio (see Figure 3-2). OT-1 T cells prolifer-
ated for up to four divisions. The proliferating OT-1 cells also showed a progressive
upregulation of CD44 and no change in CD69 levels, as observed in vivo during LIP.
In contrast, F5 T cells did not undergo any divisions in this in vitro LIP co-culture
system. These results are consistent with the differences in LIP observed following
transfer of OT-1 and F5 T cells into syngeneic Rag™/~ mice, suggesting that this
T:DC co-culture system using DC2.4 cells could be used to explore the mechanisms

underlying the differential rates of LIP among T cells bearing different TCRs.
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Figure 3-2: In witro lymphopenia-induced proliferation of naive OT-1 and
F5 Rag”/" T cells. CFSE labeled naive OT-1 and F5 T cells were co-cultured with
DC2.4 cells in a 1:1 ratio for 3 days. CFSE profiles of live CD8* at day 3 are shown.

3.2 Measurement of spMHC-induced signaling

Cytosolic calcium influx is an early and sensitive indicator of TCR-mediated signaling
and can be induced even by a single agonist pMHC [50]. Even in the absence of

agonist pMHC, spMHCs on DCs can also induce an observable but transitory influx
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of cytosolic calcium in naive T cells [24]. We reasoned that calcium flux measurements
in T cells using live video-microscopy could be used to make a direct comparison of the
intensity of proximal spMHC-mediated signaling by the same syngeneic dendritic cells
in OT-1 and F5 T cells. As spMHC-dependent calcium signals in T cells interacting
with DCs in the absence of foreign antigen are weak, transitory and unsynchronized,
a large number of T:DC pairs need to be imaged at a high frequency. DC2.4 cells
were particularly suited for this as they induce robust in wvitro LIP of OT-1 T cells
such that a large fraction of T cells respond to spMHC (see Figure 3-1) and also have
a dramatically different effect on OT-1 and F5 T cells (see Figure 3-2).

OT-1 and F5 T cells were labeled with a calcium-sensitive dye (Fura 2AM) and
co-cultured with DC2.4 cells at 100% confluence in a 1:1 ratio, causing all the T
cells to be in contact with at least one dendritic cell. 100 to 200 T:DC pairs were
were imaged every 15 seconds at 400 x magnification for up to 60 minutes to limit
possible phototoxicity from repeated UV excitation (see Appendix A.4). Imaging for
longer periods was also prohibited by the gradual loss of Fura dye from the T cell
cytoplasm due to sequestration into intra-cellular compartments. The fluorescence
excitation ratio of Fura dye at 340:380 nm, which is linearly correlated with cytosolic
calcium levels, was analyzed in individual T cells. When the T cells were cultured
by themselves, the Fura ratio in > 99% of the cells remained below 0.6 for the entire
duration of tracking. Therefore, a Fura ratio of > 0.6 was considered to be indicative
of TCR-induced calcium flux in this system.

Although all imaged T cells were in contact with dendritic cells, calcium flux above
background was detectable in only ~50% of the T cells in the case of both OT-1 and
F5 cells, (see Figure 3-4). Similar data have been previously described for polyclonal
naive CD8% or CD4™ cells or TCR-transgenic HNT T cells but a comparison between
T cells bearing different TCRs has not yet been reported [24]. Both OT-1 and F5
cells instantly showed a comparably strong and sustained calcium flux on exposure
to agonist peptides (see Figure 3-5), confirming that there was no inherent defect in
proximal TCR signaling in either of these T cells. However, there were no obvious

differences in calcium influx between OT-1 and F5 T cells during the first 30 minutes

46



3 3 3 3 a
2 2 2 2 2
1 - 1 - - 1 1 - s 1 e
0 0 0 0 o
3 3 3 3 3
2 2 2 2 2
N R . 1 & 1 I 7
o 0 0 0 0
3 3 3 3 3
2 2 2 2 2
1 I N . — 1y ' 1] i
o Unthabenteddl o g 5 -“.
3 a 3
2 2 2
1 'I l p - o 1 R K T
o g o it
3 3 3
2 2 2
E 0 0 0
S, 3 3 3 3
Z 2 2 2 2
1 11 1 L 10 —— R = ~
" o 0 . , bt

Figure 3-3: Calcium flux traces of OT-1 cells co-cultured with DC2.4. Fura-
labeled OT-1 were co-cultured with DC2.4 cells in a 1:1 ratio at 100% confluence,
such that all the T cells were in contact with DCs. Fluorescence excitation was
recorded for every 15 seconds for 30 minutes and the Fura ratios in tracked T cells
were used to estimated calcium influx. Representative traces of cytosolic calcium
signal (represented by Fura ratio) for 30 randomly picked OT-1 cells are shown. The
horizontal red line indicates the background level (Fura ratio = 0.6) of calcium flux
seen when OT-1 cells are cultured by themselves.

of T:DC co-culture. This was in stark contrast to the difference in LIP between OT-1
and F5 T cells observed at three days after co-culture with the same dendritic cells
in nearly identical conditions (see Figure 3-2). It is conceivable that there may still
be some subtle differences in spMHC-mediated TCR signaling between OT-1 and F5
cells, which are undetectable in the short timescales of proximal TCR signaling leading
to calcium influx, but which, cumulatively, could result in differential proliferation
over longer timescales.

Some naturally occurring self-peptides presented on murine K®, which are rec-

ognized by the OT-1 TCR, have been identfied [107]. Among these, two peptides,
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Figure 3-4: Comparison of calcium flux in OT-1 and F5 T cells induced by
the same spMHC repertoire. Fura-labeled OT-1 (top two panels) or F5 (bottom
two panels) T cells were co-cultured with DC2.4 cells and calcium influx was estimated
as shown in Figure 3-3. Histograms of the fraction of of time the cells fluxed calcium
above background, i.e. Fura ratio > 0.6 (left panel) and histograms of the average
Fura ratio recorded for the entire duration of the tracking (right panel) are plotted.

RTYTYEKL and ISFKFDHL, can induce positive selection of OT-1 T cells in fetal
thymic organ cultures. OT-1 T cells were co-cultured with BMDCs derived from syn-
geneic B6 TAP/- mice in the presence of 5 uM of these positively selecting peptides
and T cell calcium influx was recorded (see Figure 3-5). Calcium influx was very close
to background in the absence of any additional peptide. ISFKFDHL induced a mild
increase in average Fura ratio in each cell while the pattern of calcium influx induced

by RTYTYEKL was comparable to endogenous self-peptides presented by wild-type

43



B6 BMDCs. Indeed, RTYTYEKL is more potent than ISFKFDHL in the co-receptor
dulling assay for positive selection using DP OT-1 cells [107]. The agonist peptide,
SIINFEKL (1 uM) induced a very strong calcium influx in majority of the OT-1 cells.
This further confirms that the degree of calcium influx observed in this assay system
is consistent with the known strength of interaction of a given TCR with different
spMHC and may be used to interpret differences in the responsiveness of OT-1 and

F5 T cells to spMHCs presented on dendritic cells.

3.3 Differential imprinting of baseline CD5 levels

While it was surprising that OT-1 and F5 cells exhibited similar Ca?* influx in re-
sponse to the same spMHC repertoire presented on DCs, we wondered if this could
be due to the fact that freshly isolated OT-1 have higher levels of CD5 than F5 cells
as CD5 is a known negative regulator ofproximal TCR signaling. The level of CD5
is maintained by engagement with spMHC in the periphery but the levels can be
restored to a baseline after culturing the cells in vitro in the absence of spMHC [113].
Therefore, we cultured OT-1 and F5 cells in vitro in order to allow their CDS levels to
equalize. The cells were cultured in the presence IL7 to maintain their viability. As
expected, the levels of CD5 in OT-1 and F5 cells steadily decreased in both the cell
types after withdrawal from spMHC but surprisingly, the differences between OT-1
and F5 persisted throughout the duration of the experiment, such that the CD5 levels
decayed to different ‘baselines’ (see Figure 3-6). We confirmed that this was not due
IL7 as varying the concentration of IL7 did not impact the rate of CD5 decay. The
experiment could not be extended beyond five days because of substantially reduced
viability of cells in conditions with low concentrations of IL7. This suggests that
neither TCR nor IL7 signals are required to maintain the differences in CD5 levels
between OT-1 and F5 cells. Furthermore, the fractional decrease in CD5 levels was
comparable in OT-1 and F5 cells. This suggests that both OT-1 and F5 T cells
receive sufficient spMHC-mediated signals to maintain their surface levels of CD5 a

little over 50% above baseline in vivo.
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Figure 3-5: Calcium flux induced in OT-1 cells by positively selecting
spMHC. Histograms of the fraction of of time the cells fluxed calcium above back-
ground, i.e. Fura ratio > 0.6 (left panel) and histograms of the average Fura ratio
recorded for the entire duration of the tracking (right panel) are plotted. The top
panel shows the analysis of calcium flux in OT-1 cells co-cultured with B6 BMDCs.
The lower panels show OT-1 cells co-cultured with B6. TAP/- BMDCs co-cultured
with no peptide, ISFKFDHL (5 pm), RTYTYEKL (5 um) and SIINFEKL (1 uM).

Given that the ‘baseline’ levels of CD5 appear to be differentially imprinted in
OT-1 and F5 T cells, we tested if the differences in CD5 levels are maintained even
after T cell activation and differentiation into ‘memory-like’ cells in vitro. OT-1 and

F5 T cells were activated with an identical dose of PMA /ionomycin, and cultured in
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Figure 3-6: Differences in ‘baseline’ levels of CD5. OT-1 and F5 cells were
cultured in vitro in varving concentrations of IL7 for five days and CD5 levels were
assaved dailv.  The levels of CD5 decrease in both cell types upon withdrawal of
spMHC signaling but do not equalize.

200 U/mL of IL2 for three days, and rested in 10ng/mL of ILT for an additional four
davs. Even after T cell activation and several rounds of proliferation, the differences
in CD5 level were still found to persist (see Figure 3-7). This strongly suggests that
the relative CD5 level is an intrinsic or imprinted property of T cells. The intrinsic
differences in CD5 expression. a negative regulator of TCR signaling, suggests that

the TCR signaling network itself may be intrinsically different among CD8" T cells.

3.4 Positive selection of OT-1 and F5 T cells oc-
curs at different strengths

The lack of any obvious difference in proximal TCR signaling in OT-1 and F5 cells
is surprising and may be due to the compensatory effects of differences in their CD5
levels. However. OT-1 cells are predicted to have a higher avidity for their cog-
nate spMHC than F5 cells. given that developmental upregulation of the CD5 level
during thyvmic selection is thought to parallel the avidity of the positively selecting

TCR:spMHC interaction [7. 6]. Therefore. we measured the C'D5 profiles of DP OT-1
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Figure 3-7: Differences in CD5 levels and selective IL7 responsiveness per-
sist after differentiation into memory-like cells in vitro. OT-1 and F5 cells
were differentiated into memory-like cells after activation with PMA /ionomycin and
culture in IL2 (200 U/mL) for three days, followed by culture in IL7 (10 ng/mL) for a
additional three days. The FSC in OT-1 and F5 cells were comparable at this stage
(top panel). FSC was assayed again after 24 hrs of IL7 treatment (lower panel). The
relative differences in CD5 levels between OT-1 and F5 cells persisted throughout the
experiment.

and F5 T cells. A direct comparison of the CD5 profiles in these two DP cells is
not possible as the CD5 profiles of OT-1 and F5 T cells are strikingly different, with
only OT-1 DP cells resembling that of non-transgenic B6 mice. The CD35 profile of
DP cells in F5 thymi is consistent with a significant accumulation of DP cells at the
CD5" stage of maturation, suggestive of a partial block in the maturation of F5 DP
CD5M cells into SP CD8* cells (see Figure 3-9). This was tested using competitive
reconstitution of the naive T cell compartment in B6.Rag”/~ mice with a 1:1 mix of
bone marrow progenitors obtained from OT-1 and F5 Rag”/- mice (see Appendix A.7).
Strikingly, > 95% of the DP T cells in the thymus were of F5 origin, although the
numbers of OT-1 and F5 T cells in the periphery were almost equal. This supports
the notion that a majority of F5 T cells are indeed arrested in the DP CD5" stage
and accumulate until they die by neglect, presumably due to low abundance of appro-
priate positively selecting cognate spMHC for the F5 TCR in the thymic epithelium.
Thus, F5 T cells that do make it through positive selection may experience a weaker

positively selecting signal than OT-1 T cells. These results suggest that the F5 TCR
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Figure 3-8: Analysis of OT-1 and F5 mixed hematopoietic chimeras. (a) OT-
1/F5 mixed hematopoietic chimeras were generated after reconstitution of sublethally
irradiated Ragl”- mice with a 1:1 mixture of donor OT-1 and F5 bone marrow cells.
Reconstitution of T cells in the thymus and periphery was analyzed six weeks after
reconstitution. The DP cells (V357¢) and SP CD8" cells in the thymi of these mice
are predominantly of F5 origin. In contrast, the reconstitution of the periphery is
equivalent for OT-1 and F5 cells. FACS profiles from two representative mice are
shown. (b) Plot of the ratio of OT-1:F5 cells in the donor cells (BM) and at each
stage of development (DP, SP-Thymus and SP-Periphery) in the reconstituted mice
(n=4).

may indeed have a lesser avidity for its cognate spMHC than the OT-1 TCR that re-
sults in weak positive selection of the F5 TCR and the death by neglect of a majority
of the F5 DP CD5" cells .

In our model system, OT-1 and F5 TCR transgenes are in a background with

limited negative selection. Therefore, we hypothesized that the thymic output could
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Figure 3-9: Differences in the strength of selection of OT-1 and F5 mice.
The CD4 vs. CD8 profiles of the thymi of OT-1 and F5 mice are shown in the top
panel. The middle panel shows the CD5 levels in DP (red), SP CD8" cells from the
thymus (blue), and CD8™ cells from the periphery (green). The relative levels of CD5
in these cells from WT mice is shown in the corresponding table. Thymic output in
OT-1 and F5 mice, as assessed by BrdU staining of peripheral naive T cells at 48 hrs
after BrdU injection is shown in the lowest panel.

also be used as a surrogate measure of the strength of the positively selecting signal
received by OT-1 and F5 TCRs. BrdU was injected i.p. into OT-1 and F5 mice and
the percentage of naive BrdUT CD8 cells was measured in the periphery after 24
and 48 hrs (see Appendix A.5). As naive OT-1 or F5 cells are not in cell cycle in the
periphery, BrdU is incorporated only into the rapidly proliferating immature T cells
in the thymus and the percentage of BrdU* T cells in the periphery reflects the rate
of thymic output. Our results suggest that the thymic output is about 10-fold higher
in OT-1 mice (see Figure 3-9). This also supports the conclusion that the F5 T cells

receive a weaker TCR signal during positive selection as compared to OT-1 cells.
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3.5 Differences in proliferative capacity among CD8*
cells

Given that the spMHC-induced calcium influx studies revealed no obvious differences
in proximal TCR signaling between OT-1 and F5 T cells, and yet they exhibited
markedly different proliferation responses to the same spMHCs presented on dendritic
cells, we considered the possibility that the two T cells had intrinsically different pro-
liferative capacities that may be manifest even upon receiving the same proximal TCR
signal. We assayed the response of OT-1 and F5 cells to saturating doses of agonist
peptides. CFSE-labeled OT-1 and F5 splenocytes were cultured in a saturating level
of IL2 (200 U/mL) with up to 5 uM of their respective agonist pMHC (see Figure 3-
10). Both OT-1 and F5 cells completely diluted their CFSE at 48 hrs, indicating that
there was no intrinsic defect in the proliferation capacity of either cell type. However,
OT-1 and F5 T cells respond to different agonist pMHCs, i.e. SIINFEKL/K® and
ASNENMDAM/DP, respectively. The differences in the affinities of these agonist
pMHC complexes for their respective TCRs and possible differences in the stability
of these pMHC complexes make it difficult to devise a pMHC-based system, whereby
a genuinely ‘identical’ TCR stimulus is delivered to OT-1 and F5 cells. Instead, we
pulsed OT-1 and F5 cells as well as sorted naive CD8T CD5" and CD5™ cells for
four hours with PMA (10ng/mL) and ionomycin (500 ng/mL), which activate the
downstream T'CR pathways independent of TCR specificity, and measured their pro-
liferation upon culture with a saturating concentration of IL2 (200 U/mL). OT-1 cells
and polyclonal CD5" cells had a slightly higher rate of division but all cells eventually
diluted their CFSE completely by 2-3 days (see Figure 3-11) regardless of their CD5
levels. This suggests that CD5 cells have an intrinsic capacity to proliferate faster

than CD5" cells even when they receive the same stimulation of the TCR pathway.
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Figure 3-10: Proliferation of OT-1 and F5 T cells induced by agonist pep-
tides. 10° CFSE labeled OT-1 and F5 splenocytes were cultured in 5 to 0.05 um
of agonist peptides (SIINFEKL and ASNENMDAM respectively)for 48 hrs with 200
U/mL of IL2. The CFSE profiles of CD8* T cells at 48 hours are shown above.
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U/mL) for 3 days. Proliferation at 24, 48, and 72 hrs is shown.



Chapter 4

Intrinsic heterogeneity in T cells

Estimation of proximal TCR signaling events by cytosolic calcium influx induced
by the same syngeneic spMHC repertoire in OT-1 and F5 T cells did not reveal an
appreciable difference. Thus, differences in the rates of LIP between OT-1 and F5
cells in the same MHC background may not be due to differences in their strengths of
interaction with spMHC. Alternatively, evidence for intrinsic differences in the CD87

T cell response to IL7 is presented in this chapter.

