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Abstract

The stochastic diversification of the T cell receptor (TCR) carries with it both the
potential for recognizing virtually infinite foreign peptides, but also the potential for the
erroneous recognition of self-peptides, which represents a threat of autoimmunity. During
development in the thymus, T cells are positively selected based on weak self-reactivity and
negatively selected when they demonstrate strong self-reactivity. Thymocytes are negatively
selected when they recognize with high affinity self-peptides expressed ubiquitously (UbA,
encountered in the thymic cortex) or in a tissue-restricted manner (TRA, encountered in the
thymic medulla). To model negative selection to these differentially expressed antigens, here we
used the MHCl-restricted HY** (UbA) and OT-I (TRA) models. Negative selection serves to
censor or silence self-reactive clones by instructed apoptosis (clonal deletion), diversion into

nonconventional lineages (e.g. Treg), or functional inactivation (tolerance).

We previously showed that impairment in clonal deletion in a model for negative
selection to TRA did not lead to a spontaneous loss of tolerance. In this study, we investigated
the non-deletional tolerance established in cells that escaped clonal deletion in this model.
Tolerance was established in a T cell-intrinsic manner in the thymus, and we provide the first
epigenetic profile for thymocytes in this state. PD-1 is a co-inhibitory receptor that functions to
depress the TCR signal. It has been negatively associated with T cell function under various
contexts, but it has received the most attention for its role in maintaining T cell dysfunction
during anti-tumour or anti-viral responses. We determined that PD-1 and PD-L1 were required
for the establishment of thymic tolerance in our model. Tolerance was largely maintained
following adoptive transfer of either mature thymocytes or splenic CD8" T cells into PD-L1"-

recipients, but CRISPR-mediated ablation of the Pdcd! locus resulted in broken tolerance.
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Overall, these data suggest that the requirements for PD-1-mediated tolerance differ between the

establishment versus the maintenance of tolerance.

Capicua (CIC) is an evolutionarily conserved transcriptional repressor that has recently
been implicated for its role in early T cell development and expansion, and as a suppressor of
autoimmunity. CIC has been postulated to participate in a negative feedback network for ERK
signaling. Such a network was described in a study using human cell lines; ERK signaling
attenuated CIC activity, while CIC repressed the transcription of a negative ERK regulator,
DUSP6. A similar regulatory loop may also function in thymocytes, as known ERK regulators
(DUSP6 among them) have been observed to be upregulated in the absence of CIC. In this study,
we investigated the role of CIC in positive and negative selection using a CICFY* CD4-cre
knock-out model, which allows for the separation of early development events and selection
proper. CIC deficiency resulted in impaired positive selection in mixed bone marrow chimeras
for polyclonal thymocytes and in two MCHI-restricted TCR transgenic models. In contrast,
negative selection in these transgenic models was largely unperturbed, suggesting CIC plays a
unique role in the integration of the weak TCR signals associated with positive selection. Finally,
CRISPR-mediated deletion of Dusp6 was unable to rescue impaired positive selection in the CIC
deficient thymocytes in HY** mixed bone marrow chimeras, suggesting that this negative ERK
regulator is not required for CIC’s influence on selection. However, whether DUSP6 participates

in this process redundantly alongside other regulators remains an unanswered question.
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Chapter 1 - Introduction

1.1 - The T cell compartment as a critical part of the immune system

The immune system is a complex and diverse grid comprised of a breadth of cell types,
diffusible messengers, tissues, and physical phenomena that coordinate to precipitate protective
responses against pathogens. Broadly, immunity can be categorized into two main branches:
innate and adaptive immunity. Innate immunity includes the germline encoded mechanisms that
provide 1) physical barriers to the outside world (such as the epithelial cell layers with associated
mucosal secretions that line the respiratory or gastrointestinal tracts, and others), 2) small soluble
molecules (such as complement, defensins, chemokines, cytokines, etc.), and 3) cellular
mediators such as neutrophils or monocytes, which provide antimicrobial protection
independently of antigen (Ag) specificity — and due to this feature, innate immunity is rapidly
provoked (1). In contrast, adaptive immunity first arose in jawed vertebrates and is mediated by
T and B lymphocytes, characterized by Ag-specific receptors diversified by unique enzymes that
drive the rearrangement of their loci (2). T and B cells respond and expand based on the Ag-
specificity of the T cell receptor (TCR) and B cell receptor (BCR), and establish immune

memory, whereby subsequent responses are more rapid and robust.

The T cell compartment contains a myriad of subsets that encapsulate important effectors
of an immune response, but also key regulatory nodes that inform both the type and magnitude
of response carried out. CD4" T helper (Th) are T cells that function based on their af TCR
engagement with peptide-MHCII (pMHCII); the differentiation of these cells into various subsets
is thought to be based on signals from the extracellular milieu, the nature of the inciting Ag,

and/or the qualities (i.e. size, TCR affinity, etc.) of the responding CD4" T cell population. Th



subsets include Th1, Th2, T regulatory cells (Treg), T follicular helper cell (TFH), Th17, Th9,
Th22, and CD4" cytotoxic T lymphocytes (3). TFH cells, for example, support and promote
humoral immune responses driven by B cells, and their early differentiation depends on
numerous factors such as IL-6, inducible co-stimulator (ICOS), and TCR dwell time (4). The
CDS8" T cell is the other aff TCR-expressing conventional T cell subset, which upon high affinity
engagement with pMHCI, differentiate into effector T cells (cytotoxic T lymphocytes, CTL) that
can eliminate intracellular pathogens by inducing apoptosis in infected cells via Fas/FasL

interactions or release of cytolytic mediators.

1.2 - The T Cell Receptor

The oy TCR is an Ag receptor comprised of two chains, o and . The 5” ends of the genes
encoding these subunits are arranged in arrays of variable (V), diversity (D), and joining (J)
segments. The whole TCR complex consists of the a3 TCR heterodimer (responsible for specific
Ag recognition) associated with CD3 y/6/¢/C subunits (which transmit the TCR signal; discussed
below). The coreceptors CD4 and CD8 bind to MHC class I and II, respectively, which provide
stabilization for the TCR-pMHC interaction and bring coreceptor-bound signaling molecule

LCK into proximity with the TCR complex, allowing for the TCR signal to be kick-started (5).

The stochastic generation of the aff TCR heterodimer involves RAG recombinase (a
complex of Ragl and Rag2 gene products) — in concert with additional accessory factors —
binding DNA and generating double-stranded breaks at recombination signal sequences (RSS)
flanking V, D, and J segments. The resulting error-prone repair, non-templated nucleotide
addition, and combination of V and J segments for the TCRa chain and the V, D, and J segments
for the TCR chain (along with their respective constant domains) produces the vastly diverse
repertoire of TCR specificities required for preparedness for an outside world of virtually infinite
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and changing foreign Ags (6). Development of the non-conventional yd T cell similarly involves
such recombination of the TCRy and TCR® loci. The stochasticity in the generation of this
diverse repertoire means that TCRs can recognize self peptide presented in the context of MHC
(facilitated by CD4/CDS8 co-receptors) with a wide range of affinities. A low level of reactivity
for self-MHC (in contrast to no self-reactivity whatsoever) is thought to characterize a functional
TCR repertoire (development, homeostasis, and recruitment into responses) (7), and may be
predictive of a given clone’s capacity to bind foreign pMHC (8). Conversely, TCR affinities on
the upper end of the spectrum of self-reactivity can potentially drive pathological responses to
healthy tissues and must therefore be censored from the T cell repertoire. As a result, T cells
undergo an education process in the thymus to retain a heterogenous functional population of

low self-reactivities, while simultaneously silencing clones of high self-reactivity.

1.3 - T cell development and selection

Thymocyte development and selection is summarized in Figure 1.3-1. Hematopoietic
stem cells give rise to CD4  CD8" (DN) T cell progenitors that traffic through the blood and seed
the thymus at the cortico-medullary junction (9). These early DN thymocytes then differentiate
through four sequential stages characterized by CD25 and CD44 expression: DN1 (CD25"
CD44"), DN2 (CD25" CD44"), DN3 (CD25" CD44"), and DN4 (CD25  CD44"). At the DN2/3
stages, RAG1/2 are expressed and first begin rearrangement of the TCR, TCRy, and TCRd
genes (10, 11). A process termed B-selection occurs, whereby the TCR subunit associates with
the pre-TCRa chain and with CD3 proteins to form a pre-TCR complex whose signals validate
the functionality of the TCRp rearrangement and support the survival, proliferation, and

differentiation of DN3 thymocytes (12, 13). Subsequent progression into the DN4 stage is



accompanied by extensive proliferation and the rearrangement of the TCRa locus, which

continues until entry into the CD4" CD8" DP stage (14).
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Figure 1.3-1: Development and selection of af3 T cells.

Early thymocyte progenitors enter the thymus at the corticomedullary junction. CD4- CD§” DN

thymocytes progress through four developmental stages defined by CD44 and CD25 expression.

B-selection occurs at the transition between DN3 and DN4 stages, during which thymocytes

harbouring a functional TCRp subunit are selected for. At the CD4" CD8" DP stage, the fully

formed afTCR scans ubiquituous (UbA) self-pMHC in the thymic cortex, and the affinity of the

interactions between these entities signal thymocytes to undergo death by neglect, positive

selection, or negative selection. Positively selected thymocytes differentiate into CD4/CD8 SP
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stages and migrate to the medulla, where they retain the potential for negative selection as they
encounter tissue-restricted Ag (TRA) self-pMHC presented therein. The population of mature SP

thymocytes exiting the thymus is largely tolerant of self-peptides.

Upon formation of the afTCR, DP thymocytes are “auditioned” based on the affinity of
their TCR for self-pMHC presented by cortical thymic epithelial cells (¢cTEC), which present a
unique pMHC ligandome due to their unique Ag-processing machineries. cTECs express the 5t
catalytic subunit of the proteasome that produces a thymus-exclusive suite of MHCI ligands
critical for positive selection of CD8" thymocytes (15, 16). cTECs also express the unique
lysosomal proteases cathepsin L and thymus-specific serine protease (TSSP), which similarly
produce unique ligands for endogenous loading on MHCII, and are required for the positive
selection of CD4" thymocytes (17—19). If the TCR-self-pMHC interaction is too weak and fails
to generate a productive signal, thymocytes die by neglect — they fail to experience positive
selection and the accompanying survival signals. The pre-programmed cell death of DP
thymocytes is thought to be supported by the unavailability of IL-7 signals due to a lack of
CD127 (IL-7Ra) expression and paucity of IL-7 in the cortex (20). Thymocytes expressing TCRs
with high affinity for self-pMHC undergo negative selection, whereby thymocytes are instructed
to undergo apoptosis (clonal deletion), are rendered functionally impaired (anergy), or are
diverted into non-conventional lineages such as Tregs, or CD8aa." intestinal epithelial
lymphocytes (21). In the thymic cortex, thymocytes are auditioned based on ubiquitously-
expressed Ags (UbA) (22). Following low-medium affinity encounters of the TCR with self-
pMHC, positive selection occurs and DP thymocytes transition into the CD4" CD8 (CD4SP) or

CD4 CDS8" (CD8SP) stage and undergo CCR7-mediated migration into the thymic medulla (21).