4.1 Heterogeneity in IL7-mediated proliferation

As the TCR and IL7 signaling pathways are interlinked and both pathways are in-
volved in LIP [92], we determined if the differences in LIP of CD5" and CD5™ naive
CD8*t T cells could be due to instrinsic differences in IL7 signaling. CEFSE labeled
OT-1 and F5 T cells were co-cultured in the same well in vitro in the presence of
10ng/mL of IL7 for seven days at a low density (5 x 10* cells/mL) to minimize cell-
cell contacts, as well as possible TCR-spMHC interactions. OT-1 cells were observed
to preferentially proliferate (see Figure 4-1a). Unlike LIP, there was no change in
CD44, CD25 or CD69 levels but only an increase in cell size. This IL7-dependent
proliferation of naive CD8% T cells occured only at doses of IL7 greater than 1 ng/mL
(see Figure 4-1b). Similarly, when congenically marked CD5™ and CD5" subsets of

B6 polyclonal naive CD8* T cells were cultured in the same well with 10 ng/mL of
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IL7, CD5" cells were observed to proliferate preferentially (see Figure 4-2). To ex-
clude the possibility that some concomitant spMHC-induced TCR signaling was also
present in this system, because CD81 T cells do express low levels of class I MHC, we
repeated the same experiment using CD8F TAP~/~ T cells, which lack class-I MHC
(see Figure 4-2). As CD8% T cells are not selected in TAP~/- mice, they were gen-
erated in hematopoietic chimeras of bone marrow from B6.TAP/~ mice implanted in
B6.Rag”/" recipients (see Appendix A.7). When sorted CD5 and CD5!° fractions of
CD8&* TAP/~ T cells were cultured in the presence of 10ng/mL IL7 as above, CD5M
cells were still found to preferentially proliferate (see Figure 4-2). Thus, a high CD5
level appears to mark the ability of naive CD8" cells to proliferate in response to
high doses of IL7 alone. In all the above experiments, the relative differences in CD5
levels were maintained even after seven days in culture with IL7 alone (see Figures
4-1a and 4-2) in the absence of spMHC-induced TCR signaling. This also suggests
that the CD5 level in OT-1 and F5 cells may be differentially imprinted in the two

cell types.

4.2 Differences in IL7 response persist after mem-
ory differentiation

Naive T cells do not express receptors for IL2, namely IL2Ra and IL2RS. However
memory cells have high levels of IL2RS and proliferate in response to IL2 and IL15.
We tested if the differential ability to proliferate in response to IL7 was preserved
after differentiation into memory-like cells. After differentiation into memory-like
cells, OT-1 and F5 T cells were cultured in the presence of IL2, IL7 or IL15 (see
Figure 4-3). OT-1 cells retain their ability to selectively proliferate in response to IL7
even after multiple rounds of activation-induced proliferation. This suggests that the
selective responsiveness to IL7 in OT-1 cells is imprinted and is an intrinsic feature
of these T cells. As FJ cells can proliferate in response to IL2 and IL15, it further

confirms that there is no global defect in cell proliferation in F5 cells.
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Figure 4-1: Proliferation of OT-1 and F5 T cells in response to IL7 alone.
(a) 1 x 10° CFSE labeled OT-1 and F5 T cells were cultured in the same well with
10 ng/mL of IL7 in vitro for seven days with medium changes every third day. OT-1
cells were distinguished by presence V357 staining. (b) Proliferation of naive OT-1
and F5 cells is assessed in varying concentrations of IL7.

4.3 Differences in ‘baseline’ IL7TR levels

IL7R is under chronic feedback suppression due to IL7 signaling in vivo [93]. There-
fore, the levels of surface ILTR in freshly isolated OT-1 and F5 cells were compared
after cytokine withdrawal following overnight culture in medium with no IL7 (see
Figure 4-4). While freshly isolated cells showed a modest difference in IL7R, culture
of OT-1 and F5 T cells in vitro in the absence of IL7 unmasked a significant difference

in the ‘baseline’ level of IL7R. IL7R levels were completely suppressed in the presence
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Figure 4-2: Proliferation of CD5" and CD5' cells in IL7 alone. 10° CFSE-
labeled naive CD8% CD5" and CD5 T cells, congenically marked with Thyl.1 and
Thy1.2 respectively (and vice versa), were cultured in the same well in 10ng/mL of
IL7 in vitro for seven days with medium changes every third day. Similarly, TAP/-
CD5" and CD5" cells were treated in the same manner. The lower panel shows the
CD5 levels after seven days in culture in the absence of spMHC stimuli.
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Figure 4-3: Differences in responsiveness of OT-1 and F5 cells to gamma-
chain cytokines after differentiation into memory-like cells in vitro. OT-
1 and F5 cells were differentiated into memory-like cells as before and labeled
with CFSE. CFSE dilution was assayed after treatment with IL2 (200 U/mL), IL7
(10ng/mL) and IL15 (40 ng/mL).

of 10ng/mL of IL7 in both OT-1 and F5 cells (see Figure 4-4). Polyclonal CD5" and
CD5" cells showed concordant differences in IL7R levels, suggesting that there could

be an intrinsic difference in the IL7 pathway itself that is marked by differences in
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Figure 4-4: Differences in IL7R levels between CD5" and CD5% cells. The
surface levels of ILTR levels in naive polyclonal CD5" and CD5% cells as well as OT-1
and F5 cells were measured under the following conditions: (i) freshly isolated (ii)
overnight rested in medium alone (iii) overnight rested in medium with 10ng JmL IL7.

4.4 Differences in IL7 signaling

To identify molecular differences in the IL7 signaling pathway we measured IL7-
induced phosphorylation of Stats and Gsk3 and increase in Bel2 and CD8a levels
in OT-1 and F5 T cells as well as naive polyclonal CD5" and CD5% cells by flow
cytometry. T cells were rested overnight to eliminate any effects of possible heteroge-

neous TCR or IL7 signaling received in vivo before measuring the intermediates of IL7
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signaling. This also restores the IL7R level to its baseline uninhibited state. Phospho-
rylation of Stat5 and GSK3 was measured at 20 minutes and 24 hrs respectively after
treatment with 10 ng/mL of IL7 (see Figure 4-5). A higher level of phosphorylation
of Stat5 and GSK3, was seen in OT-1 and polyclonal CD5" cells. The induction of
Bcl2 and CD8« at 24 hrs after exposure to IL7 10 ng/mL, was also higher in OT-1 and
polyclonal CD5" cells (see Figure 4-5). This shows that the differences in baseline
IL7R. levels between CD3M and CD5"° cells are functional or could imply that there
are additional intrinsic differences within the IL7 pathway in cells marked by different
levels of CD5. These results are in apparent contradiction to the predictions of the
‘co-receptor tuning’ model proposed by Park et al [94]. In their model system, CD8*
T cells with a high avidity for spMHC (T cells from male HY mice) require a period
of overnight rest before the IL7 pathway is relieved of spMHC-mediated suppression.
However, the IL7-pathway does not appear to be under spMHC-mediated suppression
in both OT-1 and F5 cells and robust pStath induction is observable in both freshly
isolated OT-1 and F5 cells (see Figure 4-6).

4.5 Variation in the metabolic states of cells with

different levels of CD5

We found a strong correlation between CD5 level and forward angle light scatter
by flow cytometry for both polyclonal and TCR-transgenic naive CD8" T cells (see
Figure 4-7). Forward scatter is well correlated with cell size as determined by light
microscopy. Cell growth and proliferation are intimately linked and it is suggested
that a cell needs to attain a minimum size before it can divide [54]. The differences in
cell size between naive OT-1 and F5 Tcells or polyclonal CD8* CD5" and CD5" cells
could partially explain the differences in their kinetics of proliferation in response to
identical doses of PMA and ionomycin. We also identified differences in the uptake of
glucose in OT-1 and F5 cells, as measured using the uptake of a fluorescent analog of

glucose, 2-NBDG (see Figure 4-8). F5 T cells consistently uptake more glucose than
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Figure 4-5: Differences in IL7 signaling between CD5" and CD5"° T cells.
OT-1 and F5 cells or polyclonal naive CD8' CD5"Y and CD5% cells were rested
overnight in medium without any IL7 to allow any residual IL7 and spMHC-mediated
signals to dissipate. They were then treated with or without 10 ng/mL IL7 and the
levels of pStat5, Gsk3, Bel2 and CD8a were measured at 24 hrs except for pStatd
which was measured at 20 minutes.

OT-1 cells. There is a modest increase in glucose uptake following IL-7 treatment but
the difference between OT-1 and F5 cells persists. F5 cells as well as CD5' cells have
a better ability to survive in low concentrations of IL7 in vitro as compared to CD5"
cells. This suggests that there is a spectrum of metabolic differences between OT-1
and F5 cells which could also contribute to their differential survival and proliferation

capacities.
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Figure 4-6: IL7-mediated pStat5 induction in freshly isolated naive OT-1
and F5 T cells. The levels of pStatd were measured by intracellular staining in
freshly isolated OT-1 and F5 T cells treated with or without 1ng/mL IL7 for 20
minutes.
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Figure 4-7: Intrinsic heterogeneity in cell size and in survival under condi-
tions of cytokine deprivation. (a) Variation in cell size as estimated by forward
scatter (FSC) in freshly isolated T cells is shown above. Polyclonal CDS8* cells were
divided equally into three fractions of CD5 high, intermediate and low populations
for this comparison. Cell size is positively correlated with the level of CD5 on both
naive polyclonal and TCR transgenic T cells. (b) Cell survival of naive CD5" and
CD5° CD8* T cells at 72 hours after ex vivo culture in varying concentrations of
IL7.

4.6 Intraclonal heterogeneity among T cells ex-
pressing the same TCR

A small variation in CD35 levels is seen even among T cells from a single TCR trans-

genic mouse. To see if this variation in CD5 levels, despite its low magnitude, reflects
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Figure 4-8: Glucose uptake in OT-1 and F5 cells measured by NBDG flu-
orescence. Glucose uptake in OT-1 and F5 was estimated by culturing cells in
100 um NBDG for 1 hour in glucose-free medium and measuring the fluorescence of
live cells using a flow cytometer. Reduced uptake of NBDG was seen in the presence
of phloretin (100 uM) and cytochalasin B (10 M), which are known inhibitors of glu-
cose uptake. The NBDG uptake seen in freshly isolated (upper panel) and overnight
rested (lower panel) OT-1 and F5 cells are shown above.

a functional intra-clonal heterogeneity among T cells selected by an identical TCR
within the same animal, we sorted naive T cells from either OT-1 or F5 Rag”/" mice
into CD5% and CD5% populations. To increase the specificity of sorting, the CD5
antigen was simultaneously stained with two anti-CD5 antibodies labeled with dif-
ferent fluorochromes. This allowed simultaneous detection of CD5 in two different
channels on the FACS instrument, while minimizing measurement and staining er-

rors that can adversely impact the flow sorting of a narrow population of cells. The
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sorted cells were treated in the same way as in Figures 4-1a and 4-2. Culture in
10ng/mL of IL7 showed that naive CD3* OT-1 T cells had a modestly higher rate of
proliferation than CD5% OT-1 cells. No proliferation was seen with either CD5" or
CD5° F5 T cells (see Figure 4-9). We also tested if the CD5 level is imprinted in T
cells after differentiation into memory-like cells after in vitro activation. Differences
in the level of CD5 in sorted populations of CD5™ and CD5" cells from OT-1 and
F5 mice were observed to persist after activation and differentiation into memory-like
cells in vitro. This shows CD5 level is indeed an intrinsic property of T cells and could
be used analogous to a lineage marker for determining the proliferation capacity of
naive CD8% T cells, independent of their response to TCR or IL7 signaling. Strik-
ingly, the differences in rates of proliferation could be discerned even when sorted
OT-1* CD5M FSCH and CD5"° FSCP cells were transferred into into Rag”" mice and
assayed by a CFSE dilution assay at five days post transfer (see Figure 4-10). Thus,
even in the presence of the same spMHC, T cells expressing the same TCR can have
different rates of IL7-induced proliferation both in vitro and in vivo. This further
supports the notion that intraclonal variation among T cells is non-genetic.

Our demonstration of intra-clonal heterogeneity within the same TCR transgenic
mice suggest that the differences in the ‘baseline’ CD5 levels among naive CD8* T
cells are non-genetic and robustly imprinted even if small in magnitude. This suggests
that this heterogeneity is the outcome of differential imprinting, possibly of multi-
ple loci, in T cells. We believe that such imprinting arises from a robust one-time
epigenetic remodeling event rather than by continuous weak signaling in the periph-
ery by spMHC, whose effects (such as partial phosphorylation of CD3(¢, recruitment
of ZAP70 to the CD3 complex, or the upregulafion of CD5 levels above baseline)
have a tendency to dissipate upon withdrawal from continued spMHC stimuli. A
major differentiation program involving the epigenetic remodeling of multiple loci is
implemented during lineage commitment of T cells in the thymus [16, 126] and it is
likely that variation in this one-time epigenetic remodeling event may be responsible
for the functional intrinsic heterogeneity in the periphery. As thymic selection is di-

rected by stochastic TCR:spMHC interactions, it is conceivable that the epigenetic
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remodeling events of lineage commitment are subject to variation on account of the
spatio-temporally variable repertoire of cognate spMHCs in the thymus. Indeed, we
have shown than the only a small fraction of F5 thymocytes can successfully complete
positive selection while a majority die by neglect, supporting the possibility that the
F5 thymocytes that do get selected may have received variable strengths of selecting

signals in the thymus (see Figure 3-8).
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Figure 4-9: Functional intraclonal heterogeneity within OT-1 and F5 cells.
Naive OT-1 and F5 T cells were sorted into CD5M and CD5' fractions after CD5
staining in two channels. 5 x 10° sorted cells were labeled with CFSE and cultured in
10 ng/mL of IL7 for 7 days, with medium changes every third day and proliferation
was assayed at 7 days. The CD5 level at 7 days was also measured. A separate aliquot
of 1 x 10° unlabeled cells was activated with PMA /ionomycin for 4 hrs, cultured in
200 U /mL for 3 days, and subsequently transferred into medium containing 10 ng/mL
of IL7 for an additional 4 days. The levels of CD5 were assayed in these post-activation
memory-like cells at day 7.
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Figure 4-10: Differences in LIP between CD5" and CD5 OT-1 T cells.
Naive OT-1 cells were sorted into CD5M FSCM and CD5'° FSC fractions, labeled
with CFSE and transferred into syngeneic Ragl”/- mice. CFSE dilution of donor
CD8" cells was assayed in cells recovered from the spleens of recipient mice after five

days.
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Chapter 5

Molecular basis of intrinsic

heterogeneity in T cells

The novel ‘layer’ of intrinsic functional diversity in survival and proliferation capac-
ities among naive CD8" T cells has to ultimately arise from the differences in the
TCR itself as it is the only genetic difference among these cells. Furthermore, similar
intrinsic differences, which are marked by the levels of CD5, are also seen among
naive CD8T T cells within the same TCR transgenic mouse. This suggests that this
intrinsic functional heterogeneity may be non-genetic and may be imprinted as a re-
sult of heterogeneous spMHC interactions in the thymus during their CD4 vs. CD8
lineage commitment. Given that naive T cells from CD5/~ mice and CD5% mice are
reported to be otherwise normal except for subtly altered T cell selection, we believe
that CD5 is unlikely to directly mediate these functional differences but is rather just
a ‘marker’ of a spectrum of closely correlated functional differences [6, 127]. Instead,
the CD5 level may be determined by intermediary ‘master regulators’, which also
determine the correlated intrinsic differences in survival, proliferation and metabolic
capacities of CD8% T cells. The activity of these potential ‘master regulators’, may
ultimately be imprinted during T cell development by the strength of thymic selec-
tion, and regulate both (i) the developmental imprinting of CD5 [7] as well as (ii)
the imprinting of proliferative capacities in response to IL7 that persist even after T

cell activation (see Figure 7-1). In order to better understand both the extent of the
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intrinsic heterogeneity in gene expression across the entire genome among CD8* T
cells, and ultimately, the molecular mechanisms underlying this phenomenon, a whole
genome transcription profiling approach was applied. Putative molecular pathways

that may be responsible for these differences are discussed in this chapter.

5.1 Whole genome expression analysis

The Affymetrix 430.2 expression array platform was used for the comparison of whole
genome expression profiles of naive CD87 CD44 T cells obtained from age and sex-
matched OT-1 or F5 mice (see Appendix A.6). After normalization using default
parameters of the Affymetrix MAS5.0 algorithm, the whole genome expression profiles
yielded data for 21689 distinct genes whose probe intensities were above background
on all the gene chips (see Figure 5-1). The difference in the expression of each gene
between OT-1 and F5 cells is represented as a ratio or fold-change (FC) in the mean
probe intensity of each gene in the expression arrays for OT-1 over F5 throughout
this chapter. The statistical significance of differential expression was assessed using
Student’s t-test (see Figure 5-2). The distribution of differentially expressed genes is
summarized in Table 5.1. Only 169 genes (0.8 % of total) were found to have at least a
2-fold difference in intensities between OT-1 and F5 with p < 0.05. The top 20 genes
with highest relative expression in OT-1 or F5 cells and p < 0.05 are listed in Table
5.2. As expected, the differences in the expression of CD5 (FC=3.5, p=2.24 x 107°),
IL7R (FC=1.48, p=4.4 x 107%) and Bcl2 (FC=1.48, p=0.047) were higher in OT-
1 cells than F5 cells, and are concordant with observations made in Chapters 3-4.
Given that CD5, IL7R and Bcl2 are primarily transcriptionally regulated, this could
be considered to independently validate of the data from the microarray experiment.

Only subtle differences were expected from the comparison between naive OT-1
and F5 cells as they are both CD8" cells at the same developmental stage and are
selected in the same genetic background. Indeed, the gene expression profiles of OT-
1 and F5 cells are very similar (see Figure 5-1). This calls for greater stringency in

identifying gene subsets with statistically significant differences in expression that are
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also biologically meaningful. To be conservative, genes with probe intensities below
the 50" percentile intensity rank in both OT-1 and F5 cells have been excluded from
the analysis presented in this chapter although genes with statistically significant dif-
ferences (p < 0.5) are seen at all intensity values (see Figure 5-3). The 50* percentile
probe intensity rank corresponds to a mean intensity that is ~ 1000-fold lower than
the maximum and ~ 10-fold higher than the minimum in either cell type. Further-
more, there appears to be an inflexion point in the probe intensity vs. percentile rank
plot around the 50 percentile mark (see Figure 5-4), which may correlate with a

shift away from background-associated non-specific hybridization kinetics.

Table 5.1: Summary of microarray data The distribution of differentially ex-
pressed genes in freshly isolated naive CD8" OT-1 and F5 cells is summarized. Only
169 genes (0.8% of total) have at least a 2-fold difference between OT-1 and F5 cells.