In the medulla, SP thymocytes are exposed to a myriad of ectopically expressed tissue-restricted
Ag (TRA) produced by medullary thymic epithelial cells (mTEC), upon which negative selection

can occur during the 4-5 day thymocyte residency in this compartment before release into the

periphery (23).

1.4 - TCR signaling during selection

The signaling machinery associated with the TCR is responsible for transmitting and
integrating the mechanical force experienced by the TCR itself into complex and diverse
functional and fate outcomes. Monomeric pMHC binding studies combined with fetal thymic
organ culture previously defined the affinity threshold for negative selection at Kp < 6 uM,
meaning that thymocytes binding self-pMHC with a lower affinity (Kp > 6 uM) experience
positive selection (24, 25), in a manner largely independent of peptide concentration. This
suggests striking precision in the TCR’s ability to interpreting Ag affinity. Bids to explain this
precision have culminated in the currently-held kinetic proofreading model (26), which proposes
TCR-pMHC dwell-time as the deciding factor for interpreting affinity. Indeed, studies using
optogenetic systems wherein the duration TCR-ligand interactions could be finely controlled
have more recently provided support for this model (27, 28). Subtle differences in the duration of
receptor occupancy are thought to be magnified by a sequence of downstream molecular events
only triggered by longer TCR-pMHC interactions, termed proofreading steps. Examples of these
events include CD4/8 coreceptor scanning (whereby the TCR complex “scans” the sea of
coreceptors in the plasma membrane for those bound with LCK (29)), ZAP70 recruitment, LAT

clustering, and diacylglycerol production (30).

Broadly, upon engagement of the TCR and LCK-bound coreceptors CD4 or CD8 with
pMHC, tyrosine phosphorylation of the CD3 ITAMs by LCK results in the recruitment and
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activation of ZAP70. Tyrosine residues on linker for activation of T cells (LAT) are
phosphorylated by ZAP70, producing docking sites for other adapter molecules such as GADS,
GRB2, SLP76, which facilitate the recruitment and activation of signaling molecules such as
Vavl, PLCyl, and SOS1 (31). The formation of the LAT signalosome is a crossroads for multiple
downstream signals. For example, PLCy1 generates second messengers from membrane lipids —
diacylglycerol (which activates protein kinase C (PKC) and the MAP kinases (MAPK)
pathways) and inositol (1, 4, 5)-trisphosphate (which triggers an increase in intracellular calcium
and calcineurin activation). These signaling events culminate in the activation and/or nuclear
translocation of activator protein 1 (AP-1), nuclear factor-kB (NF-kB), and nuclear factor of
activated T cells (NFAT), whose activities combine with additional signals (CD28 co-stimulation

and PI3K activation, cytokine signaling) to inform T cell development and behaviour (31).

The multitude of signaling events downstream of the TCR are a complex integration
network. Each node (recruitment or phosphorylation event, or the diffusion of a second
messenger), acts as a rheostat, independently contributing to a final fate outcome for the T cell.
ZAP70 activity, for instance, while critical for TCR signaling under all contexts, is required over
several days to generate the weak signal needed for positive selection, but is only required for 1
hour to induce negative selection (32). TCR-pMHC dwell-time is also thought to
probabilistically regulate the recruitment of SOS1/GRB2 to LAT, which further promotes LAT
clustering and cooperativity in the LAT signalosome (33—-35). Additionally, LAT is required for
both positive and negative selection (36, 37), and the slow kinetics of PLCy1 recruitment to LAT
help determine TCR sensitivity and therefore ligand discrimination (38). Further downstream of
the TCR complex, the entry of Ca®* into the cytoplasm acts as a second messenger. Low transient

increases in cytosolic Ca®" are associated with positive selection, supported by voltage-gated Na*



channels (39); in contrast, negatively selecting signals result in sustained, consistently increased
cytosolic Ca?" (24, 40). The MAPK pathway is central to our current understanding of how weak
and strong TCR signals are translated into positive or negative selection. During positive
selection, the MAP kinases ERK1/2 experience weak but sustained activation and robust,
transient activation during negative selection (41, 42). ERK1/2 have been shown to be required
for positive selection, but not required for negative selection (42—44). In contrast, the MAP
kinases P38 and JNK are dispensable for positive selection, but required for negative selection
(45, 46), and their kinetics appear similar following these two signals (41). While each of these
MAPKSs is activated during both positive and negative selection, it is their activation kinetics and
subcellular localizations that appear to influence their roles in these processes (24). Beyond the
kinetics of individual signaling participants that occur within an individual T cell, other external
factors exert influence on the functional avidity of the T cell fate response (or responses to TCR
signaling in general) through their influence on the activation of the aforementioned intracellular
pathways. The affinity of the TCR for self-pMHC is determined by diversity in the TCR,
presented peptide, and MHC. However, the avidity of this interaction is additionally informed by
the density of MHC, co-stimulatory, and adhesion molecules on adjacent APCs (antigen
presenting cells), the availability/rate of presentation of peptide, coreceptors (CD4/CD8), and
cytokines (47). Thus, the array of physical and chemical signals that cooperate to inform the
strength of the TCR signal is extensive and context-dependent, and it can therefore be difficult to

distinguish these influences from one another.

1.5 — T cell activation and tolerance

Following T cell development, mature naive T cells exit the thymus and begin to patrol

the periphery, receptive to activating stimuli and the subsequent precipitation of a productive T



cell response. In the event that a T cell recognizes Ag presented by MHC with high affinity, a
TCR signal is initiated, but the ultimate fate and function of the T cell is determined by the
activity of co-stimulatory and co-inhibitory receptors. CD28 is the prototypical co-stimulatory
molecule, originally implicated in the proposed “two signal model”, which introduced the
paradigm that both TCR and co-stimulatory signaling are required for full T cell activation (48—
50). Conversely, co-inhibitory receptors expressed on the T cell surface antagonize TCR and co-

stimulatory signaling and T cell activation.

The expression of co-signaling receptors is responsive to changes in the local tissue
environment. Activated APCs in the context of inflammatory responses are characterized by
elevated production of antimicrobials, pro-inflammatory cytokines, chemo-attractants, and co-
stimulatory ligands (importantly CD80/CD86, ligands of CD28). Alongside a strong TCR signal
(signal 1), provision of co-stimulation to CD4" T cells (signal 2) leads to their activation, and
these activated cells return the favour to APCs by engaging their membrane-bound CD40 with
the T cell-expressed CD40L. This results in “licensing”, whereby the APC is induced to increase
Ag presentation, cross-present extracellular Ag on MHC I, and increase co-stimulatory capacity.
Subsequently, a CD8" T cell response can then be efficiently provoked (51). Receipt of signal 1
without signal 2 is canonically associated with a failure to induce lymphocyte activation and the
induction of tolerance. Accordingly, in this document, I will define tolerance as a state of active
hypo-responsiveness (and lack of immune responsiveness) toward a given Ag due to a previous

encounter with the Ag.

The question of tolerance arises when one asks whether and how APCs become activated
in the first place. Originally, a scaffold to this question was provided by the self-non-self theory,

which postulated that a bona fide immune response is triggered against foreign “non-self’



entities. Such entities are detected based on the engagement of evolutionarily conserved
“pathogen-associated molecular patterns” (PAMPs) with evolutionarily conserved receptors on
the surface of APCs (e.g. bacterially-derived lipopolysaccharide detected by TLR4) (52, 53). By
contrast, Matzinger’s competing “danger model” contests that “danger-associated molecular
patterns” (DAMPs; e.g. ATP or F-actin released from damaged cells) is what induces an immune
response. According to this model, self Ag can induce an immune response if associated with
danger signals (e.g. some autografts), and non-self can be tolerated if not associated with danger
signals (e.g. a fetus) (54). If “’foreignness” of a pathogen is not the important feature that
triggers a response, and “self-ness” is no guarantee of tolerance’, as Matzinger wrote (55), then
whether danger signals are perceived is critical in determining the balance between full
activation and tolerance, even at steady state in a healthy organism. Overall, the presence of
PAMPs or DAMPs is conceptually important in producing a microenvironment favourable for
the delivery of the co-stimulatory Signal 2. Whether this signal is great enough to overcome
antagonistic co-inhibitory signals may be swayed contextually by factors such as the relative
availability of Ag/co-signaling molecules and the time frame of T cell stimulation (acute vs.

chronic).

1.6 - Central Tolerance

As mentioned above, the inherent self-reactivity required for both positive selection and
naive T cell homeostasis brings with it the threat presented by overtly self-reactive T cell clones,
as recognition of self can lead to auto-aggressive pathological immune responses. Thus,
tolerance is a term that broadly encapsulates the processes that prevent these pathologies. During

selection in the thymus, these processes fall under the umbrella term, central tolerance.
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In the thymic cortex, thymocytes undergo apoptosis due to either a failure of positive
selection (56) or clonal deletion following negative selection (57, 58). The large number of
thymocytes that fall into the latter group suggests that the stochastic generation of TCR
specificity is MHC-biased (57). Critically, negative selection to ubiquitous self-Ag (UbA) in this
compartment is dependent on rare CD11¢" dendritic cells (DCs) (22, 40). The rarity of this
subset in the thymus may be counterbalanced by its high level of co-stimulatory and adhesion
molecule expression. Indeed, DCs deficient in intercellular adhesion molecule 1 (ICAM-1) were
less effective in facilitating thymocyte arrest and sustained signaling associated with negative

selection (40).

How is tolerance established toward Ags whose expression patterns are limited to specific
tissues? Earlier studies showed that an absence of T cell reactivity toward such Ags was
associated with their ectopic expression in thymic tissue (59—63). Later it was revealed that a
hallmark of the thymic medulla is the ectopic expression of tissue-restricted Ags (TRA) by
medullary thymic epithelial cells (mTECs) driven by the promiscuous transcription factor
autoimmune regulator (AIRE) (64-67). Following positive selection, thymocytes upregulate
CCR7, which promotes migration to the medulla. CCR7 upregulation is thus critical for
tolerance, since failure to enter the medulla means a failure of thymocytes to establish tolerance
to TRA. Indeed, mice lacking CCR7 or CCR7 ligands develop tissue specific autoimmunity (68).
Direct Ag presentation by mTECs induce deletion in both CD8" and CD4" SP thymocytes
(allowable through endogenous MHCII loading) (69, 70), although neighbouring APCs can do so
as well through cross-presentation. Additionally, the increased expression of the co-stimulatory
ligands CD80/86 in both mTECs and medullary APCs (important for negative selection in both

the cortex and the medulla (71)) is another feature defining the medulla as a compartment
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specialized for negative selection. Following encounter with high affinity Ag during selection,
there are several possible fates that thymocytes can take on. Thus far, [ have primarily discussed
clonal deletion, for which the pro-apoptotic molecule, Bim, is critical. However, while the
following sections will not include exhaustive discussion of all possible fates after negative

selection, I will touch on those that are pertinent to this thesis.