OT-1/F5 All genes p < 0.05 p <0.01
logs (ratio) | Count | % || Count | % || Count | %
>2 7 0.03 7 0.21 7 0.46
1.5 to 2 10 0.05 10 0.30 10 0.66
l1to 15 53 0.24 48 1.46 41 2.72
05to1 315 1.45 251 7.63 180 | 11.93
0to 0.5 9944 | 45.85 979 | 29.76 333 | 22.07
-0.5t0 0 10823 | 49.90 1528 | 46.44 566 | 37.51
-1 t0-0.5 427 1.97 363 | 11.03 269 | 17.83
-1.5 to -1 67 0.31 62 1.88 61 4.04
-2to-1.5 26 0.12 26 0.79 26 1.72
<-2 17 0.08 16 0.49 16 1.06
Total | 21689 1 3290 1 1509 1

5.2 Gene ontology terms selectively represented
by the differentially expressed gene set

Selective representation of gene ontology (GO) terms linked to the most differentially
expressed set of genes, comprising of 651 genes (3.0% of total) with an intensity
|logs(ratio)| > 0.5 and p < 0.05, was analyzed (see Appendix A.10). The biological
process, cellular component and molecular function GO terms that are selectively
represented in the differentially expressed subset of genes are listed in Tables 5.7, 5.8,

5.9 and 5.10. GO terms with > 100 hits in the differentially expressed gene set are
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Figure 5-1: Whole genome comparison of gene expression in OT-1 and F5
cells. The mean probe intensities in the gene expression arrays for OT-1 and F5
cells (n=3) are depicted. Above background intensity was detectable in probes for
21689 genes in both cell types. The dotted black lines mark the 50" percentiles.
The red and blue lines separate genes with an expression [logs(ratio)| > 0.5 and > 1
respectively.

not included in the above tables as they were not very informative. However, the
tables include a number of subsets of the excluded GO terms that point to specific
biological functions. Significant over-representation of biological process GO terms
related to (i) cell proliferation, (ii) apoptosis, (iii) cell death, (iv) intracellular sig-
naling cascade, and (v) regulation of lymphocyte activation is consistent with the
observed intrinsic functional differences in the survival and proliferation capacities
between OT-1 and F5 T cells (see Table 5.7 and 5.9). Interestingly, molecular func-
tion and cellular component GO terms related to (i) scavenger receptor activity (see
Table 5.12, (ii) cytokine binding (see Table 5.13), (iii) chemokine receptor binding
(see Table 5.14), (iv) sugar binding (see Table 5.16), (v) innate immune response (see
Table 5.15), and (vi) adaptive immune response (see Table 5.15) are enriched in the

differentially expressed subset. A number these gene subsets have proven roles in the
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Figure 5-2: Volcano plot displaying the pattern of differential gene expres-
sion between naive OT-1 and F5 T cells. The differences in gene expression
between naive OT-1 and F5 cells are shown as a plot of logy(ratio) vs. —logo(p-
value). Selected genes that are most differentially expressed in OT-1 or F5 cells with
a p-value < 0.01 are labeled.

immune system and may indicate functional differences in the immunological prop-
erties of OT-1 and F5 cells. Table 5.11 lists the differentially expressed list of genes
that mapped to the over-represented GO term, ‘intracellular signaling cascade’, which
includes known components of the TCR signaling pathway such as Rasgrpl, Trat1,
and Lyn, raising the possibility of intrinsic differences in TCR signaling between OT-
I and F5 T cells. The enrichment of mitochondrial rRNA and mitochondrial outer
membrane proteins in F5 cells (see Table 5.9) could imply that F5 T cells have a
greater mitochondrial mass per cell and thus may have a higher capacity for oxida-
tive phosphorylation, thereby contributing to the difference in their survival capacity.

It could also point to differences in the capacity for autophagy in these cells.
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Figure 5-3: Plot of gene expression intensity vs p-value of t-test for differen-
tial expression. The mean intensity of gene expression in naive OT-1 and F5 cells
from gene chip experiments performed in triplicates are plotted against the p-value of
Student’s t-test for differential expression. The blue lines indicate the 50 percentile
intensity and a p-value of 0.05.

Genes of the scavenger receptor family are strongly enriched in the differentially
expressed subset (see Table 5.12). Notably, CD5 and CD6 are also among the
genes that are most selectively expressed in OT-1 T cells (see Tables 5.2). Both
CD5 and CD6 have a similar function in modulating TCR signaling [37, 46, 72].
A430093F15Rik, a gene with unknown function, is also among the top 20 most dif-
ferentially genes in OT-1 cells, along with CD5 and CD6. Interestingly, CD5, CD6
and A430093F15Rik are transcribed from the same locus in chromosome 19q (see
Figure 5-5) and we suspect that these three genes are co-regulated in T cells and may
perhaps all be considered to be markers of this intrinsic functional heterogeneity. Ex-
pression data from the UCSC genome browser database suggests that the expression
pattern of CD5, CD6 and A430093F15Rik is similar and they are expressed at higher
levels in CD4* cells than CD8* cells, consistent with our hypothesis that they are co-
regulated with CD5 [56]. A430093F15Rik is present between CD5 and CD6 in mouse
chromosome 19q (see Figure 5-5). Spliced transcripts that lie in the same orientation
between CD5 and CD6 are seen in both human and mouse genomes, but the ORFs in
these transcripts or their protein translations lack any homology. Furthermore, the

translated A430093F15Rik ORF is not homologous to any known protein in Genbank.
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Table 5.2: List of genes that are most differentially expressed in OT-1 and F5 cells

Top 20 genes selectively expressed in OT-1 cells with p < 0.05

Gene symbol Description [ loga(ratio) | p-value

F2rll coagulation factor 1T (thrombin) receptor-like 1 3.56 4.6 x 1079
Dapll death associated protein-like 1 3.18 3.2 % 10797
MpzI2 myelin protein zero-like 2 291 3.1x107%
Pdlim4 PDZ and LIM domain 4 2.63 5.8 x 10708
C330011K17Rik | RIKEN c¢cDNA C330011K17 gene 2.37 3.2 x 10798
A430093F15Rik | RIKEN cDNA A430093F15 gene 2.23 2.5 x 10—05
Tlel transducin-like enhancer of split 1, homolog of Drosophila E(spl) 2.18 2.8 x 10705
Ighv14-2 immunoglobulin heavy variable V14-2 1.84 4.7 x 100
Cds CD5 antigen 1.80 2.2 x 10~9
Unc5el unc-5 homolog C (C. elegans)-like 1.72 2.1 x 1079
Cdeé CD6 antigen 1.72 2.2 x 10796
Igtbp4 insulin-like growth factor binding protein 4 1.68 5.2 x 10704
Dnajcl5 DnaJ (Hsp40) homolog, subfamily C, member 15 1.56 7.6 x 10796
Mnl meningioma 1 1.55 1.8 x 10795
Eomes eomesodermin homolog (Xenopus laevis) 1.53 3.2 x 1070%
Plcxd2 phosphatidylinositol-specific phospholipase C, X domain containing 2 1.53 3.3x 1079
Bbs9 Bardet-Biedl syndrome 9 (human) 1.51 1.4 x 1004
Escol establishment of cohesion 1 homolog 1 (S. cerevisiae) 1.49 1.4 x 10702
Bbc3 BCL2 binding component 3 1.48 2.5 x 10706
Tirl toll-like receptor 1 1.45 3.5 x 10794

Top 20 genes selectively expressed in F5 cells with p < 0.05

Gene symbol Description [ logz(ratio) |  p-value

4930520K10Rik | RIKEN cDNA 4930520K10 gene —6.01 8.1x 10~
Gbpl guanylate binding protein 1 —5.11 4.5 x 10708
Capl CAP, adenylate cyclase-associated protein 1 (yeast) —4.72 2.0 x 107096
Amdl S-adenosylmethionine decarboxylase 1 —3.05 3.3x 10708
Clgb complement component 1, q subcomponent, beta polypeptide —241 2.2 x 1005
Ccl8 chemokine (C-C motif) ligand 8 —2.35 1.5 x 10705
Prelid2 PRELI domain containing 2 —2.26 2.2 x 10703
2700008G24Rik | RIKEN cDNA 2700008G24 gene —2.23 2.9 x 10796
Tyrobp TYRO protein tyrosine kinase binding protein —2.17 1.1 x 10797
Ifitm3 interferon induced transmembrane protein 3 —-2.17 5.2 x 10706
Lyz1l lysozyme 1 -2.15 4.7 x 10798
Gpr34 G protein-coupled receptor 34 —2.14 9.4 x 107%4
Dntt deoxynucleotidyltransferase, terminal —2.11 6.4 x 10-9°
Aifl allograft inflammatory factor 1 —2.07 3.5 x 1070
Clqga complement component 1, g subcomponent, alpha polypeptide —2.05 4.0 x 10793
Ly6a lymphocyte antigen 6 complex, locus A ~2.04 1.2 x 1079
Cd209b CD209b antigen —1.98 1.7 x 10795
Lgals3 lectin, galactose binding, soluble 3 —1.93 2.4 x 10793
Lyz2 lysozyme 2 —1.88 2.1 x 1079
Islr immunoglobulin superfamily containing leucine-rich repeat —1.83 7.5 x 1003

This leads us to suspect that A430093F15Rik is a non-coding gene that functions as

a regulatory RNA or participates in the epigenetic regulation of this locus.
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Figure 5-4: Plots of gene expression intensity vs percentile ranks. (a) Per-
centile ranks of the mean gene expression intensities in OT-1 vs. F5 cells. (b) Mean
gene expression intensities plotted against the percentile rank of gene expression for
both OT-1 (red) and F5 (blue) are nearly superimposed. (c) and (d) Mean gene ex-
pression intensities of OT-1 cells are plotted against the expression intensity percentile
rank for F5 cells and vice versa.

5.3 Gene ontology terms under-represented by the
differentially expressed gene set

“Transcription factor activity’, ‘regulation of transcription’ or ‘DNA binding’ are
among the few GO terms that are highly under-represented in the differentially ex-

pressed subset (see Tables 5.8 and 5.10). Transcription factors tend to have a large
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Figure 5-5: CD5 and CD6 genomic loci. Syntenic regions on mouse chromo-
some 19: 10,790,000-10,908,620 and human chromosome 11: 60,489,674-60,654,385
containing the genes for CD5 and CD6 are shown. Putative spliced transcripts origi-
nating from the same locus between CD5 and CD6 and the degree of conservation of
the entire locus in various vertebrates is also depicted. The Genbank ID BC064125

corresponds to the mouse A430093F15Rik gene.

number of targets and it would be paradoxical if the regulators of transcription are

themselves among the most differentially expressed genes. Table 5.3 lists transcrip-

tion factors that are differentially expressed in OT-1 and F5 cells. It was not possible
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to identify single transcription factors as potential ‘master regulators’ based solely
on the degree of differential expression as there was no good way to distinguish be-
tween transcription factors that lie upstream or downstream of the critical biological
pathways that are responsible for the functional differences in the two cell types.
Transcription factors typically require a variety of post-transcriptional modifications
or regulated interaction with specific proteins for their activity and such functional
changes are not reflected in microarray experiments. Therefore, a pathway analy-
sis approach was applied to identify transcriptionally co-regulated sets of genes that

could better explain the biology of the differences.

Table 5.3: Transcription factors that are differentially expressed in OT-1 and F5 cells
with an expresion intensity [logs(ratio)|>0.5

Gene symbol | Description loga(ratio) p-value percentile
OT-1] F5
Eomes eomesodermin homolog (Xenopus laevis) 1.53 316 x 10795 T 804 | 60.7
Pttgl pituitary tumor-transforming gene 1 1.39 1.06 x 10—04 96.1 85.9
Hopx HOP homeobox 1.11 6.77 x 10704 | 91.6 | 79.9
Irf6 interferon regulatory factor 6 0.92 2.08 x 10708 55.5 314
Fos FBJ osteosarcoma oncogene 0.90 1.52 x 1003 71.0 59.6
Thx21 T-box 21 0.52 7.30 x 10703 | 62.7 | 55.1
Gfil growth factor independent 1 —0.51 7.86 x 10~%4 776 | 83.1
Dbp D site albumin promoter binding protein —0.53 4.10%x 10793 | 706 | 77.1
Isgf3g interferon regulatory factor 9 —0.56 5.31 x 10704 92.8 | 955
Cebpb CCAAT /enhancer binding protein beta —0.58 1.04 x 10~02 61.5 68.3
Asb?2 ankyrin repeat and SOCS box-containing 2 —0.61 6.57 x 107%4 | 49.5 | 59.4
Cebpa CCAAT /enhancer binding protein alpha —-0.72 6.46 x 10704 42.5 57.2
Stat2 signal transducer and activator of transcription 2 -0.73 1.87 x 10793 69.5 78.5
Myb myeloblastosis oncogene —0.75 1.04 x 10702 57.9 66.5
Sfpil SFFV proviral integration 1 —0.84 3.28 x 10~05 50.7 | 63.0
Irf8 interferon regulatory factor 8 —0.90 307 x107% | 59.8 | 70.7
Trafdl TRAF type zinc finger domain containing 1 —0.98 1.79 x 10794 776 | 87.6
Bmyc brain expressed myelocytomatosis oncogene —1.13 2.16 x 10—04 61.1 74.9
Irf7 interferon regulatory factor 7 —1.21 779 %1079 | 902 | 96.4

5.4 Prediction of upstream regulatory transcrip-
tion factors using F-match

We looked for over-represented transcription factor binding sites (TFBS) in the pro-
moters of differentially expressed genes in OT-1 and F5 cells using the F-match algo-

rithm (see Appendix A.11)). An empirical Bayes test (using a hierarchical Gamma-
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Gamma model) was used to identify 500 most differentially as well as 500 most sim-
ilarly expressed genes between OT-1 and F5 cells. The promoters (-1000 to +100
bases) of these genes were scanned with the P-match algorithm for immune and cell-
cycle specific TF binding sites, using position-weight matrices from the TRANSFAC
database, which are calculated based on published experimental data [15, 76]. The P-
match algorithm combines pattern matching and weight matrix approaches for higher
accuracy of recognition than either method alone. Over-representation of the TF
binding sites in promoters of differentially expressed genes was compared to a back-
ground set of genes with no difference in expression using the F-match algorithm (see
Table 5.4). The p-values were calculated assuming a binomial distribution. The TF
binding motifs whose frequency in the promoters of the test gene set over background
was greater than 1.1 and with p < 0.05 were identified for the following comparisons
(i) over-expressed in OT-1 vs. unchanged; (ii) over-expressed in F5 vs. unchanged;
(iii) over-expressed in OT-1 vs. over-expressed in F5; and (iv) over-expressed in F5

vs. over-expressed in OT-1 (see Table 5.4).

5.5 Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was used to identify candidate transcription
factor and miRNAs motifs that may be a part of the upstream regulatory network that
is responsible for the difference in gene expression between OT-1 and F5 cells. These
motifs are comprised of genes with conserved DNA sequence motifs in their promoters
(2kbp upstream and downstream of transcription start site) as well as genes with
conserved miRNA target sequences in their 3' UTRs based on sequence conservation
across four mammalian genomes, which are publicly available as a part of the MSigDB
v2.5 motif dataset [118]. GSEA analysis was run on the set of differentially expressed
genes in OT-1 and F5 cells that were expressed at levels > 50" percentile expression
intensity in either cell type (see Appendix A.12). The transcription factor and miRNA
motifs that are enriched in either OT-1 or F5 cells are listed in Table 5.6 and 5.5.

The enriched transcription factor motifs include binding sites for transcription
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Figure 5-6: Gene set enrichment analysis: miRNA target motifs. GSEA anal-
ysis suggests that miRNA-181 could partly explain the profile of differential expression
between OT-1 and F5 cells. Genes containing conserved targets of miR-181 in their
3" UTRs are selectively over-expressed in OT-1 cells. This suggest that miR-181 may

be over-expressed in F5 cells. However, this prediction needs to be experimentally
tested.
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Table 5.4: F-match analysis of over-represented TFBS.

F-match: Promoters of genes over-expressed in OT-1 vs. unchanged (UC)
# TF binding sites per promoter

Matrix name OT-1 | UC [ OT-1/UC p-value

V$SP1.Q2.01 1.8484 | 1.6678 1.1083 6.21 x 10~ 04
V$VDR_Q3 0.2033 | 0.1573 1.2928 5.60 x 10703
VSEGR.Q6 0.2689 | 0.2178 1.2347 7.60 x 10~03
V$EBOX_Q6.01 0.5628 | 0.4895 1.1499 8.60 x 10793
V$KROX_Q6 0.7079 | 0.6274 1.1284 1.01 x 10792
V$LMO2COM01 | 0.0222 | 0.0118 1.8838 3.96 x 1002

F-match: Promoters of genes over-expressed in OT-1 vs. in F5
# TF binding sites per promoter

Matrix name OT-1 | F5 ] OT-1/F5 p-value
VSE2F_Q2 4.3965 | 3.0023 1.4644 0.00
V$E2F1_Q6.01 1.5028 | 1.0374 1.4486 5.05 x 1024
V$E2F1_Q3.01 2.0702 | 1.5246 1.3579 2.38 x 10~23
V$SP1.Q6.01 2.0739 | 1.714 1.21 1.18 x 1010
V$SP1.Q4.01 1.2338 | 0.9758 1.2644 1.39 x 1070°
V$SP1.Q2.01 1.8484 | 1.5323 1.2063 1.97 x 1099
V$SP1.01 4,2394 | 3.8122 1.1121 1.28 x 10797
V$KROX_Q6 0.7079 | 0.5791 1.2225 5.34 x 10795
V$EGR_Q6 0.2689 | 0.205 1.312 8.10 x 10—04
V$E2F1.Q4.01 0.1636 | 0.12 1.3629 2.90 x 10703
V$E2F.Q3.01 0.2024 | 0.1574 1.2856 5.70 x 10~03
V$E2F_Q6.01 0.1414 | 0.1083 1.3052 1.33 x 10702
V$VDR.Q3 0.2033 | 0.1645 1.2363 1.56 x 10702
V$CREB_Q2.01 0.414 | 0.364 1.1375 2.78 x 10702
V$XBP1.01 0.1682 | 0.1395 1.2056 4.23 x 10792

T-match: Promoters of genes over-expressed in F5 vs. unchanged (UC)
# TF binding sites per promoter

Matrix name F5 | UC ] F5/UC p-value

V$IRF2.01 0.1193 | 0.0664 1.7948 1.03 x 10~95
V$E2A_Q6 1.6617 | 1.4693 1.131 7.12 x 10705
V$EBOX_Q6.01 0.5963 | 0.4895 1.2181 1.77 x 10—%4
V$EBF_Q6 0.3632 | 0.2935 1.2374 1.40 x 10793
V$HEB_Q6 0.3624 | 0.3003 1.2071 4.00 x 10-°3
VENFAT.Q4.01 0.5729 | 0.4962 1.1545 5.00 x 1003
V$BLIMP1.Q6 0.0616 | 0.0421 1.4642 2.05 x 10~22
VSNFKAPPAB_0O1 | 0.6438 | 0.5828 1.1046 2.82 x 10—02

F-match: Promoters of genes over-expressed in F5 vs. in OT-1
# TF binding sites per promoter

Matrix name F5 [ OT-1 | F5/0T-1 p-value

VSIRF2.01 0.1193 | 0.0739 1.6129 2.64 x 1004
V$EBF_Q6 0.3632 | 0.2994 1.2129 4.10 x 10793
V$LYF1.01 0.3843 | 0.3207 1.1982 5.30 x 10793
VSIRF_Q6 0.06 | 0.0379 1.5838 1.00 x 1092
VSMAF_Q6.01 0.0507 | 0.0342 1.4815 3.35 x 10792

factors such as E2F, E47 and IRF, which are also differentially expressed in OT-1
and F5 T cells (see Table 5.3). To test if E47, which is a splice variant of the E2A gene,
was indeed responsible for the differential expression profiles in these cells, GSEA was

repeated after including experimentally identified sets of E47 target genes that are
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Table 5.5: GSEA: miRNA target motifs

mMiRNA targets enriched in the 3 UTRs in genes over-expressed in OT-1 with p < 0.05
SEQUENCE | NAME SIZE ES NES | NOM p-val | FDR g-val
TGAATGT miR-181A,-181B,-181C,-181D 249 0.378 1.745 0.000 0.434
ATGCTGC miR-103,-107 126 0.408 1.695 0.000 0.356
CTAGGAA miR-384 30 0.523 1.635 0.014 0.405
CCACACA miR-147 38 0.489 1.621 0.016 0.345
AGGGCCA | miR-328 38 0.473 1.565 0.030 0.426
GTGCAAT miR-25,-32,-92,-363,-367 163 0.362 1.565 0.000 0.356
GTAGGCA miR-189 18 0.548 1.550 0.038 0.334
ATGCAGT miR-217 63 0.417 1.541 0.019 0.315
CACTTTG miR-520G,-520H 120 0.369 1.525 0.000 0.320
TACTTGA miR-26A,-26B 154 0.352 1.509 0.000 0.330
TGTATGA miR-485-3P 68 0.397 1.503 0.013 0.315
AACTGGA miR-145 126 0.364 1.492 0.007 0.318
TGGTGCT | miR-29A,-29B,-29C 260 0.323 1.470 0.000 0.341
CAATGCA miR-33 44 0.423 1.459 0.037 0.340
TGCTGCT miR-15A,-16,-15B,-195,-424,-497 319 0.312 1.456 0.011 0.323
CAAGGAT miR-362 32 0.443 1.449 0.043 0.319
ACCATTT miR-522 94 0.362 1.447 0.027 0.303
GTACTGT miR-101 129 0.350 1.442 0.004 0.298
CTTGTAT miR-381 113 0.352 1.417 0.018 0.334
ATGTTTC miR-494 75 0.369 1.400 0.045 0.361

miRNA targets enriched in the 37 UTRs in genes over-expressed in F5 with p < 0.05
SEQUENCE | NAME SIZE ES NES | NOM p-val | FDR g-val
CACGTTT miR-302A 17 -0.598 | -1.487 0.047 0.804

either down-regulated or up-regulated after E47 over-expression in an E2A-deficient
thymoma cell line (see Appendix A.12) [109]. F5 T cells express marginally higher
levels of E47 (FC = 0.80, p = 0.28) and, strikingly, genes that are up-regulated by
EA47 over-expression in the E2A-deficient thymoma are also over-expressed in F5 T
cells and vice versa (see Figure 5-7). EAT represses CD5 expression and is known to
be involved in regulating cell proliferation [138]. E47 is also predicted to may play
a role in inhibiting cytokine signaling by inducing Gfil and Socs family members,
both of which are also over-expressed in F5 T cells. Thus, given that the biological
functions of E47 are consistent with the observed intrinsic differences, and that it is
enriched by two different pathway analysis techniques, it appears to be a critical part
of the underlying regulatory transcription factor network. Gene set motifs for E2F are
enriched in OT-1 cells. The E2F proteins are known to regulate cell cycle in a manner
that is consistent with the greater proliferative capacity of OT-1 cells. E2F proteins
such as E2F3 (FC = 1.33, p = 0.032) and E2F7 (FC = 1.25, p = 0.028) are indeed

over-expressed in OT-1 cells. Similarly, the gene set motifs for IRF are enriched
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Table 5.6: GSEA: transcription factor binding motifs

Conserved TFBS enriched in promoters of genes overexpressed in OT-1 with p < 0.05

NAME SIZE ES NES | NOM p-val | FDR g-val
VSAR03 25 0.606 | 1.864 0.005 0.144
YNGTTNNNATT_.UNKNOWN 112 0.417 | 1.704 0.000 0.378
V§S8.01 68 0.428 | 1.636 0.003 0.492
V$CDPCR1.01 37 0.453 | 1.487 0.039 1.000
V$PR.01 49 0.418 1.476 0.023 0.939
V8GATA1.01 97 0.370 1.475 0.011 0.813
V3E12.Q6 92 0.370 1.470 0.017 0.740
VSE2F_Q4.01 117 0.357 1.460 0.004 0.717
VS$E2F1.Q4.01 115 0.357 1.450 0.007 0.694
V$OCT1.05 71 0.388 | 1.450 0.017 0.631
V$IK2.01 90 0.373 | 1.444 0.024 0.607
KMCATNNWGGA_UNKNOWN 39 0.423 1.434 0.038 0.606
VEMYOD_Q6 83 0.371 1.411 0.024 0.670
VSE2F_Q3 110 0.345 | 1.410 0.004 0.632
KTGGYRSGAA_UNKNOWN 42 0.420 1.404 0.035 0.624
VSE2F_Q3.01 114 0.334 | 1.367 0.019 0.690
Conserved TFBS enriched in promoters of genes overexpressed in F5 with p < 0.05
NAME SIZE ES NES | NOM p-val | FDR g-val
STTTCRNTTT_VSIRF_Q6 92 -0.556 | -1.967 0.000 0.006
VSIRF-Q6 108 | -0.516 | -1.871 0.000 0.020
VS$IRF1.01 91 -0.478 | -1.716 0.001 0.159
V$IRF2.01 56 -0.522 | -1.671 0.006 0.214
VS$ISRE_01 97 -0.463 | -1.659 0.000 0.201
$E47-2FOLD-UP 60 -0.504 | -1.639 0.006 0.216
VSIRF7.01 109 | -0.430 | -1.573 0.010 0.377
VSLXR-Q3 31 -0.505 | -1.488 0.047 0.742
VSMYB_Q5.01 87 -0.423 | -1.486 0.022 0.673
VSTATAC 91 -0.423 | -1.485 0.016 0.611
$E47-3FOLD-UP 20 -0.573 | -1.481 0.038 0.574
VSTEL2_Q6 121 -0.406 | -1.477 0.012 0.503
VS$ICSBP_Q6 103 | -0.406 | -1.453 0.021 0.581
V$IRF1.Q6 110 | -0.395 | -1.438 0.017 0.619
V$POU3F2.02 78 -0.407 | -1.411 0.042 0.730
V$PEA3_Q6 127 | -0.376 | -1.383 0.036 0.874
VSAML1.Q6 102 | -0.374 | -1.375 0.041 0.880
VSNFKAPPAB._01 110 | -0.374 | -1.375 0.042 0.834

in F5 cells and a number of IRF family transcription factors are over-expressed in
F5 cells (IRF6, IRF7 and IRF8). Among the miRNA motifs that are enriched in
OT-1 cells, miR-181 is particularly interesting as it regulates the sensitivity of TCR
signaling, consistent with possible intrinsic differences in the TCR signaling between
these two cells. Thus, a regulatory network, that involves transcription factors such
as E47, E2F and IRF, and miRNAs such as miR-181, may constitute the intermediary
regulators that are responsible for the setting the intrinsic differences in survival and

proliferation capacities of OT-1 and F5 cells.
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Enrichment plot: VSE12_Q6 Enrichment plot: $E47-2FOLD-UP
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Figure 5-7: Gene set enrichment analysis: E47. (a) VEE12_.Q6_24: Set of genes
with promoter regions [-2kb,2kb] around transcription start site containing the motif
RRCAGGTGNCYV which matches annotation for TCF3: transcription factor 3 (E2A
immunoglobulin enhancer binding factors E12/E47) (b) V$E47-2-FOLD-UP: Set of
genes up-regulated by 2-fold upon transgenic expression of E47 in a E47 deficient
lymphoma cell line [109].
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Table 5.7: Biological process gene ontology terms over-represented in the differentially
expressed subset of genes with [logs(ratio)|> 0.5.

GO Identifier | GO Term (top 50 over-represented with p < 0.05) # Hits/Expected, p-value
(Group size)

GO0:0006952 immune response 97/26, (961) 418 x 10—<8
GO:0051707 | defense response 64/26, (964) 2.35 x 109°
GO:0009607 response to other organism 35/10, (352) 3.46 x 10709
GO:0045087 response to biotic stimulus 39/13, (479) 8.16 x 10708
GO0:0045321 | leukocyte activation 33/11, (390) 6.00 x 1077
GO0:0050776 | cell activation 35/12, (435) 6.57 x 10797
GO0:0001775 regulation of immune response 22/6, (197) 1.23 x 10706
GO0:0006954 | antigen processing and presentation of peptide or 8/1, (19) 1.30 x 1006
GO:0050778 positive regulation of immune response 20/5, (170) 2.11 x 1079
GO0:0009611 innate immune response 19/5, (163) 5.01 x 1079
G0:0002504 | positive regulation of immune system process 20/5, (183) 5.36 x 10706
G0:0009615 immune response-regulating cell surface receptor s 11/2, (52) 5.73 x 10—06
GO0:0001816 | lymphocyte activation 28/9, (334) 5.88 x 10796
G0:0002684 | response to virus 17/4, (137) 6.95 x 1006
GO:0046649 antigen processing and presentation of exogenous a 9/1, (33) 7.16 x 10706
GO:0009605 | antigen processing and presentation of exogenous p 7/1, (18) 1.05 x 10~95
G0:0008283 | cytokine production 21/6, (213) 1.18 x 10—95
G0:0002768 activation of immune response 16/4, (128) 1.24 x 10705
G0:0019884 immune response-activating cell surface receptor s 10/2, (49) 2.11 x 1070%
G0:0019886 cell proliferation 59/33, (1222) 2.29 x 10704
G0:0002429 | T cell activation 19/6, (219) 2.43 x 1004
G0:0002253 antigen processing and presentation of peptide ant 10/2, (65) 2,75 x 10704
G0:0051249 | cell death 61/35, (1302) 3.51 x 10—04
G0:0002443 induction of programmed cell death 25/10, (360) 3.80 x 10794
G0:0008219 induction of apoptosis 25/10, (359) 3.89 x 10704
G0:0042221 antigen processing and presentation 13/4, (116) 3.89 x 10704
GO0:0016265 | death 61/35, (1309) 3.97 x 10794
G0:0042110 adaptive immune response 19/7, (236) 5.06 x 10~04
G0:0002250 | stimulatory C-type lectin receptor signaling pathw 3/1, (3) 5.15 x 1004
G0:0042107 | programmed cell death 58/33, (1241) 5.30 x 10~04
G0:0009617 | inflammatory response 32/15, (543) 6.15 x 1004
G0:0051251 leukocyte mediated immunity 20/7, (263) 6.42 x 10704
GO0:0042089 | apoptosis 57/33, (1226) 6.44 x 1074
G0:0012501 regulation of lymphocyte activation 14/4, (143) 6.68 x 1004
G0:0006915 regulation of innate immune response 6/1, (24) 7.07 x 10704
G0:0019882 response to wounding 42/23, (836) 1.32 x 10793
(G0:0042127 | response to bacterium 17/6, (219) 1.78 x 10793
GO:0006950 positive regulation of tumor necrosis factor biosy 4/1, (10) 1.95 x 10793
GO:0006917 positive regulation of phagocytosis 5/1, (19) 2.31 x 10703
GO:0012502 | cytokine biosynthetic process 11/3, (106) 2.42 x 10703
GO0:0042221 response to chemical stimulus 61/38, (1424) 2.57 x 10793
GO0:0042107 cytokine metabolic process 11/3, (107) 2,58 x 10793
GO0:0007242 intracellular signaling cascade 80/54, (2008) 2.58 x 10~93
GO:0009605 | response to external stimulus 56/34, (1274) 2,60 x 10~93
GO:0050863 regulation of T cell activation 11/3, (109) 2,78 x 10703
G0:0051251 | positive regulation of lymphocyte activation 10/3, (92) 2.92 x 10793
G0:0045089 positive regulation of innate immune response 5/1, (21) 3.18 x 10793
G0:0042127 | regulation of cell proliferation 40/22, (826) 3.20 x 10798
G0:0045582 positive regulation of T cell differentiation 5/1, (21) 3.24 x 10793
GO:0050764 | regulation of phagocytosis 5/1, (22) 3.87 x 10703
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Table 5.8: Biological process gene ontology terms under-represented in the differen-
tially expressed subset of genes with |logy(ratio)|> 0.5.

GO Identifier | GO Term (all under-represented with p < 0.05) # Hits/Expected, p-value
(Group size)

G0:0007600 sensory perception 14/46, (1717) 1.76 x 10~Y¢
GO:0010467 gene expression 74/119, (4462) 3.24 x 1070°
GO0:0050877 neurological system process 29/61, (2274) 7.87 x 10798
GO:0007186 G-protein coupled receptor protein signaling pathw 36/69, (2587) 1.01 x 10—04
GO0:0006139 | nucleobase, nucleoside, nucleotide and nucleic aci 95/128, (4810) 2.55 x 10794
G0:0016070 RNA metabolic process 58/93, (3497) 3.99 x 10704
G0:0006350 | transcription 52/83, (3110) 1.52 x 10793
GO0:0045449 regulation of transcription 50/80, (2997) 1.74 x 10703
GO0:0006351 | transcription, DNA-dependent 48/76, (2851) 3.07 x 10703
GO:0006355 regulation of transcription, DNA-dependent 47/74, (2783) 3.62 x 10793
GO0:0010468 regulation of gene expression 59/88, (3279) 4.89 x 10703
G0:0019222 | regulation of metabolic process 74/99, (3691) 4.44 x 10702
G0:0031323 | regulation of cellular metabolic process 69/92, (3462) 4.89 x 1002

Table 5.9: Cellular compoent gene ontology terms over- and under-represented in the

differentially expressed subset of genes with |logs(ratio)|> 0.5.

GO Identifier [ GO Term # Hits/Expected, p-value
(Group size)
GO:0009897 | external side of plasma membrane 28/6, (207) 2.16 x 10717
GO0:0009986 cell surface 32/11, (402) 2.64 x 10~06
GO0:0005615 | extracellular space 97/62, (2301) 1.23 x 10794
GO0:0042613 | MHC class II protein complex 5/1, (11) 1.63 x 10794
G0:0042824 MHC class I peptide loading complex 5/1, (13) 2.90 x 10704
GO0:0044421 extracellular region part 99/67, (2482) 4.22 x 107%
GO:0042825 TAP complex 4/1, (11) 1.92 x 10703
GO:0005770 late endosome 9/3, (76) 2.29 x 10793
GO0:0031094 | platelet dense tubular network 2/1, (2) 6.60 x 10703
GO:0005955 calcineurin complex 3/1,(7) 6.72 x 10~03
GO:0005602 complement component C1 complex 2/1, (2) 7.15 x 10703
G0:0031307 integral to mitochondrial outer membrane 3/1, (8) 8.28 x 10~ 03
GO:0005794 Golgi apparatus 42/27, (976) 1.36 x 10~92
G0:0031306 intrinsic to mitochondrial outer membrane 3/1, (10) 1.49 x 10702
GO:0005887 integral to plasma membrane 59/42, (1545) 2.49 x 10—02
G0:0032592 integral to mitochondrial membrane 3/1, (13) 2.98 x 10702
GO:0001772 immunological synapse 4/1, (27) 2.98 x 10702
GO0:0005741 mitochondrial outer membrane 8/3, (100) 3.09 x 10792
GO0:0031226 | intrinsic to plasma membrane 59/43, (1576) 3.23 x 10792
GO:0019897 | extrinsic to plasma membrane 7/3, (79) 3.29 x 10702
G0:0001726 | ruffle 6/2, (66) 4.18 x 10792
GO:0005771 multivesicular body 3/1, (16) 4.30 x 10792
GO Identifier | GO Term (all under-represented with p < 0.05) # Hits/Expected, p-value
(Group size)

(“

| —No under-represented terms—

I
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Table 5.10: Molecular function gene ontology terms over- and under-represented in
the differentially expressed subset of genes with [logs(ratio)|> 0.5.