1.6.1 - Clonal deletion

Bim is a member of the BCL-2 family and mediates cell death via the intrinsic apoptotic
pathway. Bim is important for clonal deletion in superantigen-mediated models (72), TRA-
mediated models (73—75), and UbA-mediated models (74, 76). However, in UbA-driven models
of deletion, Bim deficiency did not rescue the development of a mature population of SP
thymocytes, suggesting that it is not deletion that enforces tolerance to UbA. Rather, the receipt
of a high affinity TCR signal implies a failure to receive a positive selection signal (77), or
alternatively, premature eviction from the thymus in the case of CD8 T cells (78). Meanwhile,
TRA are expressed in the thymic medulla, requiring developing thymocytes to first undergo
successful positive selection and migration before they can engage with these antigens (79).
Given the differences in developmental stage and tissue locale during negative selection to these
different modes of self-peptide presentation, it’s not surprising to observe different kinetics and
requirements for this process. A recent study has estimated that 78 % of thymocytes undergoing
clonal deletion do so in the cortex (71), which is in agreement with previous studies (57, 80) and
likely in part thanks to the fact that DP thymocytes are particularly sensitive to TCR stimulation
(14, 81, 82). However, clonal deletion can still occur up until the mature SP thymocyte stage
(71). Bim expression is positively regulated by JNK signaling, which coincides with INK’s

importance to clonal deletion (83, 84). During low affinity TCR signaling, thymocytes may
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employ unique biochemical pathways to hamper clonal deletion until the receipt of bona fide
(high affinity) negatively selecting signals. Such pathways may involve Schnurri-2 (85) or

NCoR1 (86), to dampen pro-apoptotic Bax activation or inhibit Bim expression, respectively.

1.6.2 - T regulatory cells

T regulatory cells (Treg) are a non-conventional T cell fate following negative selection —
an example of agonist selection. Tregs generated in the thymus are referred to as thymic Tregs
(tTreg). Characterized by the expression of the transcription factor Foxp3, they represent a mode
of dominant tolerance, in which they suppress immune responses. Antigen-specific mechanisms
for this purpose arise during the Treg: APC interaction and include the removal of pMHC
complexes from presenting DC’s surface through trans-endocytosis and the binding and
downmodulation of co-stimulatory molecules (e.g. CD80/86) on Ag-bearing APCs. Some non-
antigen-specific mechanisms include the production of anti-inflammatory cytokines and Treg
surface enzymes CD39/CD73 leading to increased concentrations of adenosine in the local
environment and subsequent inhibition of Ag presentation by DCs (87). High affinity TCR
signaling induces the upregulation of CD25 (high affinity a-chain of the IL-2 receptor) — this
generates a population of CD25M Foxp3- Treg precursors which are destined to become full-
fledged Tregs upon the upregulation of Foxp3 and the receipt of IL-2 signaling (88), likely
provided by thymic DCs which are potent producers of the cytokine (89) (though Treg induction
can lead to apoptosis if cytokine-mediated survival signals are not received (90)). This being
said, there is evidence suggesting both TECs and bone marrow-derived APCs can drive thymic
Treg development, thus it does not appear dependent on a dedicated APC (91). Rather, the

generally cytokine- (IL-2 and IL-15) and co-stimulatory molecule-rich environment of the
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medulla robustly support Treg development, providing rationale for the observation that the

majority of thymic Tregs develop in the medulla (88, 92).

1.6.3 - Anergy

The establishment of a functionally unresponsive or hypo-responsive state in autoreactive
T cells is known as anergy, which is an alternate fate for thymocytes following high affinity Ag
encounter. This state is defined by a cell-autonomous inability to respond to subsequent
activation with proliferation, differentiation, or effector function (93). Generally, anergy is
associated with inhibited activation of TCR signaling molecules such as Ras and ERK,
downregulated expression of critical signaling participants such as ZAP70, and in some MHCI-
restricted models the downregulation of CD8 and the TCR (94). Transcriptional activation of
anergy-associated genes such as Cbl-b by Egr2/3 (95, 96) or nuclear factor of activated T cells
(NFAT1) is thought to provide a basis for reduced TCR signaling capacity in anergic cells, as
ubiquitylation by Cbl-b tags signaling molecules for lysosomal degradation (97, 98). This mode
of T cell tolerance has largely been investigated for its induction in peripheral tissues, although
early studies showed that HY TCR Tg thymocytes that escape clonal deletion and circulate in the
periphery are unresponsive to HY Ag (99, 100). Later studies have additionally provided
evidence for the induction of this state in the thymus in superantigen, polyclonal, and Tg TCR
models (93, 101-103). However, the contribution of anergy to central tolerance remains under-

appreciated.

1.7 - Peripheral tolerance and states of T cell dysfunction

Mechanisms of central tolerance are not perfectly effective, especially considering that
not all self-Ags are efficiently presented in the thymus. Thus, peripheral mechanisms work to
both maintain the tolerance established during in the thymus, as well as establishing de novo
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tolerance in the periphery to — for example — self-Ag presented inefficiently during selection or
sequestered in immunologically privileged tissues. Peripheral tolerance thus also stands as an
obstacle to desirable T cell responses to such threats as tumours or chronic infections, which are
known to promote T cell dysfunction. In this section, I will discuss T cell-intrinsic dysfunction,
which can be classified under the terms tolerance, exhaustion, and anergy. For the sake of
brevity, this section will only touch on mechanisms of peripheral tolerance relevant to this thesis.
It is a complex task to categorize and distinguish putatively different T cell states that are
ultimately unified by hypo-responsiveness and altered activation. The distinction between these
states is subtle and usually depends on 1) the circumstances under which the state was acquired,
2) the implications and associations attached to the experimental model used to assay the
functional state in question, and 3) the phenotypic features. The last point (phenotypic features)
includes functional, epigenetic, and transcriptional characteristics; the difficulty with
categorizing on these grounds comes from the fact that each term for T cell dysfunction likely

embodies multiple discrete biochemical forms of unresponsiveness.

1.7.1 - Peripheral deletion

Deletion can occur in the thymus during T cell development as well as in the periphery.
In the latter compartment, Bim mediates peripheral deletion alongside the extrinsic pathway of
apoptosis activated by death receptors such as Fas/FasL (77). Bim induces apoptosis through
permeabilization of the outer mitochondrial membrane through Bax/Bak, and is thought
important for the contraction of T cell responses following acute infections. Fas (also CD95) is a
death domain-containing receptor that when stimulated by its ligand FasL, trigger the deletion of
T cells that repeatedly experience TCR stimulation in vivo (104, 105), in an apoptosis pathway

termed activation-induced cell death (AICD).
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1.7.2 - Anergy

Anergy as a concept was originally divided into two main categories: clonal anergy and
adaptive tolerance. Clonal anergy is thought to be induced in vitro in CD4" T cells following
incomplete activation, which may occur with the following stimuli: strong TCR stimulation
without co-stimulation or by weak TCR stimulation in the presence of co-stimulation. Cells in
this state fail to proliferate but can still produce low levels of effector cytokines upon subsequent
TCR stimulation. Co-stimulation through CD28 is canonically a critical factor in preventing the
induction of anergy, but the mechanism by which this occurs is not certain. Co-stimulation may
prevent the induction of anergy-driving inhibitory factors that restrain T cell function (such as
CTLA-4) or via influence on the cell-cycle by promoting the production of growth factors (such
as IL-2) (93). For example, when mTor (which coordinates progression through the cell cycle)
activity is inhibited, anergy ensues (77). Indeed, the provision of exogenous IL-2 is known to
rescue clonally anergic T cells from this state in vitro. In vitro, cyclosporine A (a calcineurin
inhibitor) was shown to prevent the induction of anergy (106). The calcium/calmodulin/
calcineurin pathway activates and causes the nuclear translocation of NFAT1, and the activity of
this transcription factor is thought to be critical for the establishment of the anergic state (93,

107).

Adaptive tolerance is, in contrast to clonal anergy, characterized by studies using in vivo
models for both CD8" (108, 109) and CD4" T cells (110, 111). Early experiments involved the
adoptive transfer of CD8" male antigen-specific female HY TCR transgenic T cells into athymic
male recipients (108). Following rapid expansion in these recipients, transferred cells declined in
numbers until the remaining T population was unresponsive to in vitro re-stimulation. Thus, a

key difference in this case with in vitro anergy is whether the T cells in question have been
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previously activated. However secondary transfer to Ag-free female recipients resulted in
functional rescue, suggesting that persistent exposure to Ag is required to maintain this
dysfunctional state (109). In contrast to clonal anergy, the in vivo-induced state termed adaptive

tolerance is not thought to be reversed by the addition of exogenous IL-2 (93).

Despite the detailed characterization of clonal anergy and adaptive tolerance by early
studies, these terms are not strictly adhered to in more recent studies; the umbrella term “anergy”
will thus be used in this thesis to describe T cell-intrinsic functional hypo-responsiveness
induced in lymphocytes following encounter with high affinity Ag under sub-optimal stimulation
conditions (broadly this takes the shape of stimulation in the absence of co-stimulation, which
may be incited by inadequate CD4" T cell help) (93, 94). I wish to briefly address the position
held by some that anergy and tolerance are not equivalent terms due to differences in functional
characteristics, transcriptional signatures, and reliance on persistent Ag to maintain the impaired
state (112, 113). As a counter to this view, the studies taken as examples often compare T cell
function between models in which impairment has been induced by widely different means and
compared between both MHC I- and MHC Il-restricted T cells. For example, some methods
include in vitro impairment by treatment with ionomycin, soluble Ag encountered in blood or in
the intestine (oral tolerance), or Ag encountered in the thymus during selection (112—115). For
the purposes of this thesis, we will take the position that anergy is a mechanism of tolerance that
manifests following high affinity TCR signaling under tolerogenic conditions (e.g. without co-
stimulation), and that this state is characterized by the inability to produce cytokines in vitro or
respond with proliferation when stimulated under optimal conditions, expression of co-inhibitory
receptors (e.g. PD-1), and the reliance on persistent Ag exposure to maintain the dysfunctional

state. With this being said, whether continuous exposure to Ag is unconditionally required to
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maintain dysfunction is not absolute, as although evidence collected by our group and others
supports this idea (109, 112, 113, 116-118), work done in a tolerance model using TCRGaG
transgenic T cells in Alb:GAG mice (115) showed that T cell dysfunction can be reacquired or
persist even in the absence of high affinity Ag. Among other proposed methods for overcoming T
cell dysfunction is the induction of proliferation (e.g. by in vitro exposure to IL-15 (119) or by

provoking lymphopenia-induced proliferation (115)).