GO Identifier | GO Term (top 40 over-represented with p < 0.05) # Hits/Expected, p-value
(Group size)
GO0:0042287 | MHC protein binding 8/1, (30) 2.08 x 10- 02
G0:0005529 sugar binding 25/9, (334) 3.96 x 1004
G0:0005044 scavenger receptor activity 8/2, (46) 2,14 x 10793
GO0:0016814 hydrolase activity, acting on carbon-nitrogen (but 7/1, (36) 2.46 x 1003
G0:0042288 | MHC class I protein binding 6/1, (26) 2.59 x 10793
GO:0008179 | adenylate cyclase binding 3/1, (4) 2.80 x 10703
G0:0030246 | carbohydrate binding 29/14, (503) 3.18 x 1093
GO0:0019955 | cytokine binding 14/5, (166) 4.39 x 10798
G0:0042379 chemokine receptor binding 8/2, (59) 4.49 x 1003
G0:0019864 | IgG binding 3/1, (5) 4.80 x 10793
GO:0019865 immunoglobulin binding 4/1, (12) 4.96 x 10793
G0:0016298 lipase activity 11/4, (126) 1.13 x 10792
GO:0045233 natural killer cell receptor activity 3/1,(7) 1.15 x 10792
GO:0008009 chemokine activity 7/2, (57) 1.21 x 10792
G0:0048029 monosaccharide binding 6/2, (42) 1.22 x 10792
G0:0019763 immunoglobulin receptor activity 3/1,(7) 1.24 x 10792
GO0:0008125 | pancreatic elastase I activity 2/1, (2) 1.27 x 10792
G0:0019239 deaminase activity 5/1, (29) 1.33 x 10~02
(G0:0015057 | thrombin receptor activity 6/2, (46) 1.78 x 10—92
G0:0005537 | mannose binding 4/1, (20) 2.15 x 10792
G0:0003876 AMP deaminase activity 2/1, (3) 2.35 x 1002
GO:0004720 protein-lysine 6-oxidase activity 3/1, (10) 2.37 x 1002
G0:0003924 | GTPase activity 17/8, (295) 2.37 x 10702
G0:0001872 | zymosan binding 2/1, (3) 2.45 x 10~02
G0:0005102 | receptor binding 47/31, (1167) 2.48 x 10702
G0:0016462 pyrophosphatase activity 39/25, (927) 2.65 x 10702
G0:0016818 | hydrolase activity, acting on acid anhydrides, in 39/25, (937) 3.08 x 10~02
G0:0008034 | lipoprotein binding 5/2, (39) 3.12 x 10702
G0:0017111 nucleoside-triphosphatase activity 37/24, (891) 3.14 x 10702
G0:0016208 | AMP binding 4/1, (26) 3.16 x 10702
G0:0048154 | S100 beta binding 2/1, (4) 3.16 x 10702
G0:0042803 | protein homodimerization activity 18/9, (342) 3.17 x 10—92
(G0O:0008329 | pattern recognition receptor activity 3/1, (12) 3.17 x 10792
G0:0016494 C-X-C chemokine receptor activity 5/2, (42) 3.24 x 10702
G0:0048306 calcium-dependent protein binding 4/1, (26) 3.24 x 10702
G0:0019770 | IgG receptor activity 2/1, (4) 3.25 x 10702
GO:0016211 | ammonia ligase activity 2/1, (4) 3.35 x 1002
G0:0019965 | interleukin binding 7/3, (80) 3.40 x 10792
GO0:0016641 oxidoreductase activity, acting on the CH-NH2 grou 4/1, (25) 3.43 x 10~°2
GO:0008132 | pancreatic elastase activity 2/1, (4) 3.46 x 1002
GO Identifier | GO Term (all under-represented with p < 0.05) # Hits/Expected, p-value
(Group size)

G0:0001584 rhodopsin-like receptor activity 18/56, (2097) 7.32 x 10797
G0:0004930 G-protein coupled receptor activity 22/60, (2283) 9.18 x 10799
G0:0003677 | DNA binding 44/78, (2939) 4.98 x 10708
GO:0003676 | nucleic acid binding 79/115, (4350) | 2.00 x 1004
G0:0004872 receptor activity 72/101, (3814) 1.61 x 10798
G0:0004888 transmembrane receptor activity 51/74, (2814) 3.89 x 10703
G0:0030528 | transcription regulator activity 32/49, (1859) 9.09 x 10~93
G0:0004871 signal transducer activity 93/114, (4312 3.01 x 10792
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Table 5.11: Differentially expressed genes linked to the GO term: ‘Intracellular sig-
naling cascade’

Gene symbol [ Description log (ratio) p-value percentile
OT-1 | F5
Pdlim4 PDZ and LIM domain 4 2.63 577 x 10795 | 81.2 | 41.6
Igfbp4d insulin-like growth factor binding protein 4 1.68 5.25 x 10704 97.2 86.7
Plexd2 phosphatidylinositol-specific phospholipase C 1.53 3.33 x 10794 93.7 81.4
Bbc3 BCL2 binding component 3 1.48 2.49 x 10~% | 80.0 | 61.0
Tirl toll-like receptor 1 1.45 3.46x107%4 | 93.4 | 804
Eps8l1 EPS8-like 1 1.35 1.86 x 10795 | 65.4 | 42.0
Cxcr3 chemokine (C-X-C motif) receptor 3 1.27 1.81x 1079 | 76.8 | 60.3
Sgkl serum/glucocorticoid regulated kinase 1 1.20 1.13 x 10705 97.6 | 92.7
Depdclb DEP domain containing 1B 1.13 1.26 x 10793 71.2 | 56.8
Gimap7 GTPase, IMAP family member 7 1.05 1.69 x 1004 92.9 84.8
Cd96 CD96 antigen 1.04 1.15x 10796 | 96.7 | 91.3
Racgapl Rac GTPase-activating protein 1 1.04 3.05 x 10702 78.6 | 63.8
Tnk2 tyrosine kinase, non-receptor, 2 0.98 3.87 x 10703 92.5 | 82.2
Pmaipl phorbol-12-myristate-13-acetate-induced protein 1 0.96 1.12 x 10793 73.1 60.7
Gnal5 guanine nucleotide binding protein, alpha 15 0.85 2.29 x 10793 | 68.1 | 57.1
Rapgefd Rap guanine nucleotide exchange factor (GEF) 4 0.84 4.74x 10793 | 80.8 | 69.8
Viprl vasoactive intestinal peptide receptor 1 0.81 2.31x107% | 69.0 | 54.6
Maltl MALT lymphoma translocation gene 1 0.80 2.47 x 10792 | 90.2 | 831
Rgsll regulator of G-protein signaling 11 0.75 3.19 x 1074 68.3 | 58.7
Mfhasl malignant fibrous histiocytoma amplified seq 1 0.70 2,48 x 10793 93.1 87.7
Rasgrpl RAS guanyl releasing protein 1 0.69 3.70 x 10~02 92.0 | 85.2
Dennd4c DENN/MADD domain containing 4C 0.69 2,76 x 10705 | 88.7 | 8L.3
Pim2 proviral integration site 2 0.68 1.59 x 10793 94.4 89.8
Cdc42bpg CDC42 binding protein kinase gamma 0.68 3.77x 1079 | 65.1 | 55.9
Rhogq ras homolog gene family, member Q 0.68 3.80 x 1079 | 73.4 | 64.6
Asb13 ankyrin repeat and SOCS box-containing 13 —0.66 1.13x 10793 | 73.6 | 8L.2
Igfl insulin-like growth factor 1 —0.66 8.65 x 10703 31.3 | 50.5
Stat2 signal transducer and activator of transcription 2 -0.73 1.87 x 10793 | 69.5 | 78.5
Coro2a coronin, actin binding protein 2A —-0.74 2.25 x 10704 58.9 67.9
Tratl TCR-associated transmembrane adaptor 1 —-0.74 2.14 x 10794 78.0 85.8
Rab37 RAB37, member of RAS oncogene family —-0.75 5.63 x 10704 83.2 90.0
Hmox1 heme oxygenase (decycling) 1 —0.76 8.85x 10794 | 52.6 | 63.1
Lyn v-yes-1 oncogene homolog —-0.77 6.65 x 10704 55.0 | 64.9
Cer2 chemokine (C-C motif) receptor 2 -0.77 3.43x 10792 | 447 | 574
Cds1 CDS81 antigen -0.77 9.56 x 107%4 | 60.0 | 69.2
Abcal ATP-binding cassette, sub-family A, member 1 -0.78 1.34 x 1003 67.5 | 77.9
Plek pleckstrin —0.80 1.12x 10792 | 41.2 | 575
Prkar2b protein kinase, cAMP dependent regulatory, IIb —0.82 3.66 x 10703 33.1 54
Clec7a C-type lectin domain family 7, member a —0.84 3.35 x 10795 45.3 59.9
Lgalsl lectin, galactose binding, soluble 1 —0.84 1.04 x 10704 98.4 | 99.2
Cish cytokine inducible SH2-containing protein —0.88 423%x107% | 66.5 | 774
Hck hemopoietic cell kinase —0.88 2.01x107% | 46.1 | 60.8
Tl4i1 interleukin 4 induced 1 -0.89 2.38x 10793 | 553 | 66.6
Eya2 eyes absent 2 homolog (Drosophila) —0.96 3.08 x 10704 66.1 78
Aldhla2 aldehyde dehydrogenase family 1, subfamily A2 -0.96 4.54 x 1004 59.7 | 71.2
Ldhb lactate dehydrogenase B —1.00 6.21 x 1075 | 66.4 | 78.1
F2r coagulation factor II (thrombin) receptor —1.02 7.46 x 10~04 89 95.1
Cap2 CAP, adenylate cyclase-associated protein, 2 —1.32 4.82 x 10~04 246 | 58.2
P2ry6 pyrimidinergic receptor P2Y, G-protein coupled, 6 —1.37 3.36 x 10794 12.3 52.5
Gzma granzyme A —1.55 3.25 x 10~06 80 93.3
Cd74 CD74 antigen —1.64 1.70 x 1079 | 79.9 | 93.8
Apoe apolipoprotein E —1.68 3.78 x 1079 | 56.6 | 77.8
Aifl allograft inflammatory factor 1 -2.07 3.53x10705 | 279 | 684
Tyrobp TYRO protein tyrosine kinase binding protein —2.17 1.10 x 10797 56.6 | 83.4
Capl CAP, adenylate cyclase-associated protein 1 —4.72 2.02 x 10706 63 98.6

Note: Genes with [logz(ratio)|< 0.65 are not shown in this table
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Table 5.12: Differentially expressed genes linked to the GO term: ‘Scavenger receptor
activity’

Gene symbol Description loga (ratio) p-value percentile
OT-1 T F5
Cd5 CD5 antigen 1.80 2.24 x 10708 98.4 91.8
Cdé CD6 antigen 1.72 224 x 1079 | 977 | 89.7
5830411N06Rik | RIKEN cDNA 5830411N06 gene 1.40 879x107% | 72.7 | 53.9
Cdi163l1 CD163 molecule-like 1 1.06 7.38 x 1093 | 67.35 | 53.05
Zmynd15 zinc finger, MYND-type containing 15 —0.63 3.48 x 10703 34.2 51.2
Cxcll6 chemokine (C-X-C motif) ligand 16 —0.69 3.44 x 10793 | 56.9 63.4
Cdsl CD5 antigen-like -1.16 9.98 x 10794 | 43.8 | 63.3
Marco macrophage receptor with collagenous structure —~1.55 112 x 1079 | 454 | 69.1

Table 5.13: Differentially expressed genes linked to the GO term: ‘Cytokine binding’

Gene symbol | Description loga (ratio) p-value percentile
OT-1] F5
Farl1 coagulation factor IT (thrombin) receptor-like 1 3.56 462 x 10-%° 88 324
Cxcr3 chemokine (C-X-C motif) receptor 3 1.27 1.81 x107% | 76.8 | 60.3
Ebi2 G protein-coupled receptor 183 1.04 3.03 x 10794 85 71
Tnfrsf25 tumor necrosis factor receptor superfamily, 25 0.82 376 x107% | 68.9 | 583
1i6ra interleukin 6 receptor, alpha 0.79 7.86 x 10—03 76.8 64.1
I7r interleukin 7 receptor 0.57 442x107% | 981 | 96.6
I112rb1 interleukin 12 receptor, beta 1 —-0.54 1.07 x 10793 59.9 66.2
Cdk5rapl CDKS5 regulatory subunit associated protein 1 —0.67 4.86 x 1070% 81.2 87.6
1118bp interleukin 18 binding protein —0.73 5.13 x 10794 56.1 65.2
Cer2 chemokine (C-C motif) receptor 2 ~0.77 3.43x10792 | 447 | 574
Cerl2 chemokine (C-C motif) receptor-like 2 —0.79 1.11 x 107%4 | 37.7 | 55.8
Csf2rb colony stimulating factor 2 receptor, beta —0.81 1.12 x 10793 37.3 | 56.5
P2ry6 pyrimidinergic receptor P2Y, G-protein coupled, 6 —1.37 3.36 x 1004 12.3 | 52.5
Cdr4 CD74 antigen —1.64 1.70 x 107%% | 79.9 | 93.8

Table 5.14: Differentially expressed genes linked to the GO term: ‘Chemokine receptor
binding’

Gene symbol | Description logz (ratio) p-value percentile
OT-1 ] F5
Xecll chemokine (C motif) ligand 1 —0.51 1.78 x 10792 | 40.7 | 52.8
Ccl22 chemokine (C-C motif) ligand 22 —0.56 418 x 10793 | 604 | 66.9
Zmynd15 zinc finger, MYND-type containing 15 —0.63 3.48 x 10703 342 | 51.2
Cxcl16 chemokine (C-X-C motif) ligand 16 —0.69 344 x 1079 | 56.9 | 63.4
Cer2 chemokine (C-C motif) receptor 2 ~0.77 3.43x 10792 | 447 | 574
Ccls chemokine (C-C motif) ligand 5 -1.39 829 x 1079 | 81.1 | 92.9
Cxcl10 chemokine (C-X-C motif) ligand 10 —1.57 1.18 x 1094 | 423 | 67.8
Ccl8 chemokine (C-C motif) ligand 8 —2.35 1.50 x 1095 | 57.6 | 85.9
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Table 5.15: Genes linked to the GO terms:‘adaptive and innate immune response’,

that are over-represented in the differentially expressed subset.

[ Adaptive Immune Response |
Gene symbol | Description loga (ratio) p-value percentile
OT-1] F5
Eomes eomesodermin homolog (Xenopus laevis) 1.53 316 x 1077 | 804 [ 60.7
Maltl MALT lymphoma translocation gene 1 0.80 247 %x10792 | 902 | 83.1
I17r interleukin 7 receptor 0.57 4.42 x 10704 98.1 96.6
Thx21 T-box 21 0.52 7.30 x 1079 | 62.7 | 55.1
Cdsé CD86 antigen —0.53 6.08 x 10793 | 40.9 | 52.7
Cd1d2 CD1d2 antigen —-0.59 5.45 x 10794 [ 46.0 | 57.0
C3 complement component 3 —0.69 2,51 x 10703 319 | 511
1118bp interleukin 18 binding protein —-0.73 5.13 x 10~04 56.1 65.2
H2-DMa histocompatibility 2, class II, locus DMa —0.80 1.06 x 10793 | 74.7 | 86.0
Ada adenosine deaminase —-0.84 2.35x 10704 | 63.0 | 72.8
Fcerlg Fc receptor, IgE, high affinity I, gamma -1.20 3.37 x 10703 57.3 72.0
Irf7 interferon regulatory factor 7 —1.21 7.79 x 10705 90.2 | 96.4
Fcgr3 Fc receptor, IgG, low affinity III —-1.24 5.86 x 10~05 42.9 64.0
Clqc complement component 1, q subcomponent, C —1.49 1.38 x 10703 46.5 68.6
1118 interleukin 18 —1.51 9.11 x 10—94 28.2 61.7
Cd74 CD74 antigen —1.64 1.70 x 1079 | 79.9 | 93.8
H2-Aa histocompatibility 2, class II antigen A, alpha -1.69 1.90 x 10~04 65.9 86.5
Clqga complement component 1, g subcomponent, alpha —2.05 4.00 x 10705 49.2 77.3
Clgb complement component 1, g subcomponent, beta —2.41 2.21%x1079 | 394 | 76.9
[ Innate Immune Response |
Gene symbol | Description loga (ratio) p-value percentile
OT-1 ] F5
Tirl toll-like receptor 1 1.45 346 x 10794 | 934 | 80.4
Klrdl killer cell lectin-like receptor, subfamily D 1 1.34 6.47 x 10796 99.1 97.1
Pglyrpl peptidoglycan recognition protein 1 0.92 6.24 x 10~04 64.2 50.2
Maltl MALT translocation gene 1 0.80 2.47 x 10702 90.2 83.1
Brca2 breast cancer 2 0.60 2.87 x 10703 62.3 53.4
Cd1d2 CD1d2 antigen —0.59 5.45x 10794 | 46.0 | 57.0
C3 complement component 3 —0.69 2.51 x 1079 [ 319 | 51.1
Clec7a C-type lectin domain family 7, member a —0.84 3.35 x 10~ 0% 45.3 | 59.9
Nerl natural cytotoxicity triggering receptor 1 —0.87 6.96 x 10795 39.5 57.9
Cfp complement factor properdin —0.90 2.58 x 10704 51.4 64.2
Ifihl interferon induced with helicase C domain 1 —0.97 4.98 x 107% 81.8 | 90.7
Klrel killer cell lectin-like receptor family E 1 —1.05 1.31 x 10793 29.8 | 56.3
Klrkl killer cell lectin-like receptor subfamily K 1 —1.08 1.81 x 10704 47.3 64.0
Mx1 myxovirus (influenza virus) resistance 1 —-1.12 4.60 x 1079 | 624 | 76.0
Unc93bl unc-93 homolog Bl (C. elegans) -1.14 1.47 x 10704 | 582 | 72.2
Mx2 myxovirus (influenza virus) resistance 2 —1.22 573 x107% | 59.1 | 74.2
Clqc complement component 1, g subcomponent, C —1.49 1.38 x 10793 46.5 68.6
Clqa complement component 1, q subcomponent, alpha —2.05 4.00 x 10795 | 492 | 77.3
Clgb complement component 1, g subcomponent, beta —2.41 2.21 x 10705 39.4 76.9
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Table 5.16: Differentially expressed genes linked to the GO term: ‘Sugar binding’
Gene symbol | Description logz (ratio) p-value percentile
OT-1 | F5
Klrdl killer cell lectin-like receptor, subfamily D 1 1.34 6.47 x 107°° | 99.1 | 97.1
Ly75 lymphocyte antigen 75 1.06 2.03 x 10792 | 90.8 | 80.3
Aim1 absent in melanoma 1 1.06 212x107% | 85.7 | 72.7
Aimil absent in melanoma 1-like 1.05 9.24 x 10794 | 60.7 | 39.6
Fegrt Fc receptor, IgG, alpha chain transporter 0.67 434x 1079 | 80.8 | 71.9
Galnt10 N-acetylgalactosaminyltransferase 10 0.65 3.63 x 103 79.8 | 70.7
Fgd6 FYVE, RhoGEF and PH domain containing 6 0.62 1.33 x 10793 56.4 43
Sell selectin, lymphocyte 0.52 5.26 x 10~ 04 99.4 | 99.2
Cel carboxyl ester lipase —0.55 1.03x 10793 | 426 | 54.5
Lman2l lectin, mannose-binding 2-like —0.57 1.81x107% | 683 [ 77.2
Bsg basigin —0.58 1.20 x 10792 | 924 | 95.3
AW821953 protein phosphatase 1, regulatory subunit 3B —0.60 2.95 x 10793 61 68
Asb2 ankyrin repeat and SOCS box-containing 2 -0.61 6.57 x 1004 49.5 59.4
Regl regenerating islet-derived 1 —0.80 1.05 x 1003 404 | 57.3
Mgll macrophage galactose specific lectin 1 —0.81 5.13 x 10704 386 | 56.6
Pygl liver glycogen phosphorylase —0.83 4.18 x 107%¢ 28.1 51.5
ClecTa C-type lectin domain family 7, member a —-0.84 3.35 x 10795 | 45.3 | 59.9
Lgalsl lectin, galactose binding, soluble 1 —0.84 1.04 x 10704 | 984 | 99.2
Reg?2 regenerating islet-derived 2 —0.88 8.16 x 10~04 61.8 72.2
Fcna ficolin A —-0.93 9.95x 107%4 | 46.7 | 61.8
Klrel killer cell lectin-like receptor family E member 1 ~1.05 1.31x 10793 | 208 | 56.3
Klrk1 killer cell lectin-like receptor subfamily K 1 -1.08 1.81 x 10794 | 473 64
Clecdn C-type lectin domain family 4, member n —1.36 2.15 x 1008 12.9 | 52.5
Mrcl mannose receptor, C type 1 -1.38 8.94 x 10795 214 57.6
Pap regenerating islet-derived 3 beta —1.40 3.87 x 10~93 23.2 57.7
Apoe apolipoprotein E —1.68 3.78 x 10795 56.6 77.8
Lgals3 lectin, galactose binding, soluble 3 —1.93 2.39 x 10~95 423 | 72.3
Cd209b CD209b antigen —1.98 1.70 x 10798 | 42.2 | 72.9
Ccl8 chemokine (C-C motif) ligand 8 —2.35 1.50 x 10795 | 57.6 | 85.9
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Chapter 6
Pathophysiologic implications

Lymphocyte homeostasis is maintained by competition for limiting resources. How-
ever, if the ability of lymphocytes to compete for these resources varies, lymphocytes
that are better at competing for limiting resources can be expected to eventually
dominate the repertoire. This suggestion has been called the ‘competition-diversity
paradox’ and is discussed in section 2.7. This thesis suggests that the variability in the
rates of LIP among T cells bearing different TCRs is caused by intrinsic differences in
their proliferation capacity in response to IL7 rather than differential responsiveness
to spMHC. Thus, the ‘competition-diversity paradox’ would need to be considered in
the context of IL7 rather than spMHC. This chapter explores this consideration in
further detail.