In a model where glucose-6-phosphate isomerase (GPI; a UbA) -reactive KRN TCR Tg
CD4" T cells were adoptively transferred into Ag-expressing lymphoreplete recipients, Ag-
specific T cells upregulated two novel markers that came to characterize a form of CD4" T cell
anergy — FR4 and CD73 — and this process was dependent on the presence of Foxp3™ Tregs
(120). Once re-isolated, FR4™ CD73" CD4" T cells failed to proliferate upon introduction into
secondary Ag-harbouring lymphoreplete hosts, while non-anergic controls underwent multiple
rounds of division. Folate receptor 4 (FR4) is thought to be important for folic acid uptake and
the maintenance of Tregs, as their numbers are reduced in vivo when FR4 is blocked (121); it
may serve a similar purpose for FR4" CD73" CD4" anergic T cells. CD73 is an adenosine-
generating ecto-5’-nucleotidase which is associated with the suppression of T cell effector

function (122).

Despite the established functional and genomic characteristics for anergy, it is likely a
dynamic and heterogenous state (115, 123, 124). Co-inhibitory receptors restrain T cell responses
following Ag encounter, representing a “checkpoint” in T fate and function. Checkpoint blockade
is a therapeutic strategy popularized in recent years designed to promote immune cell function by
the administration of co-inhibitory receptor-specific blocking antibodies. An anergic population

changes over time in its mobilizability in response to this treatment; for example, recent
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proliferation is thought to correlate with sensitivity to blockade (125). Thus, despite established
dysfunction, previously tolerant cells can be induced to mediate anti-tumour responses. The
degree to which function is thenceforth maintained may be limited by epigenetics (115). The way
in which anergic populations may be programmed for heterogeneity is by the kinetics of the

inciting TCR signal (upon establishment of anergy), which is discussed in the next section.

1.7.3 - Exhaustion

Normally, during the course of an acute infection, naive T cells encounter foreign Ag,
become activated and expand. Their differentiation into cytotoxic effector T cells leads to the
control and clearance of the pathogen in question, after which point Ag-specific T cell
populations contract and leave behind differentiated memory T cells that will respond upon
secondary infections. In the case of chronic exposure to foreign Ag associated with either chronic
viral infections or persistent populations of tumour cells, this normal course of T cell activity is
thought to deviate into a state of hypo-responsiveness termed exhaustion (126). Exhaustion is
characterized by heightened expression of co-inhibitory receptors (e.g. Lag-3 and PD-1) and
progressive, hierarchical loss of effector function (proliferation, IL-2 production, TNF-a
production, then IFN-y production) following initial activation and subsequent chronic Ag

stimulation (127).

Exhaustion and anergy/tolerance share some features, such as the upregulation of genes
associated with reduced immune function such as Lag-3 and Pdcdl, the downregulation of genes
associated with effector function such as Ifng, and altered expression of master transcription
factors such as Eomes and T-bet (112, 115). Exhaustion is usually distinguished from tolerance or
anergy by the assumption that it manifests following normal activation and subsequent chronic

TCR signaling, whereas in the cases of tolerance and anergy, initial activation is thought not to
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be achieved (126). The first and classic model for T cell exhaustion (Tgx) is in the context of
chronic LCMYV clone 13 infection, which is typically contrasted with acute LCMV Armstrong
infection. Differences between the transcriptional profiles of functional T effector/memory
(Terr/Tmem) populations with the dysfunctional Tex manifest several weeks post-infection (128,
129). Further, in the first week of infection with LCMYV clone 13, virus-specific T cells retain the
potential to differentiate into functional memory cells after transfer into infection-free recipients

(though this ability is lost between 2 and 4 weeks post-infection) (130).

T cell exhaustion is thought to be a plastic, adaptive state rather than a simple failure to
respond: a compromise between clearance of a pathogen or transformed tissue and
immunological pathology (131). Indeed, the surge in viremia (132, 133) following CD8" T cell
depletion and development of viral escape mutants (134) in the context of chronic infections
suggests that “exhaustion” is a state of functional hypo-responsiveness instead of
unresponsiveness. Additionally, the exhausted T cell population is thought to be comprised of at
least two subpopulations, Tpex and Tex. Progenitor (Tpex) exhausted T cells are a stem cell-like
population that shares features with both early exhausted T cells (impaired cytokine production
and increased expression of inhibitory receptors such as PD-1) as well as memory T cells
(increased expression of TCF1 and long-term self-renewal (135-138)) (139). The dynamic
balance between these two subpopulations over time is thought to determine the severity of T
cell exhaustion (140), as the Tpex subset has been associated with superior anti-tumour activity

(141, 142).
1.8 - Selection of tolerant fates

It is currently held that while clonal deletion is the primary fate that follows very high
TCR stimulation during development, the non-deletional fate of agonist selection may be more
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likely to occur following TCR stimulation with an affinity near the threshold for negative

selection (47).

1.8.1 - CD8* T cell anergy

The OT-I TCR transgenic, for example, recognizes chicken ovalbumin (OVA) with high
affinity, and clonal deletion is thus efficient when OT-I thymocytes develop in the presence of
OVA (69). In contrast, the OT-3 transgenic (Tg) TCR recognizes OVA with moderate affinity,
and induces less efficient clonal deletion under similar circumstances (123). In cases of escape
from clonal deletion by T cell clones of TCR affinity near the negative selection threshold,
tolerance is maintained at steady state, but reversed upon immunization or infection, suggesting
these clones both 1) represent a greater risk for autoimmunity, and 2) are nevertheless restrained

by tolerance (47).

In studies using male Ag-reactive Tg mature CD8" T cells , it has been proposed that
anergy is induced following exposure to high concentrations of high affinity Ag under steady-
state conditions, while clonal deletion is induced by low concentrations of the same Ag (94).
Indeed, a recent study showed that NDFIP1 (a HECT-type ubiquitin ligase activator) was
required for mature OT-I1 Tg T cells to become anergic upon transfer to recipients containing high
doses of high affinity Ag OVA, but was dispensable for their deletion in the periphery in
response to low OVA concentrations (143); this provides a potential molecular basis for
diverging T cell fates following strong TCR signaling under tolerogenic conditions. Indeed, what
exactly constitutes “low” and “high” doses of Ag under these circumstances is relative, and the
distinction is likely not bimodal, instead existing on a spectrum. It has been proposed that the
fates anergy and peripheral deletion are differentially favoured and sustained based on both Ag

dose as well as Ag persistence, suggesting both are plastic and not “all or nothing” processes.

21



Acute exposure to low doses of Ag results in incomplete deletion and the preservation of
putatively self-reactive T cell clones, which may later acquire effector function or experience
further rounds of deletion, depending on the circumstances of subsequent Ag encounter (144).
Work done using a similar model, wherein naive OT-1 T cells become unresponsive following
transfer into iIFABP-OVA Tg recipients, showed that anergic cells were resistant to reinvigoration
by checkpoint blockade (PD-1- and other molecules were targeted). Strong Ag stimulation and
ensuing proliferation during infection (with VSV-OVA) accompanied renewed sensitivity to anti-
PD-1 blockade, further suggesting anergy is a plastic state (125). However, the degree to which
the affinity of the TCR signal upon first encounter with high affinity Ag informs the plasticity of

the anergic state is still unclear.

1.8.2 - CD4"* T cell anergy

Currently, the strength of the TCR signal required to induce anergy in CD4" T cells is a
contentious matter. In HA-reactive CD4" mature T cell clones, anergy has been shown to be
induced by low avidity TCR engagement with pMHC if co-stimulation is provided in vitro (145),
or by short-lived TCR engagement (although in this case, anergy was short-lived (~7 days)) in
vitro and in vivo (146). Conversely, relatively highly self-reactive naive (CD44'° CD62L™)
Nur77-GFP™ Ly6¢” CD4" T cells in polyclonal mice demonstrate hypo-responsiveness and
phenotype consistent with the anergic state, suggesting strong basal or “tonic” TCR signaling can
also contribute to not only genuine anergy, but also anergy-like features within the heterogeneous
peripheral naive CD4" compartment (147). Skokos et al. showed using the MHCII-restricted
AND TCR Tg, peptide ligands of low, moderate, and high affinity induced a hypo-
responsiveness state in the absence of inflammation in vivo. However, only interactions with

high affinity Ag resulted in Ca®" flux and T cell migratory arrest. This suggests that not only can
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a spectrum of TCR signals induce CD4" T cell anergy, but the divergence of the biochemical
pathways engaged may underlie heterogeneity in hypo-responsive programs induced in different

models (148) — the functional consequences of this prospect remain to be explored.

1.8.3 - Treg development

The functional avidity required to induce anergy may be similar to that required to induce
Treg development. That is, the strength of the TCR signals that lead to Treg selection fall near
the threshold for negative selection (73). Thus, how the decision between anergic and Treg fates
is made is likely based on cytokines and stimuli from the extracellular milieu, however this
question has not been directly addressed. Yet, there is also a growing appreciation for an
interdependence between these fates (149), as — for instance — the adoptive transfer of peripheral
anergic Foxp3™ CD44" FR4" CD73" CD4" T cells into lymphopenic Tcra™™ mice results in their
trans-differentiation into Foxp3" Tregs (150). Nevertheless, in addition to the cytokine and co-
stimulation requirements for efficient Treg selection mentioned above, generally, strong TCR
signaling is thought to favour Treg development. For example, the efficiency of Treg generation
was directly correlated with TCR affinity for a fixed amount of a single model self-Ag in the
thymus (151). The efficiency of Treg selection is thus thought to be a function of TCR affinity as
well as other environmental cues such as availability of pMHC complexes (i.e. TCR avidity)
(47). Indeed, there is evidence to suggest that the stochasticity involved in this selection process
may influence the developmental programs, genomics, and functionality of the resulting Tregs.
In the thymus, stronger TCR signals supported development through CD25" intermediates and
produced Tregs that were protective against experimental auto-immune encephalitis (EAE) (and
experienced higher rates of apoptosis), while weaker TCR signals supported development

through Foxp3' intermediates (152). Greater self-reactivity (inferred by Nur77", CD5", and/or
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Ly6¢' phenotype) has also been associated with enhanced suppressive activity in vitro and in
vivo in other studies. In general, greater self-reactivity correlates with more efficient Treg
selection in both the thymus and periphery (47). While early studies in tolerance to orally- or
intravenously-administered Ag suggested that low Ag concentration preferentially induced Treg
(peripheral, pTreg), higher concentrations preferentially induced anergy (47). More recently,
studies using the BDC2.5 TCR Tg model (153) and the 5C.C7 TCR Tg model (154)
cumulatively provided evidence to suggest that low doses of high affinity Ag is ideal for
inducing pTreg development in vitro and in vivo. However, this ideal zone is thought to be

flexible in the presence of cytokines (e.g. TGFB) and CD28 co-stimulation (47).

Given that Treg development is dependent on strong TCR signals, it should come as no
surprise that this process is closely tied to that of clonal deletion. Indeed, the induction of Foxp3
reflects only a step toward the Treg lineage and cells require subsequent IL-2 signaling for their
confirmation into the lineage (discussed in the previous sections). Foxp3 induction has been
proposed as a stepping-stone to late thymocyte deletion (71), as Foxp3 has been shown to induce
a pro-apoptotic signature that was counteracted by common y-chain (yc)-dependent cytokine
signaling, resulting in the deletion of “failed” Tregs — those that failed to received cytokine-
mediated survival signals (90). Why individual autoreactive T cell clones assume one fate versus
another may be a matter of the spatial and temporal manner in which signals are received, at least
in the thymus. As was mentioned briefly in the previous sections, the bulk of clonal deletion
occurs in the cortex, while the bulk of Treg development occurs in the medulla. Indeed, two
studies using pMHCII tetramer-based enrichment to observe the fates of Ag-specific polyclonal
CD4" thymocytes when high affinity neo-self Ag was encountered as ubiquitous (cortical) or

tissue-restricted (medullary) (102, 103). Ubiquitously expressed neo-self Ag expression resulted
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in the loss of Ag-specific CD4SP thymocytes, indicating efficient clonal deletion. Neo-self Ag
expressed as a TRA resulted in enhanced tTreg generation rather than deletion. Cumulatively, the
different physiological features of the cortex and medullary compartments are thought to provide
contexts that favour one fate over another: where encountered Ag is interpreted differently due to
the developmental stage of thymocytes therein (DP vs. SP), kinetics of Ag presentation, and

environmental cues such as co-stimulatory molecule expression (155).

1.8.4 - Exhaustion

The term exhaustion was originally used to described T cell dysfunction in the context of
chronic infection by LCMYV clone 13, but later studies came to include dysfunctional anti-tumour
responses (126). Overall, exhaustion is considered a form of dysfunction exclusive to the
periphery. Similarities exist in exhausted T cells from chronic infection and those infiltrating
tumours such as the co-expression of multiple co-inhibitory receptors (such as PD-1, Lag-3, and
Tim-3), impaired cytokine production, and cytotoxicity, however the hierarchy of progressively
lost functions has been a challenge to describe in tumour-specific response as they evolve across
time and tissues (156). Additionally, although both cancer and chronic infections are thought to
generate Tex, how these circumstances do so is distinct. An anti-tumour response must often
contend with tumour (self) Ag that contributed to central and peripheral tolerance; thus, lower
affinity clones are likely favoured within the pool of tumour-reactive T cells. As was mentioned
earlier, exhaustion is typically defined as dysfunction that manifests following a stage of initial
activation and response, in contrast to tolerance and anergy, where full initial activation is not
canonically thought to occur (126). Importantly, anti-tumour T cell responses destined for
exhaustion are likely primed under immunosuppressive conditions (in the absence of

inflammation, the presence of Tregs, or secreted inhibitory factors by tumour cells such as TGF-
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B and IL-10) (156), in which case initial activation may be precluded. Thus, while the difference
between exhaustion and anergy are canonically defined by the circumstances of their induction,
how rigidly models for these processes adhere to their defined categories is a matter that requires

further examining.

1.9 - Programmed cell death protein-1 (PD-1)

Co-stimulatory and co-inhibitory receptors participate in activation, differentiation, and
ongoing function of T cells as they respond to foreign Ag, providing them with information the
immunological state of the local environment and shaping cellular behaviour (reviewed in
(157)). The co-inhibitory receptor programmed cell death protein-1 (PD-1) is thought to play a
role in restraining initial T cell activation and in altering T cell differentiation and effector
function to restrict immunopathology in the context of infections, anti-tumour responses, and

autoimmunity (158). However, its role in central tolerance is currently unclear.

PD-1 is a surface glycoprotein part of the immunoglobulin (Ig) super family, containing
an Ig Variable-type N-terminal extracellular domain, a transmembrane domain, and a
cytoplasmic domain containing an immunoreceptor tyrosine-based inhibitory motif (ITIM) and
an immunoreceptor tyrosine-based switch motif (ITSM) (159). PD-1 expression is induced in T
and B lymphocytes following Ag receptor engagement (160). Following T cell activation, PD-1
can be upregulated within 24 hours and is generally thought to persist at the cell surface
according to persistent Ag stimulation; however, it can also be induced on other immune subsets
(e.g. NK cells, macrophages, some dendritic cell subsets) (158). There are two known ligands for
PD-1: PD-L1 and PD-L2. PD-L1 is widely expressed in cells of hematopoietic origin (e.g. T
cells, B cells, macrophages, dendritic cells) as well as non-hematopoietic origin (e.g. vascular
and stromal endothelial cells, pancreatic islets, and keratinocytes). Importantly, there is
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heightened PD-L1 expression in tissues of immune-privilege like the placenta and eye (158). PD-
L2 expression is limited to dendritic cells, macrophages, and B cells (161) and PD-L2 binds PD-
1 with higher affinity and differential kinetics compared with PD-L1:PD-1 (162). Ligands PD-
L1/2 have also been shown to interact with other cell surface molecules aside from PD-1. PD-L1
interacts with co-stimulatory ligand CD80 in cis, which may disrupt PD-1:PD-L1 binding in
trans (reviewed in (163)), and PD-L2 binds with repulsive guidance molecule-b (RGMb)
expressed by T cells and APCs, the interaction between which is important for tolerance in the
respiratory tract (164). The functions of the two PD-1 ligands are thought to largely overlap, with
the exception of some evidence pointing toward minor unique modes for the ligands (158).
Although the expression of both PD-L1 and PD-L2 is induced by inflammatory stimuli, given
the more widespread expression of PD-L1, its relevance is more likely to be observed across a

diversity of models such as allograft acceptance and most cancers (161).

1.9.1 - Molecular mechanism for dampening the TCR signal by PD-1

When PD-1 is engaged by either of its ligands, it has been shown to inhibit both signaling
proximal and downstream of the TCR (Fig. 1.9.1-1). The ITSM in the cytoplasmic tail of PD-1
becomes phosphorylated by primarily by LCK but also other kinases proximal to the TCR (165)
and the phosphatase SHP-2 (and to a lesser extent, SHP-1) is recruited, which then attenuates
TCR signal propagation by dephosphorylating participants in the TCR signalosome (166).
Overall, this serves to antagonize pathways including PI3K, AKT/mTOR, RAS/ERK, Vavl, and
PLCy, and this leads to decreased T cell activation, proliferation, survival, and function (161). In
contribution to this effect, engagement of PD-1 is thought to inhibit both signals stemming from
the co-stimulatory receptor CD28 (165) as well as the TCR itself (167). Additionally, a study

examining in situ kinetics of the P14 Tg TCR engaging with LCMV epitope gp33-41 presented
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by H2-DP provided evidence to suggest that PD-1 may limit T cell Ag recognition by restraining
the mechanical cooperativity between TCR and CD8. This effect was dependent on SHP and

LCK activity, and resulted in fewer and shorter interactions between TCR and pMHC (168).
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Figure 1.9.1-1: PD-1 regulates signaling downstream of the TCR and CD28.

The TCR signal is propagated when TCR recognizes peptide presented in the context of MHC
(pMHC, class I or IT) (31). LCK associated with coreceptors (CD8 or CD4) is localized to the
TCR signalosome at the time of cooperative binding of pMHC by both TCR and coreceptor, and
then phosphorylates the ITAM motifs in the CD3 subunits. ZAP70 is then recruited to the
resulting phosphorylated sites and is itself activated by phosphorylation by LCK. ZAP70
phosphorylates transmembrane adaptor protein linker for activation of T cells (LAT), providing
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docking sites for many other adapters and effectors in the signaling cascade. PLCy1 is recruited
to LAT and activated, after which it acts on phosphatidylinositol-4.5-bisphosphate (PIP2) and
catalyzes the production of diacylglycerol (DAG) and inositol (1,4,5)-trisphosphate (IP3) that
lead to Ca®" flux, the recruitment and activation of Ras guanyl-releasing protein 1 (RasGRP1),
and protein kinase C (PKC8), which activate the nuclear factor of activated T cells (NFAT),
mitogen-activated protein kinase (MAPK/ERK)/AP-1, and NF-kB pathways, respectively. These
pathways cooperate to control T cell proliferation, migration, differentiation, and effector
function. Co-stimulation through CD28 engagement with CD80/86 recruits phosphatidylinositol
3-kinase (PI3K) (associated with the CD28 cytoplasmic domain) to the TCR signalosome. PI3K
phosphorylates PIP2 to generate phosphatidylinositol (3,4,5) triphosphate (PIP3), which regulate
the recruitment and activation of AKT. AKT activates mechanistic target of rapamycin (mTOR),

whose activity is important for the energetic demands of cell division (169).

1.9.2 - PD-1 function

As was mentioned above, PD-1 expression is induced upon activation in T cells and
regulates the magnitude of their initial response, function during the effector phase, and the
differentiation and recall of memory T cells (161). For example, while primary Ag encounter
(presented by resting DCs) induces tolerance in CD8" T cells, PD-1 deficiency instead can
transform this interaction into one of productive priming (170). In a study using 2-photon
intravital microscopy, it was found that the period during which effector T cells arrest their
migration and secrete cytokine (namely, IFN-y) following Ag stimulation was prolonged by PD-
1 blockade, which the authors interpreted to mean that PD-1 participates in a mechanism for

shaping the magnitude of effector responses according to the amount of Ag present in an
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inflamed tissue (171). Additionally, the differentiation, identity, and capacity for recall in CD8"
memory T cells were shown to be influenced (and restrained) by PD-1 signaling during viral

infection (172, 173).