6.1 Competition-diversity paradox

We have shown that CD5M cells have a greater capacity for proliferation at higher
levels of IL7. In contrast, we found that CD5% cells have a higher capacity for survival
at low concentrations of IL7. Naive T cells are quiescent in vivo and are not in cell
cycle. The amount of IL7 4n vivo has been described to be ‘limiting’ by various
authors, which is thought to prevent spontaneous LIP of naive cells in lymphoreplete
animals. However, if IL7 levels were indeed limiting in lymphoreplete mice, one would

expect that CD5% cells would have a relative survival advantage. To test this, we
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transferred a polyclonal population of 2.5 x 108 naive B6.Thy1.2% CD&" T cells into
age- and sex-matched B6.Thy1.1 mice and followed their CD5 profile over three weeks.
There was no change in the CD5 profile of the transferred CD8% cells compared to
the naive CD8* T cells in the recipient. Although the numbers of the transferred cells
declined steadily, their CD5 profile did not change. This suggested that the death
kinetics of CD5M and CD5" cells may be equivalent in vivo in lymphoreplete mice.
Additionally, this would also suggest that CD5" and CD5" cells are replenished by
the thymus at equivalent rates in vivo. Thus, it appears that the level of ILT in vivo
is sufficiently high to prevent the preferential survival of CD5' cells, thereby avoiding

the ‘competition-diversity paradox’.

1wk 3 wks

%Maximum

Figure 6-1: CD5 profile of adoptively transferred of polyclonal naive CD8*
T cells. 2.5 x 10% B6.Thyl.2+ CD8" CD44" T cells were transferred into age and
sex-matched B6.Thyl.1" recipients. The percentage of donor cells is shown in the
upper panel. The lower panel contrasts the profile of CD5 levels of transferred cells
(red) with the naive CD8" T cells in the recipient mice (blue) at each time point.
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6.2 Effect of increasing the level of IL7 in vivo

IL7-induced proliferation of T cells occurs in vivo when there is an excess of IL7 even
in the absence of foreign antigen, e.g. lymphopenia or exogenous IL7 therapy. CD5M
cells have a greater rate of LIP than CD5" cells under lymphopenic conditions. While
this has been previously attributed to the greater responsiveness of CD5M cells to pre-
sumably excess cognate spMHC seen during lymphopenia, we have demonstrated that
this phenomenon is largely due to the greater intrinsic proliferation capacity of CD5M
cells in response to IL7. We tested if the selective proliferation of CD5" cells in re-
sponse to IL7 is also manifest in vivo under lymphoreplete conditions by transferring
CFSE labeled T cells into mice with sub-cutaneous implants of IL7-releasing mini-
osmotic pumps that released 5 pg of IL7 over one week (see Figure 6-2a). Proliferation
of both CD8* and CD4t T cells was seen in mice implanted with IL7-releasing pumps
as previously reported[82]. No proliferation was seen in the control mice that received
PBS only. Indeed, there was a greater proliferation of CD5M cells among both CD87
and CD4* T cells. In order to exclude the possibility that CD5 levels change during
proliferation, we sorted naive Thy1.2* CD8* T cells into CD5" and CD5% fractions
and transferred them individually into lymphoreplete Thy1l.1" congenic mice bearing
IL7-releasing pumps (see Figure 6-2b). CD5™ cells showed substantially higher pro-
liferation in mice implanted with IL7 miniosmotic pumps. These results suggest that
exogenous IL7 therapy has the potential to skew the existing naive T cell repertoire

by inducing a selective proliferation of IL7-responsive CD5Y cells.

6.3 Effect of decreasing the level of IL7 in vivo

We have shown that CD5" cells have a reduced ability to survive in vitro compared
to CD5  cells at lower concentrations of IL7. To test if differential survival of CD5"
and CD5 cells is manifest in vivo under conditions of IL7 deficiency, we adoptively
transferred with B6.CD45.2 naive CD8" Thyl.1* CD5" and Thy1.2* CD5"° T cells
into B6.CD45.1 mice and injected 1 mg of an IL7 depleting antibody (M25) i.p. ev-
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Figure 6-2: Effect of exogenous IL7 on lymphoreplete mice. (a) CD5" cells se-
lectively proliferate following exogenous IL7 treatment in lymphoreplete mice. 2 x 108
CFSE labeled cells from the lymph nodes of B6.Thyl.2 mice were transferred into
congenic Thyl.1 mice implanted with miniosmotic pumps that released IL7 or PBS
only. CFSE dilution of the transferred CD5" and CD5' cells in the lymphoid organs
of recipient mice was measured after seven days. (b) Naive CD8" Thy1.2 T cells were
sorted into CD5" cells and CD5" fractions and adoptively transferred into lymphore-
plete congenic Thy1.1 mice implanted with miniosmotic pumps that released 5 ug IL7
over seven days. CFSE dilution of transferred cells was measured at seven days.

ery alternate day for one week and measured its impact on the CD5" :CD5% (i.e.

Thyl.1:Thy1.2) ratio of the adoptively transferred cell population and vice versa (see



Figure 6-3). The M25 antibody treatment was also found to result in the skewing of
the CD5 profiles of naive CD8" T cells in the treated animals towards CD5"° pheno-
type by one week (see Figure 6-3). As IL7 does not affect the CD5 levels, at least
in vitro, this could be due to selective survival of CD5 cells under conditions of IL7

deprivation.
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Figure 6-3: Effect of IL7 depletion in lymphoreplete mice. (a) Congenically
marked CD45.2% CD5" and CD5% cells (Thyl.1* and Thy1.2%) were transferred into
CD45.1 mice and treated with 1 mg of anti-IL7 (M25) antibody i.p. every two days.
The lymphoid organs were analyzed after one week. The ratio of the transferred
CD5":CD35" cells is shown at the time of transfer and recovery in two mice. (b) The
profile of CD5 levels on naive CD8% T cells in a mouse treated with M25 for seven
days as above (filled histogram) is compared with that of an untreated mouse (open
histogram). The mean values of CD5 MFI are indicated in the legend.

6.4 Estimation of the physiological levels of IL7

The level of IL7 present in vivo is likely to be in the range that avoids the competition-
diversity paradox in terms of selective survival or proliferation of CD5 or CD5M
cells respectively (see Figure 6-1). Direct estimation of the amount of IL7 present
in lymphoreplete mice is technically challenging because it is close to the lower limit
of detection by ELISA. Furthermore, as IL7 is known to bind glycosaminoglycans in
the extracellular matrix, the levels of serum IL7 may not reflect the amount of IL7

available to lymphocytes in lymphoid organs. Therefore, we have tried to indirectly
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estimate the levels of IL7 in vivo using bioassays based on the observation that IL7TR
is transcriptionally repressed by IL7[93].

The change in IL7R level of freshly isolated naive CD8*t T cells from OT-1, 2C,
F5 and B6 mice upon overnight culture in medium with varying concentrations of
IL7 in vitro was measured. The inverse relationship between IL7R level on CD8* T
cells and IL7 concentration in culture medium can be used to get a rough estimate
the physiological level of IL7. Naive CD8" T cells from all these mice need between
0.1 and 1ng/mL of IL7 to maintain their surface IL7R at levels comparable to those
on freshly isolated T cells (see Figure 6-4a). At this range of IL7, we do not see pref-
erential survival or proliferation of CD5" and CD5% cells at least in vitro. However,
OT-1, 2C and F5 cells have intrinsic differences in their IL7 signaling cascades. They
also have different baseline levels of IL7TR, which could result in differential ligand
consumption, making such an assay harder to interpret. If IL7 is indeed consumed
at different rates by cells with different levels of IL7R, a bioassay based upon CD8*
cells with different baseline levels of IL7R would be unreliable. Thus, to get a better
estimate of the IL7 levels in lymphoid organs, we used identical 2C.Thy1.1 cells as re-
porters of in vivo IL7 levels (see Figure 6-4b). 2 x 10° 2C* Thyl.1* Rag”" mice were
transferred into Thyl.2+ OT-1, 2C, F5 and B6 mice. The transferred 2C* Thyl.1*
cells were recovered from the spleens of recipient mice after 18 hrs and IL7R levels
were measured. Analysis of IL7R levels on the recovered reporter cells suggest that
the level of IL7 in vivo follows the order: Ragl”/" > F5 > 2C > OT-1 mice. These
results are consistent with the observation that the total number of CD8 cells follows

the opposite order: Ragl”/ < F5 < 2C < OT-1 mice.
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Figure 6-4: Estimation of IL7 concentration in vivo. (a) The amount of IL7
concentration needed in vitro to equilibrate the IL7R level to a level that is comparable
with that of freshly isolated cells after overnight culture (18 hrs) was used as a bioassay
to estimate the relative levels of IL7 in vivo in various mice. (b) 2C Ragl”- Thyl.1*
cells were used as reporter cells and their IL7R level 24 hrs after adoptive transfer
was used as a readout of in vivo levels of IL7 in OT-1, 2C, F5, B6 Thy1.2* recipient
mice.
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Chapter 7

Conclusions

7.1 Single cell analysis of spMHC-mediated signal-
ing in T cells

A direct comparison of cognate spMHC-induced signaling among mature T cells of
different specificities has not been undertaken before. We used OT-1 and F5 cells
for this comparison, which were expected to have a different spMHC-responsiveness
based on their CD5 levels. Indeed, we confirmed that the strength of thymic selection
is dramatically different in OT-1 and F5 cells, which suggests that their TCRs prob-
ably have a genuine biochemical difference in interaction with their cognate spMHC.
However, we did not see any obvious difference in the spMHC-induced Ca2* flux be-
tween naive OT-1 and F5 cells interacting with DCs. Despite the lack of observable
differences in proximal TCR signaling as measured by Ca?" influx in OT-1 and F5
cells, there is a dramatic difference in proliferation induced by spMHC on the same
dendritic cells. While it is possible that there are differences in spMHC-mediated
signals in OT-1 and F5 cells that involve mediators other than cytosolic Ca?* flux,
they may be hard to define given that the specific molecular components involved in
spMHC-mediated survival of naive T cells or their LIP are still poorly understood, un-
like agonist pMHC-mediated TCR signaling. It is also possible that OT-1 and F5 cells

respond differentially to accessory molecules presented on DCs, which modulate the
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same spMHC-mediated signal, that are necessary but not sufficient for maintaining
T cell survival or LIP [29, 19]. Nevertheless, CD5 is a negative regulator of proximal
TCR signaling and we have demonstrated that the CD5 level is an intrinsic property
of T cells, implying that the TCR signaling cascades of OT-1 and F5 cells are intrin-
sically different. Indeed, this is supported by the microarray data which shows that
a number of mediators of the TCR signaling pathway are also differentially expressed
(see Table 5.11). For instance, Rasgrpl, which is a critical component of a feedback
amplification loop in proximal TCR signaling, is over-expressed in OT-1 cells (FC =
1.62, p = 0.037). Such intrinsic differences in TCR signaling networks in these two T
cell types could explain how the proximal TCR signal induced by the same spMHC
repertoire, as defined by Ca?* influx, may be similar although the avidity of the two
TCRs for the same spMHC repertoire may differ.

It has been proposed that the developmental regulation of intrinsic differences
in CD5 levels helps to dynamically dampen excessive spMHC signals in an attempt
to maximize the T cell repertoire that is selected [6]. This allows TCRs with a
broader range of self-specificities to pass the stringency of thymic selection than would
otherwise be possible. This thesis suggests that the TCR-specific tuning of CD5 levels
during thymic development gets imprinted as an intrinsic feature of mature T cells
and it may have a role in preventing autoimmunity in the periphery regardless of
the biochemical interaction strength of a TCR with its cognate spMHC. It may also
contribute to the avoidance of the competition-diversity paradox in the periphery.
From this perspective, it would make sense that naive OT-1 and F5 T cells exhibit
equivalent spMHC-induced Ca?" influx. Indeed, such differentially imprinted intrinsic
differences may also seen with other components in the TCR signaling cascade, in
addition to CD5.

Our analysis of spMHC-mediated signaling in naive CD8" T cells of two defined
specificities in response to the same spMHC at the single cell level using Ca?" influx
video microscopy also confirms the asynchronous and stochastic nature of spMHC-
induced signals as previously reported with polyclonal T cells [106]. The lack of any

Ca?* reponse in a significant fraction of T cells could be due to the spatiotemporal
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variability in the presentation of cognate spMHC by dendritic cells and is consistent
with the stochastic model of cell division during LIP presented by Yates et al [140]. An
additional source of this variablilty could arise from within the T cell itself. Triggering
of the TCR cascade has a significant stochastic component [97] and the intrinsic noise
in the sensitivity of the detection system [26] could become particularly apparent
during spMHC-mediated signaling given the biochemically weak nature of spMHC-
TCR interactions.

7.2 Intrinsic functional heterogeneity in the naive

CD8™ T cell repertoire

We have identified a novel ‘layer’ of intrinsic functional heterogeneiety in the sur-
vival and proliferation capacities within the seemingly homogeneous naive CD8% T
cell repertoire that is predictably marked by surface CD5 expression. The range of
this heterogeneity is summarized in Table 7.1. This functional heterogeneity is dis-
tinct from non-genetic cell-to-cell variability within a cell population that has been
recently quantified in both eukaryotic and prokaryotic systems [114, 121, 26]. While
stochastic fluctuations in protein state can transmitted from mother to daughter
[114], they result in transient heritability in cell fate. In contrast, we have shown that
this seemingly continuous ‘layer’ functional heterogeneity is robustly heritable even
after several rounds of cell division. Elucidation of the mechanisms underlying the
robust transmission of these subtly different characteristics during T cell proliferation
networks may lead to interesting biological insights.

Naive CD8* T cells that are also CD5 have a greater intrinsic capacity for pro-
liferation than CD5'° cells. The increased capacity for proliferation of CD5™ cells is
manifest with the same degree of stimulation of the TCR signaling cascade with the
same dose of PMA /ionomycin as well as at identical but high (supra-physiological)
doses of IL7. Differences in metabolic capacities are also evident from the larger

cell size, lower mitochondrial mass and reduced glucose uptake in naive CD5 cells.
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[ Functional characteristic [ CD5™ | CD5" |

Proliferation capacity (same TCR or IL7 stimulus) High Low
Survival capacity in the absence of cytokine Low High
Baseline IL7R level High Low
CD5 and CD6 levels (regulators of the TCR cascade) | High Low
pStath, Bcl2, CD8a, pGsk3 induction by IL7 High Low
Gfil, Socsl Low High
Cell size High Low
Mitochondrial mass Low High
Glucose uptake Low High

Table 7.1: Intrinsic heterogeneity naive CD81 T cells. Intrinsic heterogeneity
in naive CD8* T cells is predictably marked by surface levels of CD5.

Differences in mitochondrial mass may also reflect differences in the capacity for au-
tophagy in CD5" and CD5% cells which is critical for maintaining T cell survival in
the periphery [98, 99]. Additionally, differences in glucose uptake could also explain
why CD5% cells survive better in reduced amounts of pro-survival cytokines both in
vitro and in vivo. As T cell size is maintained by IL-7 signaling [103], it is possible
that the differences in cell size between CD5M and CD5" cells are a consequence of
corresponding demonstrated differences in their responsiveness to IL7. The differen-
tial responsiveness to IL7 is also likely to be imprinted because it persists even after

activation and several rounds of cell division.