Numerous roles have been proposed for PD-1 in the diverse processes across the T cell
lifetime. During development, the threshold for positive selection is thought to be regulated by
PD-1 signaling (174, 175). Earlier studies identified PD-1 expression on DP thymocytes
undergoing negative selection in the HY*% UbA model system (176), but subsequent
investigations revealed PD-1 was not required for negative selection in that model (177).
Additionally, previous work in our lab determined that PD-1 is required for tolerance in the OT-I"
/> RIP-mOVA TRA model system, but was not required for clonal deletion (116). Beyond this,
the body of information available on contributes to tolerance in the thymus is otherwise limited.
In addition to being expressed in activated cells, PD-1 is upregulated under steady state
conditions in memory T cells, tolerant T cells, Tregs, and some myeloid cells (161). Indeed, PD-
1 is well known for its role in autoimmunity. PD-1 deficiency is associated in the C57BL/6 and
BALB/c mouse strains with autoimmune glomerulonephritis and cardiomyopathy, and with
accelerated disease in autoimmune-prone strains such as the non-obese diabetic strain (NOD),
other disease models such as experimental autoimmune encephalomyelitis (EAE) and
autoimmune enteritis (161, 166). It was also shown that PD-1 was important for establishing
peripheral tolerance, since recent thymic emigrants (RTE) (originating from transplanted HSC in
bone marrow chimeras) or adoptively transferred thymocytes (into lymphopenic recipients)
lacking PD-1 mediated multi-organ inflammatory disease; in contrast, PD-1 was not required for
tolerance in established mature T cells in the same adoptive transfer model (177). Low affinity

tonic pMHC encounter is sufficient to induce the upregulation of PD-1 on T cells undergoing
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lymphopenia-induced proliferation (LIP) and the combination of the lack of PD-1 and
lymphopenia synergize to precipitate autoimmunity (178). PD-1:PD-L1 signaling has been
reported to promote pTreg differentiation, maintenance, and function by enhancing and
sustaining Foxp3 expression (179—181). However, in a Treg-specific PD-1 conditional knock-out
model (Foxp3°® Pdcd1™"™), PD-1 was in contrast shown to inhibit Treg activation and function
(182); similar results have been observed in other mouse models, and higher PD-1 expression in

human Tregs has been associated with reduced suppressive capacity (reviewed in (183)).

PD-1 has primarily received interest in the literature for its role as a mechanism exploited
during chronic infections and cancers for immune evasion. PD-1 was first associated with T cell
exhaustion in the context of chronic LCMYV infection, where it was found upregulated on
dysfunctional T cells, and that in vivo blockade of the ligand PD-L1 enhanced virus-specific
proliferation, cytokine production, and cytotoxicity (184). Since then, PD-1 has emerged as a
forerunner candidate for immunotherapeutic targeting for the purpose of overcoming T cell
exhaustion in clinical contexts (126, 161). However, despite great clinical efficacy in treating
various human cancers, in more than a decade of application (185), most patients do not
experience complete responses. Some experience failed responses to primary treatments and
others relapse after a period of initial response (186). Among the roadblocks in the success of
PD-1-targeting blocking therapies is the apparent importance of timing in the function of PD-1.
In iIFABP-OVA mice, adoptively transferred OVA-specific OT-1 T cells encounter high affinity
Ag in the small intestine and are rendered nonresponsive, but this tolerance was overcome with
PD-L1 blockade (or PD-1 germline deficiency) when the treatment was administered the day of
adoptive transfer (187), but not 30 d later (188). In the NOD model, blockade of PD-1 was more

effective in precipitating autoimmunity in older compared with younger prediabetic NOD mice
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(189). Additionally, it was recently shown that PD-1 blockade enhanced both responses by PD-1"
CDS8" T cells as well as immunosuppression by PD-1" Tregs, and that the relative frequencies of
these populations was predictive of therapy success, which complicates predictions for blockade
outcomes (190). Another roadblock in PD-1-targeting immunotherapies is the development of
immune-related adverse events (IRAE) that have been observed to occur, with especially high
rates in PD-1:CTLA-4 combination therapies (161). The mechanism by which these conditions
manifest remains largely mysterious, but is likely complex given the multitude of circumstances
wherein PD-1 is upregulated and influencing TCR signaling, as is discussed above. Lastly, PD-1
is not required for exhaustion, and some dysfunctional features have been shown to be in fact
exacerbated in its absence; during chronic LCMV infection, the absence of PD-1 on CD8" T cells
resulted in the accumulation of terminally differentiated Tex (191). Immediate overstimulation
and proliferation in the absence of PD-1 was associated with improved cytotoxicity and
localization of TEgx, but at the expense of the long-term stability of the Tex response. These data
suggested that PD-1 functions to balance excessive activation with the longevity of the TEX
population. Collectively, these data indicate that PD-1 contributes to the regulation of T cell
function following both low and high affinity TCR signaling, underscoring the importance of
PD-1 for regulating responses to the ambient and dynamic milieu perceived by the TCR when

encountering both foreign- and self-Ag.
1.10 - Capicua

1.10.1 - CIC: Origin, structure, and regulation
Capicua (CIC) was first identified in Drosophila as a transcriptional repressor of genes
downstream of the receptor tyrosine kinase (RTK) pathway, and is involved in the regulation of

embryogenesis (192, 193). Earlier studies in Drosophila additionally provided evidence for the
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CIC as a direct target of RTK signaling activation and phosphorylation, which promotes the
cytoplasmic localization and degradation of CIC, releasing the repression of CIC transcriptional

targets.

Two isoforms exist for CIC in Drosophila as well as humans and mice: the short form
(CIC-S) and the long form (CIC-L), the difference between the two being a long form-specific N
terminal region (194). CIC functions as a negative regulator of RTK signaling (e.g. signaling
through epidermal growth factor receptor, EGFR) by binding octameric TGAATGAA-like motifs
in the promoters and enhancers of RTK-responsive genes via cooperative activity between two
evolutionarily conserved regions, an HMG-box and a separate conserved motif (C1) (193, 195).
Regulation of CIC activity is summarized in Figure 1.10.1-1. The RTK-RAS-MAPK pathway
has been shown to suppress CIC activity (expression level and nuclear localization by EGFR
signaling (196—198). The c-Src and the MAPK ERK were specifically implicated in this
regulation, evidence for the latter case stemming a study using chemical MEK1/2 inhibitors
(199, 200). CIC is thought to be degraded in the nucleus following ERK signaling (197), but
whether this can additionally occur in the cytoplasm of mammalian cells has not been
demonstrated. Additional points of regulation for CIC include long noncoding RNA-mediated
repression of CIC expression (201) and ATXN1/1L interaction and stabilization of CIC (194).
CIC expression is widespread across murine tissues, which is reflective of its diverse roles;
however, importantly for this study, CIC expression is also substantial in thymic tissue (202—

204) and specifically in lymphocytes (205).
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Figure 1.10.1-1: Capicua structure and regulation.

Schematic illustration of (mammalian) isoforms CIC-S and CIC-L, which differ at the N-
terminus. Work in human cell lines demonstrated that EGFR signaling leads to the
phosphorylation of CIC at multiple serine and threonine residues by ERK and ERK-activated
p90RSK kinase activity. Phosphorylation of serine 173 allows for association with 14-3-3, which
is thought to inhibit CIC binding to target DNA sequences (206) and mediate its nuclear export
(207). ERK binds CIC at residues 1335-1359 (208), and phosphorylate serine 1409, which is
thought to mask the nuclear localization sequence of CIC and inhibit its activity through nuclear
exclusion (206). C-Src kinase phosphorylates tyrosine 1455, which also leads to cytoplasmic
translocation (200). P-S173 provides a platform for E3 ligase binding, CIC ubiquitylation and
proteasomal degradation (197). ATXN1 and homolog ATXNI1L bind CIC residues 28-48 and
stabilize CIC (194, 202), rendering it less sensitive to proteasomal degradation (209). Black
arrows indicate noncovalent binding. Red arrows indicate enzymatic activity. Blue arrows

indicate functional impact.
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1.10.2 - General CIC function

In mammals, mutations and deficiency in CIC has been shown to be linked to numerous
disease states, developmental defects, and disruption of the homeostasis of various systems:
alveolar and central nervous system development, embryogenesis, neuronal cell differentiation.
Indeed, germline deficiency of CIC results in embryonic or perinatal lethality (with incomplete
penetrance) in mice associated with defects in lung alveolarization (204). Beyond Drosophila,
CIC is conserved from C. elegans to mammals, and also acts as a tumour suppressor in the
context of various cancer types (193). CIC target genes implicated in its role in cancer
progression are oncogenic transcription factors ETV1, ETV4, and ETV5 (193). CIC has been
identified as a clinical biomarker for human lung and gastric adenocarcinoma progression and
metastasis (198), and inactivation of CIC in adult mice induces T cell acute lymphoblastic
lymphoma (T-ALL) either ubiquitously (hUBC-cre-driven ablation (210)) or in the
hematopoietic compartment (210, 211). However, loss of CIC in T cells in studies using a Vavl-
cre-driven knock-out model failed to show similarly robust T-ALL phenotypes, rather, disease

manifested with late onset and incomplete penetrance (211, 212).

1.10.3 - CIC in thymocyte development

CIC has been primarily investigated for its role in immune cells using knock-out models
such as Tek-cre and Vav1-cre which result in CIC deficiency in the HSC compartment (211,
213). The CIC™FL Vav1-cre model was associated with a lymphoproliferative, systemic,
autoimmune-like phenotype characterized by splenomegaly, hyperglobulinemia, and immune
cell infiltration of various organs (212). The autoimmune phenotype in this model was attributed
to enhanced TFH differentiation and germinal centre responses following the de-repression of

the CIC gene target Etv5 in CIC deficient mice. Another study reported a positive regulatory role
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for CIC in both positive and negative selection using the Vav1-cre knock-out model (213), and
that CIC deficiency resulted in attenuated TCR signaling in DP thymocytes. However, deletion
of CIC in the HSC compartment prior to T cell lineage commitment means that early thymic
events (prior to the DP stage) and selection itself (concurrent with the DP stage) cannot be
distinguished. Indeed, CIC deletion in the HSC compartment in the Tek-cre model in
combination with bone marrow transplantation was suggestive of a role for CIC in the normal
expansion of early T cell precursors, indicating that changes in these early events likely confound
analysis of positive and negative selection that occur later (211). In support of this, T cell specific
deletion of CIC designed to occur concurrently with selection in the CD4-cre knock-out model
did not show impaired generation of polyclonal SP thymocytes as was the case in the Vav1-cre
model (213). Cumulatively, this indicates our current understanding of CIC’s role in selection

itself (independent of pre-DP events) is limited.

Various studies in human cell lines and murine thymocytes have implicated CIC in the
regulation of the MAPK pathway (204, 207, 213), which is critical to translating the TCR signal
into thymocyte fates following selection (24, 42, 45, 214), as was described earlier. How CIC
influences MAPK signaling is still an open question. Genomic and transcriptomic analyses in
human and murine primary cells and cell lines (e.g. central nervous system, embryonic stem
cells, neural stem cell lines) have described CIC gene targets, the set of which is enriched for
Ras/MAPK effector genes (196, 215, 216). RNA-sequencing also confirmed some of these
targets in DP thymocytes from Vav1-cre CIC™YFI mice based on their upregulation relative to
WT controls (Etvi, Etv4, EtvS, Spry4, Dusp6, Dusp4, and Spredl) (213). Of these putative
targets in thymocytes, Spry4, Dusp6, Dusp4, and Spredl in particular are of interest, as they are

known negative regulators of ERK activation (217-219). Indeed, a recent study using human cell
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lines showed that CIC participates in a negative regulatory circuit involving ERK1/2, P9ORSK,
and DUSP6. CIC was shown to repress Dusp6 transcription, while ERK signaling led to the
phosphorylation and nuclear export of CIC, leading to the de-repression of Dusp6, allowing its
subsequent negative regulation on ERK (207). Overall, these studies provide grounds for
investigating CIC as a participant in the machinery involved with integrating the TCR signal in

thymocytes, and thus, selection.

1.11 - Rationale and thesis objectives

1. PD-1 is upregulated and influences T cell function in a multitude of contexts which
include both steady-state homeostasis and bona fide Ag-specific responses. The immune
checkpoint represented by PD-1 is an obstacle to both desirable (e.g. anti-tumour) and
undesirable (i.e. autoimmunity) T cell responses; whether these two functions can be
uncoupled will depend on a closer examination of PD-1 function across the T cell
lifetime. Indeed, blocking PD-1 signaling as an immunotherapeutic target remains fraught
with incomplete responses (185, 186), divergent potential effects on different immune
cell subsets (such as with Tregs, as discussed above), and the development of immune-
related adverse events (IRAE) that have been observed to occur following these therapies
(161). This is therefore a motivating factor in the continued investigation of the
mechanism PD-1-induced T cell dysfunction. While some evidence points to a role for
PD-1 in modulating the threshold for positive selection (174, 175), the role of PD-1
during thymocyte development is under-appreciated. If PD-1 signaling is blocked in this
tissue, is the establishment of tolerance disrupted, and is this a cause of IRAEs, or a
genuine mechanism of a successful immunotherapy? Autoreactive T cell clones can

already be found in the circulation of healthy individuals (161); similarly, if PD-1
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signaling is blocked in this cells, to what extent can established tolerance be broken and
what are the requirements for doing so? In this thesis I will investigate PD-1’s role in
establishing tolerance in the thymus to tissue-restricted Ag, and assess the features and
requirements for maintaining this tolerance.

Previous work implicating CIC in thymocyte selection has largely involved models (such
as Vavl-cre) that delete CIC prior to T cell lineage commitment, meaning that its role in
either early thymocyte development events (pre-DP) or thymocyte selection itself
(concurrent with the DP stage) cannot be differentiated. This is of particular concern,
since work conducted by Tan ef al. suggested that CIC indeed plays a role in the normal
development and expansion of early T cell precursors (211). Despite these caveats
associated with previous studies proposing a role for CIC in selection, transcriptional
analyses in CIC*YFL Vay1-cre DP thymocytes have linked CIC with repression of various
negative regulators of ERK signaling (213), and CIC’s participation in an ERK-DUSP6
negative feedback loop has been demonstrated in human cell lines (207). In this thesis, I
will describe our investigation of CIC’s role in both positive and negative selection (in a
polyclonal and Tg TCR backgrounds), tolerance, and whether the negative ERK regulator

DUSP6 is a key effector in CIC’s influence on selection.

1.12 - Overall theses to be explored

1.

PD-1 is required for establishing tolerance to tissue-restricted Ag. Continuous PD-1
signaling is required to maintain this tolerance, but its disruption by anti-PD-1 blocking
antibodies or withdrawal of PD-L1 is insufficient to break tolerance.

Since ERK signaling downstream of the TCR signal is known to inhibit CIC activity, the

integration of strong TCR signals (i.e. negative selection) is not greater perturbed by CIC
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deficiency. Rather, the integration of weak TCR signals (as seen with positive selection)

is uniquely disrupted by CIC deficiency.
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Chapter 2 - Materials and Methods

Mice

C57BL/6j (WT, strain 000664), C57BL/6-Tg(Ins2-TFRC/OVA)296Wehi/WehiJ (RIP-
mOVA, strain 005431) (220), NOD.B6-Cd274™5/J (PD-L17, strain 018307) (221), C57BL/6-
Tg(Cd8a-cre)1Itan/J (CD8-cre, strain 008766) (222), B6.Cg-FoxnI™/J (Nude, strain 000819)
(223) mice were sourced from Jackson Laboratory. C57BL/6-Pdcd ™" (PD-1"1, strain
13976) were purchased from Taconic Biosciences. The PD-L17~ mice were backcrossed to
C57BL/6j mice at least 5 generations prior to intercrossing with RIP-mOVA mice. OT-I Bim™
mice were provided by Dr. Maureen McGargill (St. Jude Children’s Research Hospital,
Memphis, TN, USA). PD-17" mice were provided by Dr. Tasuku Honjo (Kyoto University,
Kyoto, Japan) (224) and BTLA”~ were obtained from Dr. Kenneth Murphy (Washington
University, St. Louis, MO) (225). CIC™* mice were obtained from Dr. Quimin Tan (University
of Alberta, Edmonton, Canada) (226). HY** mice have been previously described (227). Mice
with compound genotypes were intercrossed in-house. Across this study, both male and female
mice were used and age-matched where possible. All mice were maintained via protocols

approved by the University of Alberta Animal Care and Use Committee.

Bone marrow chimeras

T cells were depleted from donor bone marrow by I.P. administration of 100 ug anti-
Thy1.2 (clone 30H12) -2 and -1 d prior to harvest. In experiments using OT-II transgenic (228),
marrow was stored in liquid nitrogen before use; T cell depletion was performed in this case
using a 1:500 dilution of biotinylated anti-CD4/CDS (see clones used in section below) in place

of Isolation Cocktail from a StemCell negative selection kit (Cat. # 19853A). 1 d prior to
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transplant, recipients were irradiated with 2 doses of 450 rad, separated by a 4-hour rest period.
Bone marrow was flushed from the femurs and tibias of donor mice with PBS (2 % FBS, 2 mM
EDTA) and filtered through a 70 um nylon strainer. 5x10° — 10x10° total BM cells were
transplanted to recipients via tail vein injection. On day 1 post-transplant, 100 pg of anti-Thy1.2
antibody (clone 30H12) was administered I.P. to the recipients. For the first 4 wk post-transplant,
recipient mice were given water containing Novo-Trimel (via University of Alberta Health
Sciences Lab Animal Services). Chimeras were allowed to recover for at least 8 wk before

further manipulation or analysis.

Tissue collection

Mice were anaesthetized with isoflurane and euthanized via CO; asphyxiation. Organs
were harvested and made into single-cell suspensions by grinding through either sterile wire or
nylon mesh screens in petri dishes containing RP10 media (RPMI 1640, 2.05 mM L-glutamine
[Hyclone], 10 % FBS, 5 mM HEPES, 50 mM 2-mercaptoethanol, 50 pg/mL
penicillin/streptomycin, 50 pg/mL gentamycin sulfate). Cells were treated with ammonium-
chloride-potassium lysis buffer to lyse RBCs. Viable cell numbers were determined using Trypan

Blue exclusion dye and a hemocytometer (Fisher Scientific) under light microscopy (Zeiss).

Adoptive transfers

Whole spleen and thymus cell suspensions from adoptive transfer donors were analyzed
by flow cytometry to determine the frequency of CD8* Vo2* (splenic) and CDSSP Va2 CD24"°
cells (thymic), respectively. CD8" T cell enrichment was performed using the StemCell EasySep
Mouse CD8" T cell Isolation Kit (Cat. # 19853A) on pooled lymph nodes and spleen. The

purities of isolated fractions were > 70 % in all cases. Unless otherwise stated, 5x10° splenic or
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4x10° thymic mature CD8" Vo2 OT-I T cells were adoptively transferred I.V. into sub-lethally
irradiated recipients (1 dose, 450 rad). Co-adoptive transfers involved 5x10° cells per donor for a

total of 10x10° CD8" Va2™ T cells transferred.

Cell culture and in vitro stimulation assays

Cells were cultured at 2.5x10° cells/well in 48-well plates in RP10 media at 37°C in a
tissue culture incubator. Whole spleen cell stimulators from C57BL/6 mice were resuspended in
RP10 media at 20x10° cells/mL pulsed with or without 100 nM OVA peptide sourced from
AnaSpec (SIINFEKL, AS-60193-1) for 1 h at 37°C with gentle shaking every 15-20 minutes.
Stimulator cells were washed three times before culture. Responder cells were either
resuspended in PBS at 10x10° cells/mL and stained with 1.25 uM CFSE or at 5x10° cells/mL
stained with 2 uM CellTrace Violet. Staining was conducted for 20 min at 37°C with regular
mixing before quenching with at least 4 volumes of RP10 media. Responder cells were mixed
with stimulator cells at a ratio of 4:1 and incubated at 37°C for indicated time points.
Proliferation and division indices were calculated using FlowJo. Proliferation index is calculated
as the number of divisions within the dividing cellular population, while the division index is

calculated as the average number of divisions undergone by each cell in the starting culture.

Abs and flow cytometry

All staining was carried out in round-bottom 96 well plates using FACS buffer (PBS, 1 %
FBS, 0.02 % sodium azide, 1 mM EDTA [pH 7.2]). Prior to staining, samples were pre-incubated
with anti-Fc receptor blocking solution (24G.2 hybridoma supernatant) at a 1:20 dilution in
FACS buffer. Surface staining was carried out at 4°C for 15 min. Antibodies were sourced from

either BD Biosciences, ThermoFisher, or BioLegend. Clones used were as follows: CD4
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(RM4.5), CD8 (53-6.7), CD69 (H1.2F3), PD-1 (J43), CD19 (1D3), CD25 (7D4), Va2 (B20.1),
H-2K® (AF6-88.5.5.3), CD24 (M1/69), IFN-y (XMG1.2), TNFa (MP6-XT22), CD45.1 (A20),
and CD45.2 (104). Live/Dead staining was performed using LIVE/DEAD Fixable Aqua, Lime,
or Blue (Thermo FisherScientific) or Fixable Viability Dye eFluor 780 (eBioscience).
Biotinylated H-2K°-OVA monomers were obtained from the NIH tetramer facility and
tetramerized in house. Intracellular staining was performed using BD Cytofix/Cytoperm
Fixation/Permeabilization Solution Kit (BD Biosciences). Data was collected on either BD
LSRFortessa SORP/X-20, or a Cytek Aurora spectral cytometer. Analysis was conducted using

Flowjo software (TreeStar).