7.3 CD5 level as a lineage marker rather than a
surrogate for spMHC signal strength

Based on the requirement of spMHC for maintaining CD5 levels in vivo [113], a num-
ber of studies have directly interpreted the CD5 level on naive T cells as a surrgoate
measure for the strength of spMHC-induced T cell signal [33, 60]. However, we have
presented many lines of evidence that the baseline CD5 level is an intrinsic feature
of a T cell. Relative differences in CD5 levels in OT-1 and F5 cells, or polyclonal
CD5% and CD5% T cells, persist in vitro even after withdrawal from spMHC signals

although the absolute levels of CD5 decrease in all cases. Furthermore, the differences
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in CD5 levels persist even after many rounds of activation-induced proliferation and
conversion into memory-like cells in vitro and can survive dramatic changes in cell
physiology as well as multiple rounds of cell division that occur during T cell activa-
tion. Strikingly, the above results can be reproduced even with T cells from the same
TCR transgenic mouse but with high or low levels of CD5, strongly suggesting that
the relative baseline CD5 levels are intrinsic or imprinted. These findings suggest
that the observed differences in CD5 levels are maintained by both extrinsic and in-
trinsic mechanisms, thus reconciling the observations on developmental regulation of
CD5 levels by varying strengths of selection in the thymus [7] with the requirement for
spMHC signals to maintain CD5 levels in the periphery [113]. Thus, the baseline CD5
level may be better viewed as a lineage ‘marker’ of subtle but predictable differences
in T cell survival and proliferation capacities. The degree of induction of CD5 level
above baseline may better reflect the TCR:spMHC signal received by a particular
TCR in the periphery. We have also found that CD5 and CD6 are co-regulated in
OT-1 and F5 T cells and suspect that it could also be used as an additional marker
of this functional heterogeneity. Like CD5, CD6 is also upregulated during positive
selection. The levels of CD6 are low in female HY and DO.11 T cells which are
also known to express low levels of CD5 compared to other T cells from other TCR
transgenic mice [112].

The level of CD5 is believed to be upregulated during positive selection in DP cells
in a manner that is proportional to the avidity of the TCR for its cognate spMHC.
However, a direct comparison of CD5 levels in the thymi of OT-1 and F5 mice is not
possible due to dramatic differences in the progression from DP to SP stage between
OT-1 and F5 mice. However, both OT-1 and F5 Rag”/™ T cells that emerge into the
periphery acquire complete immunological competence. Indeed, numerous studies
have shown that OT-1 and F5 T cells can protect against tumors and pathogens
20, 86, 143]. Azzam et al have shown how the developmental regulation of CD5 levels
can dynamically impact the efficiency of TCR selection in multiple TCR transgenic
systems by negatively modulating the TCR signal [6]. It has been proposed but
not explicity demonstrated that CD5™ and CD5% T cells undergo different strengths
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of thymic selection and result in different efficiencies of positive selection [7]. This
question is difficult to address with wild-type mice as it is not possible to follow the
same TCR through different stages of development. Therefore we have addressed
this question using OT-1 and F5 mice. The thymic output is significantly higher in
OT-1 cells than in F5 cells. A majority of the cells undergo death by neglect in the
latter. The higher efficiency of positive selection in OT-1 cells is also supported by
mixed hematopoietic chimera experiments. This confirms the prediction that OT-1
cells are indeed selected by a stronger signal in the thymus and the CD5 level may
be developmentally imprinted to be higher in OT-1 cells than in F5 cells. Pathway
analysis of microarray data points to a possible role for E47 in this process, which is
consistent with its known involvement in lymphoid differentiation lineage decisions
as well as in the regulation of CD5 transcription during lymphoid development [138].
It is thus possible that the degree of cognate spMHC-mediated induction of CD5
levels that occurs in the thymus persists in the periphery in the form of differentially
imprinted ‘baseline’ CD5 levels.

Studies with CD5 transgenic and CD5 knockout animals have focussed on T cell
selection [6]. Germline over-expression of CD5 by a transgene can reduce positive
selection of TCRs with a low avidity for spMHC and germline deletion of CD5 can
increase the rate of negative selection. These phenotypes are thought to result from
the dysregulation of the dynamic regulation of TCR signaling by CD5 during T cell
development. Similarly, based on our findings of different baseline levels of CD5 in the
periphery, we would predict that inducible over-expression of CD5 in mature T cells
may result in cell death due to inadequate spMHC-induced survival signals or anergy
to foreign pMHC. Similarly, inducible knockout of CD5 could cause autoimmunity or

increased reactivity to foreign pMHC.

7.4 Intraclonal heterogeneity in T cells

The strongest evidence for the intrinsic and non-genetic nature of these differences

comes from the observation that T cells from the same TCR transgenic mouse have
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subtle but analogous differences that are predicted by CD5 levels. Our previous work
has shown that it is possible for T cells bearing the same TCR to be selected in multi-
ple lineages within the same TCR transgenic mouse [35]. This has been investigated
thoroughly in case of the 2C TCR, which we now know can be selected in the CD4t,
CD8&* or DN lineage, within the same background [35, 64]. The percentage of T cells
selected in any given lineage can be modulated by changing the relative amounts of
MHC-I and II using MHC-deficient backgrounds [35, 64]. Additionally, 2C T cells can
also be selected into the CD8a« lineage of intra-eptithelial T cells in the H2-b KPDP-/-
background [77]. The phenomenon of heterogeneous lineage selection is not peculiar
to the 2C TCR, and indeed, almost all the TCR transgenics that we have examined so
far can be selected in both the CD4+ and CD8" lineages [35]. This is summarized in
a table based on published flow cytometry data of the thymi of TCR transgenic mice
in the Ragl”/" or Rag2”/" background that we were able to identify (see Table 7.2).
Competition for spMHC between TCRs in the thymus can also affect lineage choice
[14]. These data suggest that heterogeneity in thymic selection of the same TCR into
different lineages in the same mouse is the outcome of spatiotemporal variability in
the spMHC repertoire. The asynchronous and unpredictable nature of calcium influx
detected in our T:DC co-culture experiments with mature naive T cells is also con-
sistent with a spatio-temporally variable spMHC repertoire and spMHC-mediated
signals in the thymus. Our demonstration of functional intra-clonal heterogeneity
further bolsters this view as selection on a heterogeneous spMHC repertoire in the
thymus could explain how T cells with the same TCR can receive varying strengths
of selection in the thymus and be selected into a functionally variable population of
cells within the same lineage. The heterogeneity in the spMHC repertoire within the
thymus and the consequent variability in the strengths of selection is also supported
by our studies of T cell selection in OT-1 and F5 mice. For instance, in the F5 Rag”/-
thymus, a majority of the DP F5 cells die by neglect, presumably due to an inability
to receive a selecting signal, while only a few cells expressing the same F5 TCR get

a selecting signal that allows them to mature and emerge into the periphery.
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Table 7.2: Contra-nominal lineage selection in various TCR transgenic Rag”/ mice.
The numbers indicate the percentage of cells selected into the specified lineage based
on published flow cytometry profiles of the thymi from various TCR transgenic mice
in the Rag”/ background.

Predominant lineage || Minor lineage
TCR agonist pMHC Haplotype CD8 | MHC CD4 | MHC Ref
2C SIYRYYGL/KP H-2° 80 Kb 5 AP, KP [35]
HY SMCY738-764/DP H-2b 10 DP 3.5 I-AP [71, 112]
OT1 OVA257-264/KP H-2b 80 KP 0.4 I-AP [79]
BM3.3 pBM1/KP H-2K 87 1 Class I 0! - [5, 105]
N15 VSV52-59/KP H-2b 28 KP 1 I-AP [108]
P14 LCMV GP33/DP H-2b 25 2 Db 12 I-AP [32]
Clone 4 | HA518-526/K1 H-24 61 K4 3 Class II [85]
F5 NP366-374/DP H-2b 9.3 DP 0 - [130]
Predominant lineage || Minor lineage
TCR agonist pMHC Haplotype CD4 ] MHC CD8 | MHC Ref
AND PCC88-104/1-AP H-2P 61 L-AP 2.1 Class I [75)
5B6 PLP139-151/1-A8 H-2° 22 I-As 3 Class [ [132]
TAZ10 TPO536-547/1-Ak H-2k ++ 3 I-Ak ++ 3 Class I [101]
H-2¥ 16! I-Ak 20! Class I [101]
Al8 C5107-121/1-E¥ H-2% 9.4 I-E¥ 1.4 Class I 8]
H-29/k 55 Class 1T 23.5 Class I 8]
HA HA107-119/1-E4 H-2d 7.7 I-E4 25 | Class I, I.E¢ [2, 61]
3.L2 Hb65-74/1-EX H-2k 7.7 I-EX 1.5 Class I [58]
2.102 Hb64-76/1-EX H-2k 5 I-EX 6 Class I [41]
H-2P 3 I-Ab 2 Class I [41]
DO11.10 | Ova323-339/1-A¢ H-2¢ 10 I-Ad 3.5 Class I [212]
B5 MSp1151-1171/I-E4 H-2d <1 I-E4 0.4 Class I [117]
TCl CLIP81-104/1-AP H-2° 8 I-AP 1 Class I [135)
Tea I-Ea52-68/1-AP H-2° 57 I-Ab 2 Class I [10]
OT-1I Ova323-339/1-AP H-2P 48 I-AP 1 Class [ [135]
2D2 MOG35-55/I-AP H-2P 37 AP 1 Class I [10]
5C.C7 MCC88-104/1-E¥ H-2k ++ 3 I.EX +3 Class I [133]
KB hC4675-686/1-E° H-25 ++43 I-E® +3 Class I [48]
N3.L2 Hb65-74/1-EX H-2k ++ 3 I-EX + 3 Class I [55]

1 Percentage of CD4 or CD8 T cells in the lymph nodes

2 Percentage of CD4 or CD8 T cells in the spleen
3 1+ and ++ indicate the relative percentages of CD4 and CD8 T cells as estimated from published FACS plots.

7.5 Implications for extrinsic models of functional
T cell diversity

Two recent studies have explained observations of functional T cell diversity in the
levels of CD5, CD8q, and IL7R, solely in the context of heterogeneous extrinsic
signals, which include both spMHC and IL7 (see Figure 2-8) [93, 94]. We have re-
interpreted the data from these studies in the light of our identification of intrinsic

diversity in T cell signaling networks, as discussed below.
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In what they have termed the ‘co-receptor tuning’ model, Park et al have proposed
that T cells that receive a strong signal from spMHC have a reduced responsiveness
to IL7 due to cross-wiring of the TCR and IL7 signaling cascades [94]. They found
that spMHC-mediated TCR signaling can inhibit IL7 signaling and that IL7 can
increase the strength of TCR signaling by inducing the transcription of CD8«. Male
HY TCR transgenic mice, which express high levels of CD35, completely lack the
ability to phosphorylate Stat5 in response to IL7 until the TCR-induced inhibitory
signal dissipates by resting the cells overnight. Their conclusions are in apparent
contradiction to our findings. However, we did not see comparable defect in the
ability of freshly isolated OT-1 cells to phosphorylate Stat5. As male HY T cells are
selected on agonist ligands, this phenomenon may not be applicable to the rest of the
CD8* T cell population. The inverse correlation between surface levels of CD5 and
CD8a in a panel of TCR transgenic mice selected in the same background (2C, F5
and female HY) has also been presented in support of the ‘co-receptor tuning’ model,
and indeed we find a similar inverse correlation in OT-1, 2C and F5 cells. However,
OT-1, 2C and F5 mice have decreasing numbers of CD8% cells and as a consequence
they have conversely increasing levels of IL7 (see Figure 6-4). There is also a very
strong correlation between baseline IL7R levels and the degree of IL7 consumption
per CD8* T cell'. This likely further exacerbates the differences in IL7 consumption
in OT-1, 2C and F5 mice as ‘baseline’ IL7R levels in CD8% cells from these mice
follow the order: OT-1 > 2C > F5.

We also find that the ‘baseline’ levels of IL7R are higher in OT-1 and polyclonal
CD5M cells than F5 or polyclonal CD5° cells, and that the IL7R levels are strongly
correlated with IL7-induced signal transduction in these cells. We believe that the
differences in the baseline levels of IL7R are due to imprinted differences in the T cells
as they are apparent after the dissipation of both IL7 and TCR signals by resting
cells overnight in culture medium. This result is also in apparent contradiction to the
results of Park et al. However, IL7R levels are downregulated by IL7 and the ILTR
levels in CD8* T cells from HY male, HY female and B6 mice as reported by Park et

! Personal communication from Megan Palmer of the Lauffenburger lab
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al may also be affected by differences in the levels of IL7 in these mice, arising from
possible variations in the total numbers of total CD8" T cells, as discussed above.
IL7R has a broad pattern of expression on polyclonal CD8" T cells. It is speculated
that it reflects localized ‘altruistic’ downregulation of IL7R in response to extrinsic
levels of IL7, particularly in close proximity to cytokine-rich areas around the sites
of IL7 production [78]. However, our results suggest that the intrinsic heterogeneity
in IL7R levels among CD8" T cells could also contribute to the variation in IL7R
levels in vivo. Unlike other gamma-chain cytokine receptors, IL7R is under tight
transcriptional control by way of an inhibitory feedback loop, and the cell type and
stage-specific regulation of IL7R is thought to ensure optimal utilization of limited
cytokine stores. Furthermore, such negative feedback control of IL7R transcription,
in response to spatially heterogeneous IL7 levels, is believed to maximize the size of
the T cell population in the presence of limiting amounts of IL7. This hypothesis is
based on the observation that enforced expression of IL7R in DN cells results in a
paradoxical decrease in the number of DN cells believed to be due the depletion of
the ligand in the thymus, where IL7 is produced by the thymic stromal and epithelial
cells in very limited amounts [87]. Similar results are seen with enforced expression
of IL7R in mature cells, resulting a decrease in the size of the mature T cell pool.
However, enforced expression of IL7R by a transgene is not quantitatively equivalent
to the lack of an ‘altruistic’ feedback transcriptional inhibition loop. In particular,
enforced transgenic expression of IL7R by a strong promoter like hu-CD2 is very
likely to result in significantly higher ‘baseline’ levels of IL7R compared to IL7R
transcribed solely off the native gene. Instead, an IL7R transgene construct that
drives IL7R expression with an IL7R promoter which is insensitive to IL7-mediated
feedback inhibition would be necessary to make the case for ‘altruistic’ regulation of
IL7R. Therefore, reduced cell numbers in IL7R transgenic mice may be more simply
explained by greater IL7TR-mediated consumption of IL7 as originally proposed by
Munitic et al [87] rather than the lack of putatively ‘altruistic’ IL7-mediated feedback

inhibition of IL7R transcription.
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7.6 Transcriptional networks that underlie differ-

ential imprinting

~ TCR signal
during positive
selection

Figure 7-1: Upstream master regulatory networks. The intrinsic differences
in survival and proliferation capacities as well as CD5 levels among T cells are ulti-
mately linked to the TCR, likely through various intermediary regulators. Microarray
analysis suggests that transcription factors of the E2A and IRF family and miRNAs
of the miR-181 family may determine these functional differences. It is likely that
this master regulatory network is differentially imprinted during thymic development
itself, when these factors are first expressed in T cells.

The whole genome expression profiles of OT-1 and F5 cells were analyzed for
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upstream regulatory transcription factors (see Figure 7-1). Transcription factors like
E47, E2F and IRF are predicted to underlie the differential expression patterns in
and was also validated independently using cDNA array data from previous studies
with E47-deficient and over-expressing T cell lymphoma lines [109]. E47 is known
to be critical for regulating T cell development and is therefore a likely candidate
for being a part of the transcription network that regulates these intrinsic differences
in T cell signaling networks. Our analysis also suggests that the targets of miR-181
family of miRNAs are significantly enriched in OT-1 cells. As miRNAs can regulate
both mRNA translation [91] and stability [141], differential expression of a miRNA
can affect the transcription profiles of its target mRNAs. This suggests that miR-181
is functionally over-expressed in F5 cells. This is particularly interesting as miR-
181a is an intrinsic modulator of T cell sensitivity and selection [67], and it increases
sensitivity of the TCR to antigen. This further supports the possibility that there
are intrinsic differences in the TCR cascade in F5 T cells and that changes in T cell
signaling networks that are initiated in the thymus persist in the periphery. Given our
observation that F5 cells are weakly selected and are imprinted with lower levels of
CD5, it is possible that miR-181a is developmentally imprinted in a manner analogous
to CD5, such that it increases the range of the selected TCR repertoire.

Lineage determining transcription networks (T vs. B, Myeloid vs. Lymphoid, CD4
vs. CD8, Thl vs. Th2) tend to have network motifs comprising of cross-inhibiting
loops and self-amplifying positive feedback loops resulting in bistable behavior and
differentiation into one of two lineages. However, it is interesting to speculate on the
likely features of a putative transcriptional network that regulates subtle differences
within a particular lineage, like we have described. However, a majority of epigenetic
changes that have been investigated so far focus on all-or-none type of regulation.
This is especially true of DNA methylation. One would anticipate ‘tunable’ marks of
both heterochromatin and euchromatin associated with such a network. Epigenetic
encoding of a seemingly continuous or graded response may possibly emerge from

discrete epigenetic regulation of multiple genes encoding the regulatory nodes of the
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underlying signaling networks. The study of regulatory nodes in CD8* T cell signaling
networks could provide a model system to study such phenomena. Another possibility
could be that systematic epigenetic regulation of enhancer regions rather than the
core promoters themselves could allow for a certain baseline activity that is stably

but subtly modified.

7.7 Competition-diversity paradox

It has often been stated that T cells compete for spMHC. Given that this process in-
volves a diverse repertoire of T cells competing for access to their cognate self-peptides
within a diverse repertoire of spMHC, this statement merits further clarification. For
reasons that I have laid out in detail in sections 2.3 and 2.4, T cells with TCRs of dif-
ferent specificities are unlikely to compete for the same cognate spMHC unless their
specificities are closely related. Surprisingly, adoptive transfer experiments using T
cells from different TCR transgenic mice suggest that T cells of dramatically different
specificities do compete for access to ‘homeostatic’ factors in a hierarchal manner that
is closely correlated with their CD5 levels [33]. For instance, OT-1 cells proliferate
upon transfer into 2C mice, but 2C cells do not proliferate when transferred into OT-1
mice. This demonstration of seemingly hierarchical interclonal competition between
T cells of different specificities for spMHC has remained a puzzling result without
a satisfying mechanistic explanation. However, in light of the new findings of this
thesis, we present an alternate interpretation of the result. We have identified that
the amount of IL7 varies in different TCR transgenic mice and is inversely correlated
with the total number of T cells in the TCR transgenic animals (OT-1 > 2C > F5).
Thus, what seemed like hierarchical competition may be, more simply, a consequence
of differences in the IL7 availability between different TCR transgenic mice.
Variable rates of LIP among T cells with different TCRs have been attributed to
their variable strengths of interaction with spMHC. If T cells had different spMHC-
dependent survival signals in the physiological steady state, it would raise the problem

of ‘competition-diversity paradox’ (see Section 2.7). While clonal loss due to the trade-
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off between diversity and the competition for spMHC or IL7 has been proposed, it
hasn’t been tested in practice. Knowing that the relative CD5 level acts as a lineage
marker for a heterogeneous population of CD8% T cells, we could address this question
by tracking CD5 profiles of polyclonal CD8" T cells upon transfer into congenic
lymphoreplete mice and found that they were steadily maintained. This study also
suggests that proximal spMHC-induced TCR signals in the periphery may not be
very different even among T cells bearing TCRs that were selected with dramatically
different strengths in the thymus, possibly due to the compensatory effects of ‘TCR
tuning’ by differential imprinting of regulatory molecules such as CD5 and CD6, which
may together act as a ‘rheostat’ for the TCR cascade, giving an equal opportunity
to all T cells to receive a spMHC-based survival signal, regardless of the specificity
of their TCRs. However, this merely shifts the focus of the competition-diversity

paradox to the heterogeneous intrinsic responsiveness to IL7 among CD8% T cells.
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Avidity for spMHC repertoire Avidity for spMHC repertoire

Figure 7-2: Optimal level of IL7 to maintain diversity. These heatmaps repre-
sent the proliferation and survival capacities of the naive CD8" repertoire in response
to IL7. Skewed responses to IL7 occur at both high and low levels of IL7 and the
physiological level of IL7 likely corresponds to an ‘optimum’ at which all the T cells
respond equally to IL7, regardless of their CD5 levels or strength of selection.

Our in vitro studies show that T cells have different baseline levels of IL7TR and
that a stronger IL7 signal is transduced in CD5M than in CD5' cells even at the
same dose of IL7. Thus, based on the ‘competition-diversity’ argument, one would

expect that CD5" cells would dominate the repertoire due to their better ability to
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signal in response to IL7. However, CD5' cells have a greater capacity to survive
under conditions of IL7 deprivation, both in vitro as well as in vivo. Furthermore,
it is believed that the levels of IL7 are ‘limiting’, which restricts the population of T
cells. But if they were limiting enough to result in preferential survival of CD5% cells,
the ‘competition-diversity argument’ would suggest the repertoire would be gradu-
ally skewed towards CD5' cells. This may suggest that the physiological level of
IL7 is at an ‘optimum’ where the IL7-induced survival and proliferation responses of
T cells are equal irrespective of their CD5 levels (see Figure 7-2). Indeed, our esti-
mate of the level of IL7 in vivo using a bioassay based on the ability of IL7 to cause
downregulation of IL7R supports this possibility and offers an explanation why the
‘competition-diversity parodox’ is avoided despite intrinsic differences in IL7 respon-
siveness among CD8" T cells. Exogenous IL7 therapy is being intensively investigated
as a potential immunotherapy [66]. We have shown that IL7 therapy could result in
the skewing of the repertoire towards a CD5M phenotype. Conversely, reduction in
the levels of IL7 with depleting antibodies caused skewing of the repertoire towards
the CD5'° phenotype. The functional consequences of such qualitative shifts in the T
cell repertoire in response to modulating IL7 levels away from the physiological op-
timum remain to be investigated. Preliminary results suggest that such effects may

also be seen with CD4™ cells as well but further characterization is necessary.

7.8 Future directions

This thesis presents evidence for intrinsic but subtle differences in the TCR and IL7
signaling networks among naive CD8" T cells. These differences are likely differen-
tially imprinted during development and are marked by the levels of CD5 and possibly
CD6. The identification of a lineage marker for this functional intrinsic heterogeneity
will make it possible to track T cells during development or activation-induced differ-
entiation and it provides a model system to look for putative non-genetic mechanisms
that have the potential to robustly imprint subtle differences in gene expression in

contrast to the commonly studied ‘all-or-none’ type of epigenetic regulatory mecha-
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nisms.

Our microarray analysis is consistent with the possibility that CD8" T cells in
the periphery are differentially wired and points to possible underlying regulatory
mechanisms. Identifying the key network nodes that are different will require system-
atic network perturbation of key regulatory nodes, combined with high-throughput
signaling analysis. In the absence of such analysis, in this study, we have used the
‘baseline’ expression profiles of these signaling mediators as a surrogate measure for
the intrinsic differences. However, the complete withdrawal of extrinsic signals may
itself be a cell-specific extrinsic signal that may elicit a cell-type specific response in
these two cells. This is especially a concern for T cells that rapidly execute a specific
cell death pathway upon growth factor withdrawal. This would make the estimation
of the true ‘baseline’ state of all the nodes of the TCR signaling network hard to
assess in these cell types using our simplified approach. Therefore, an accurate de-
scription of the differences in intrinsic parameters of a signaling network can perhaps
only be achieved through systematic perturbation of key signaling network nodes.
New multiplex technologies have made such an approach feasible and it could yield
novel insights into understanding how central tolerance is achieved by differential
imprinting of signaling networks.

Our analysis of the microarray profiles in naive OT-1 and F5 cells predicts the role
of an underlying regulatory network involving transcription factors of the E2A family,
as well as miRNAs of the miR-181 family. Direct validation of these predictions will
be necessary to elucidate the contribution of these factors to the underlying intrinsic
differences. Development of a mouse model that allows inducible knockdown of CD5
or other negative mediators of the TCR pathway could be a better approach to
studying the interaction of naive T cells with their cognate spMHC as this will would
increase the sensitivity of detection. A number of differentially expressed genes have
been identified using two well-defined populations of naive CD8" T cells from two
different TCR transgenic mice of defined specificities. It will be interesting to see if
these differences can are also seen with polyclonal CD5™ and CD5* cells as this will

allow further validation of the microarray data and also help confirm the predictions
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from the analysis of upstream regulatory factors.

Given the increasing interest in IL7 and anti-IL7 based therapies, further investi-
gation of the intrinsic differences in the signaling networks in CD8* T cells will help
us understand the clinical impact of skewing the T cell repertoire toward a CD5M or
CD5% phenotype while modulating the IL7 levels. Such studies will also help eluci-
date how the developmental tuning of T cell signaling networks may be critical for

the homeostasis of T cell diversity as well as the avoidance of autoimmunity.
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Figure 7-3: Updated model for the homeostasis of T cell diversity. This
thesis presents an updated model for the homeostasis of T cell diversity. A broad
range of TCRs with a wide range of avidities for spMHC is selected in the thymus.
This is made possible by the developmental upregulation of CD35, a negative regula-
tor of TCR signaling, in the thymus which parallels TCR avidity for spMHC. The
induction in CD5 level is imprinted and thus, cells selected with a strong signal in
the thymus differentiate into CD5™ cells and T cells that are weakly selected in the
thymus differentiate into CD3" cells. The CD8" T cells have correlated intrinsic
functional differences in their TCR and IL7 signaling networks, which are marked
by ‘baseline’ CD5 levels. CD5" cells also have a greater capacity for proliferation at
supra-physiological doses of ILT but a lower capacity for survival under conditions of
IL7 depletion. T cells bearing TCRs with different avidities for their cognate spMHC
within the same spMHC background receive broadly equivalent proximal TCR sig-
nals from spMHC in the periphery, possibly because of differential imprinting of T cell
signaling networks. Thus, at physiological levels of IL7 and spMHC, the homeostasis
of T cell diversity is maintained due to the absence of T cells that have a selective
advantage in access to or signaling in response to either IL7 or spMHC.
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Appendix A

Experimental procedures

A.1 Mice

C57BL/6 (B6) mice and congenic mice expressing the CD90.1/Thy1.1 allele (B6.PL-
Thyla/Cy) were obtained from the Jackson laboratory. OT-1, 2C and F5 TCR
transgenic mice were backcrossed on to the B6.RAG1~/~ background for over twenty
generations. The mice were maintained at the MIT animal facilities and used accord-
ing to the guidelines of the Institutional Committee on Animal Care. All mice used

were between 6-20 weeks of age unless otherwise indicated.

A.2 Generation of Dendritic cells

BMDCs were generated as described by Inaba et al [49] with minor modifications.
Briefly, bone marrow was isolated from the tibias and femurs of B6, Bom™~ or TAP/-
mice, filtered through a 70 um nylon mesh, and resuspended in complete medium
with conditioned media from J5 cells, which secrete GMCSF. Aliqouts of 1 x 10° cells
were plated into 24-well plates (Beckton Dickinson) and two-thirds of the medium
was replaced on day 3 and 6. The non-adherent cells were harvested on day 8, and
CD11c*t cells were enriched using anti-CD11c magnetic meads (Miltenyi MACS) to
> 95% purity. To prepare splenic dendritic cells, 2 x 10° B16 melanoma cells, which

were transduced with a GMCSF expression vector, were injected s.c. into B6 or Bom/”
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mice. Ten days later, dendritic cells were isolated from the spleens using anti-CD11c

magnetic beads to > 95% purity [34].

A.3 Cell proliferation assays

Cells were labeled with 5 uM carboxy-fluorescein succinimidyl ester (CFSE) in serum
free RPMI for 5 minutes at 37 °C and washed twice with RPMI containing 10 % FBS.
Cell proliferation was measured by flow cytometry at least 24 hrs after CFSE labeling.

FlowJo software (v8.8.4) was used for cell proliferation analysis.

A.4 Calcium flux analysis by epifluorescence mi-
Croscopy

2 x 10° T cells were incubated for 20 min at 37 °C with 1 pM Fura 2-AM ester (Molec-
ular Probes). After washing twice, they were mixed with an equal number of DCs and
resuspended in 250 uL of RPMI imaging medium and loaded onto a 6-well Lab-Tek
chambered coverglass slide. T cells and DCs were rapidly brought into contact at
the bottom of the slide by a brief spin for two minutes and immediately placed in an
environment chamber with circulating humidified air containing 5% CO, at 37°C.
Epifluorescence images (560 nm emission) were recorded at 340 and 380 nm excitation
every 15 seconds using an inverted epifluorescence microscope (Zeiss) and a Xenon arc
illumination source at 400 x magnification for upto 60 minutes. In a dense co-culture
like this, dendritic cells and T cells are highly migratory and move in all three dimen-
sions. Therefore, data was recorded in 4 horizontal planes encompassing 20 um in
the z-axis . The 340 and 380 nm excitation images for each timepoint were projected
into the zy-plane and ratiometric analysis was performed using Metamorph software.
Finally, Volocity software (Improvision) was used for deconvolution and cell-tracking,

yielding time-series of cytosolic calcium measurements in individual T cells.
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A.5 Antibodies and flow cytometry

Fluorescent marker-conjugated antibodies against murine CD5 (53-7.3), CD8a (53-
6.7), CD4 (L3T4), CD44 (IM7), Thyl.1 (OX-7), Thyl.2 (53-2.1), IL-7TRar (ATR34),
Va2 (B20.1), VG5 (MR9-4) and CD45.1 (A20) were obtained from BD Biosciences
or eBioscience. Briefly, titrated amount of antibody was incubated with the 10*
to 10° cells in PBS containing 0.5% BSA and 0.1% NaN; and washed twice before
flow cytometry analysis on a BD FACSCalibur or LSRIIL Cell survival was assayed
using flow cytometry by measuring propidium iodide dye exclusion. For BrdU in-
corporation studies, mice were injected with 100 ug of BrdU ip., and and BrdU
staining was performed in cells isolated from the lymphoid organs after 48 hrs using
a BrdU Flow kit (BD Biosciences). Glucose uptake was measured using a fluorese-
cent glucoase analog, 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose
(NBDG), from Invitrogen. Cells were incubated in glucose-free medium containing
100 pm NBDG for 1hr at 37°C and washed 3 x with ice-cold FACS buffer just prior

to analysis by flow cytometry.

A.6 Microarray expression profiling

Single cell suspensions were prepared from the lymph nodes of female OT-1 Rag™/~
or F5 Rag~/~ mice at 6-8 wks of age. CD44 cells were depleted by MACS (Miltenyi)
using CD44-biotin antibody and streptavidin-coated magnetic beads according to
manufacturer’s instructions. A small number of cells were saved to confirm purity
by FACS. Extraction of total RNA was performed using Qiagen RNeasy Mini kit ac-
cording to manufacturer’s instructions. The fraction of naive CD8" CD44% cells was
greater than 95% in all samples. The quality of RNA was assessed using agarose gel
electrophoresis (Agilent Bioanalyzer) and samples with RNA degradation were ex-
cluded. Unlike OT-1 mice, the RNA yield from none of F5 mice was sufficient to run
one gene chip, necessating the pooling for RNA from multiple mice. As we expected

the differences in the gene expression profiles between naive OT-1 and F5 T cells to
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be very subtle, we relied solely upon technical replicates to calculate statistical sig-
nificance of the data and RNA from 5 OT-1 and 8 F'5 mice was pooled for expression
profiling in three technical replicates for each cell type. Standard Affymetrix proto-
cols detailed in the ‘Genechip Expression Analysis Technical Manual’ was followed at
the MIT BioMicro Center for all labeling, fragmentation, hybridization and scanning.
Briefly, biotinylated cRNA was prepared according to the standard Affymetrix proto-
col from 6 ug total RNA. Following fragmentation, 10 ug of cRNA were hybridized for
16 hr at 45 °C on the Affymetrix Array, washed and stained in the Affymetrix Fluidics
Station 450. GeneChips were scanned using the Affymetrix Genechip Scanner 7G.
GCOS v1.4 Software was used for quality checking and initial data extraction, with

Affymetrix default parameters.

A.7 Generation of bone marrow chimeras

Bone marrow was obtained from the femurs and tibias of OT-1 and F5 donor mice
and filtered through a SI70pm mesh. The cells were resuspended in HBSS, mixed in a
1:1 ratio and 5 x 108 cells were injected i.v. into 6-8 wk old recipient B6.Rag”/" mice
irradiated with 600 Rads. B6 mice were injected with 100 pg anti-NK1.1 antibody
24 hrs prior to irradiation (1000 Rads) and reconstitution with bone marrow from

TAP-/- mice.

A.8 Implantation of drug-release pumps

The mice were anesthetized in a veterinary anesthesia flow chamber with 2.5 % isoflu-
rane and 0.5 Lpm O,. Prior to implantation, the miniosmotic pumps were filled with
100 uL of PBS containing a total of 5ng of IL7. Using aseptic techniques, a 0.5 mm
midscapular incision was made and a blunt hemostat was used to create a 2cm long
subcutaneous pocket over the right flank for the implantation of a miniosmotic pump
with a hemostat. The pumps were gently slid into the flank and the incision was

closed with upto two wound clips. Betadine antiseptic was applied on the incision
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site and the wound site was monitored daily in the animals.

A.9 Preprocessing of Data

The probe intensities were calculated from .CEL files using MAS5.0 normalization.
Significant gene expression was was assessed using Student’s t-test. The raw microar-

ray data as well as processed data is available at the NCBI GEO database.

A.10 Functional analysis using GO terms

GO terms are hierarchically organized groups of genes in three categories: biological
process, cellular compartment or molecular function. Over- or under-representation
of GO classification groups in the differentially expressed subset of genes for all the
categories was analyzed using the Biobase Explain 4.1 platform. Briefly, two p-values
are computed for each set of hits or matches to a GO category group: an over-
representation p-value, p(+), and an under-representation p-value, p(—), assuming
a hyper-geometric distribution as follows, and a Benjamini-Hochberg correction is

applied to control the false-discovery rate [137].

kmaz = min(n, D); kmin = max(0,n — (N — D))

N N
p(+) = ;c(T(g—)D—), p(-) =ikzmn(T<:L>PT>
n—i nee

N = number of genes linked to any group of the chosen GO category

where
D = number of genes in the given group of the GO category

n = size of the input list

k = number of genes that matched a gene in the group of the category
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A.11 F-match

The F-Match algorithm compares the number of sites found in a query sequence
set against the background set!. It is assumed, if a certain TF (or factor family)
plays a significant role in the regulation of the considered set of promoters, then the
frequency of the corresponding sites found in these sequences should be significantly
higher than expected by random chance. F-Match evaluates the set of promoters, and
for each matrix, tries to find two thresholds: (i) thy,s, which provides maximum ratio
between the frequency of matches in the promoters in focus (main set) and background
promoters (background set) (over-represented sites); and (ii) ¢hmin, that minimizes the
same ratio (under-represented sites) . As a result, for each weight matrix, a set of
predicted K sites and M sites in the both promoter sets with the corresponding matrix
scores are obtained. The F-Match algorithm makes an exhaustive search through the
space of all scores observed in the sequence sets. Each observed score is taken as
a threshold th and the program computes the number of sites k& found in the main
promoter set and number of sites m found in the background promoter set. Then, the
expected number of sites in the main set to be observed in the case of even distribution

of sites between two sets will be:

|main set|

k =n.J, n = k -+ m, - .
exrp f f |mazn set’ -} |background Set}

and assuming a binomial distribution of the sites between two sets, we can calculate
the p-value of finding the observed number of sites and higher, for over-represented

matches, or lower, in the case of under-represented matches

if k> keyp, p-value(+ Z Cr.fh (i (” -9
k
if k < keyp, p-value(— Z Cr.f.(i (“ —=9)

=1

giving the p-value of over- and under-representation of matches in the main pro-

1The F-match methods section is reproduced from Biobase Explain v4.1 documentation
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moter set. For a given significance level p (e.g. p = 0.001), F-Match finds such
thresholds th-max and th-min that maximizes and minimizes, respectively, the ratio
k/kexp provided that the p-value < p. If the required significance level cannot be

reached for a given matrix, this matrix will not be considered.

A.12 Gene Set Enrichment Analysis

Gene Set Enrichment Analysis was performed using the Desktop software tool [118].
All the genes with probe intensity ranks > 50" percentile in both OT-1 and F5 cells,
i.e. a total of 10588 genes, were ranked using a signal-to-noise ratio (SNR) as defined
below and used for GSEA analysis with the following parameters. Given the small
number of classes, 1000 permutations of gene sets were performed to estimate the

statistical significance.

Signal-to-Noise Ratio (SNR) = HOT-1 — HFS5
00T-1 -+ JF5

producer_class xtools.gsea.Gsea
param collapse true

param cls /Users/vinay/GSEA/OT1F5.cls#0T1+_versus_Fb+
param plot_top_x 20

param norm meandiv

param save_rnd_lists false
param median false

param num 100

param scoring_scheme weighted
param make_sets true

param mode Max_probe

param gui false

param chip gseaftp.broad.mit.edu://pub/gsea/annotations/Mouse430_2.chip
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param
param
param
param
param
param
param
param
param
param
param
param

param

metric Signal2Noise

help false

order descending

out /Users/vinay/GSEA/results
permute gene_set

rnd_type no_balance
set_min 15
include_only_symbols true
sort real

rnd_seed timestamp

nperm 1000

zip_report true

set_max 500
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