Blood glucose monitoring

Blood glucose concentrations of bone marrow chimeras were monitored weekly starting
at 3 wk post-transplantation using a OneTouch Ultra2 blood glucose meter and OneTouch Ultra
Test Strips. Adoptive transfer recipients were monitored every 3-4 days starting 4 d post-transfer
for the first month, and every week subsequently. Blood samples were acquired by tail vein
bleeding. When blood glucose readings exceeded 15 mM, another reading was taken 24 h later.

Mice were confirmed diabetic upon two consecutive readings above 15 mM.

PD-1 blockade

For in vitro blockade experiments, cultured cells were treated continuously with 5 pg/mL
of aPD-1 (clones: J43 or RMP1-14, BioXCell). For in vivo experiments, mice were treated 1.P.
with 250 pg antibody every second day for 2 wk beginning at least 8 weeks post-BM transplant.
The blood glucose concentration of treated mice was monitored for at least 4 wk following the

final antibody injection.
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CRISPR/Cas9 gene editing

Two crRNAs targeting murine pdcdl were used in combination to acutely ablate the PD-
1 locus (synthesized by IDT): 5 — GACACACGGCGCAAUGACAG — 3’ (first verified by
Niissing et al. 2020) and 5° — AGGUACCCUGGUCAUUCACU - 3’ (generated by IDT
predesigned CRISPR-Cas9 guide RNA service). Both crRNAs were complexed 1:1 with Alt-R
CRISPR-Cas9 tracrRNA (IDT, #1072532), then each gRNA/tractrRNA complex was mixed 1:1
(0.3 nmol total guide RNA/tracrRNA complex delivered per electroporation) and mixed with 10
ug of Alt-R S.p. Cas9 nuclease V3 (IDT, #1081059). For control experiments, the Alt-R
CRISPR-Cas9 Negative Control crRNA #1 was sourced from IDT (#1072544). Nucleofections

were carried out using the Lonza Primary Cell 4D-Nucleofector X kit (#V4XP-3032).
ATAC-seq

ATAC-seq libraries were prepared from sorted CD8" Va2" CD24" thymocytes from OT-I
Bim” > RIP-mOVA chimeras; all samples were collected from the same cohort of mice on the
same day. Sorted cells were washed with ice-cold PBS before treatment with the Active Motif
ATAC-Seq Kit (#53150). Some alterations to the kit’s protocol are as follows. Cells were lysed
for 5 min before the 1 hr extended tagmentation step and DNA amplification with barcoded
primers. Qiaxcel gel fragment analysis was carried out to assess the quality of the libraries.
2x50bp paired-end sequencing was performed on a NovaSeq 6000 (Centre for Health Genomics
and Informatics, University of Calgary, Calgary, AB). Pre-processing and quality control were
conducted according to the GalaxyProject ATAC-seq data analysis article (229-231). Reads were
mapped to the mouse genome (assembly GRCm39) using Bowtie2 (232). Duplicate reads were
removed using Picard MarkDuplicates and reads mapping to chrM were excluded. Peak summits
were identified using MACS2 (233) from each replicate; coverage was assessed based on 100 bp
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regions flanking 5’ read start sites (200 bp total). I excluded regions that intersected with
ENCODE blacklisted regions. Tn5 insertions were counted for each replicate and differentially

accessible regions were identified with DESeq2 (ver 1.12.3).
Quantitative real-time polymerase chain reaction (QRT-PCR)

Mature naive T CD8" cells were isolated from spleen by StemCell EasySep naive mouse
CDS8" T cell Isolation Kit (Cat. 19858), and thymocyte subsets were isolated by fluorescence
activated cell sorting (FACS). RNA was isolated from 0.8-1.0x10° unstimulated cells using
RNeasy Plus Mini Kits (QIAGEN, Cat. No. 74134). cDNA was created from RNA samples using
SuperScript I1I first-strand synthesis supermix for qRT-PCR (Invitrogen, Cat. 11752-050) or High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Cat. 4368814). qRT-PCR was
performed using a Mastercycler ep realplex 2S (Eppendorf) and PerfeCTa SYBR Green FastMix
(Quanta, Cat. 95072-250) and primers listed in Table 2-1. Results were normalized to -actin

expression within in each sample.

Table 2-1: qRT-PCR primers

B-actin F CTA AGG CCA ACC GTG AAA AG

B-actin R ACC AGA GGC ATA CAG GGA CA

DUSP6 F AAC ACT GGT GGA GAG TCG GT

DUSP6 R CCG TCT AGA TTG GTC TCG CAG

Western blotting

Equipment and reagents for protein quantification were generously shared by the lab of
Dr. Christopher Power. Whole splenocytes (5x10° cells per chimera) were harvested and lysed in
ice-cold RIPA Lysis and Extraction Buffer (ThermoFisher Scientific, Cat. 89900) with 1.5X Halt
Protease Inhibitor Cocktail, EDTA-free (100X, ThermoFisher Scientific Cat. 87785) for 1 hr

with periodic vortexing. Samples were then centrifuged at 17 xg for 1 min at 4°C before
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supernatant transfer into fresh tubes. Protein was quantified in lysates using the Bio-Rad DC
Protein Assay Kit (Cat. 500-0116), a BioTek Synergy HT plate reader (Agilent), and Gen5
v1.11.5 plate reader software (BioTek Instruments). Sample buffer (10 % SDS, 500 mM DTT, 50
% glycerol, 250 mM Tris-HCl and 0.5 % bromophenol blue dye, pH 6.8) was added and samples

were boiled for 10 min before long term storage.

SDS-page was set up using a Mini-PROTEAN Tetra Cell (Bio-Rad). Samples (20 pg total
protein/well) were run on pre-cast (4-20 %) SDS-PAGE gels (Bio-Rad, Cat. 456-1094) and run
in electrophoresis running buffer (25 nM Tris, 190 nM Glycine, 0.1 % SDS, pH 8.3). After
electrophoresis (1.5 hr, 110V), gels were equilibrated in transfer buffer (25 nM Tris, 190 nM
Glycine, 20 % methanol, pH 8.3) and protein samples were wet-transferred to nitrocellulose

membranes at 0.14 A for 1 hr.

After transfer, membranes were blocked overnight using Fish Serum Blocking Buffer
(Thermo, Cat. 37527) at 4°C. Membranes were then incubated with primary antibodies (MKP3
recombinant Rabbit Monoclonal Antibody SR39-09; ThermoFisher, Cat. MAS5-31988) diluted
1:1000 in Fish Serum Blocking Bufter overnight at 4°C and washed with PBS-T (0.1 % Tween-
20 in PBS). Secondary HRP-conjugated antibody (Peroxidase AffiniPure Donkey Anti-Rabbit
IgG; Jackson ImmunoResearch, Cat. 711-035-152) was diluted 1:5000 in 4 % skim milk/PBS-T
for 1 hr at RT. Protein of interest blots were imaged first, and B-actin loading control detection
was done immediately after blots were imaged and washed. f-actin HRP-conjugated primary
(Santa Cruz, Cat. Sc-47778 HRP) was diluted 1:1000 and incubation was performed for 1 hr at
RT, and membranes were washed, then imaged. Band intensities were developed from blots

using the Pierce ECL Kit (ThermoFisher, Cat. 42132) with ECL substrate (1:4 dilution in Milli-Q
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H>0) applied to blots for 5 min. Blots were imaged using HE Health Sciences Biomolecular

Imager (Cy2 channel) and quantified using ImageJ software and normalized to B-actin bands.
Competitive lymphopenia-induced proliferation (LIP)

Whole splenocytes from each donor mouse were stained with either CTV or CFSE,
which were used to differentiate donor origin. Recipient mice were rendered lymphopenic by 1
dose of 450 rad on the day of adoptive transfer. 2.5x10° stained cells from each donor were
injected (a total of 5x10° cells) into the sublethally irradiated (or non-irradiated controls)

recipients. Spleens were harvested 7 days post-adoptive transfer and analyzed by flow cytometry.

Statistical analysis

Statistical analyses were conducted using Prism software (Graph-Pad). Specific tests used
are listed in figure legends. * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001. Data

expressed in plots are represented as mean + SD unless otherwise stated.
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Chapter 3 - Characterizing the non-deletional tolerance that protects OT-I

Bim™" > RIP-mOVA chimeras from autoimmunity

This chapter contains content originally published in The Journal of Immunology:

- May, J. F,R. G. Kelly, A. Y. W. Suen, J. Kim, J. Kim, C. C. Anderson, G. R. Rayat, and
T. A. Baldwin. 2024. Establishment of CD8+ T Cell Thymic Central Tolerance to Tissue-
Restricted Antigen Requires PD-1. J. Immunol. Vol 212 (2): 271-283. Copyright ©

[2024] The American Association of Immunologists, Inc.
Introduction

Bim is a pro-apoptotic BH3-only member of the Bcl-2 family of proteins, which regulate cell
death through their influence on mitochondrial integrity. The TCR signal positively regulates the
expression of Bim in addition to the anti-apoptotic family member Bcl-2. Critically, Bim
expression is induced following the strong TCR signal and protein kinase C activation (234)
associated with negative selection (176, 235), and it has been proposed to be required for the
induction of thymocyte apoptosis (72, 76). Despite this, Bim’s role in clonal deletion and
negative selection appears to vary with context. In models of ubiquitous antigen-mediated (UbA)
negative selection, while deficiency in Bim results in a lack of Caspase-3 activation, mature
UbA-reactive T cells still fail to develop, indicating intact negative selection (76, 236-238).
Rather, UbA-specific DP thymocytes experience delayed deletion independently of Caspase-3
activation (238). In contrast, in tissue-restricted antigen (TRA) models of negative selection,
deficiency in Bim resulted in impaired clonal deletion and the subsequent generation of mature
self-reactive T cells (73—75). Despite the release of self-reactive T cells into the periphery,

animals in these experiments did not develop autoimmunity, implying the existence of a robust
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mechanism of non-deletional tolerance following high affinity TCR signaling (74). We
previously demonstrated impairment in clonal deletion in the absence of Bim (74) using the OT-I
TCR transgenic system (239). OT-I Bim™”" T cells that escaped thymic clonal deletion in RIP-
mOVA recipients did not go on to cause autoimmunity due to functional impairments
characterized by defects in activation, proliferation, and cytokine production. The mechanism(s)
behind this impairment was unclear but may be due to cell-extrinsic suppression or cell-intrinsic

anergy (93, 240, 241).

We generated bone marrow (BM) chimeras using RIP-mOVA recipients, wherein membrane-
bound chicken ovalbumin (mOVA) is expressed under the control of the rat insulin promoter
(RIP) (220). In these transgenic mice, membrane-bound OVA is expressed in pancreatic islet beta
cells, the proximal tubular cells of the kidney, as well as medullary thymic epithelial cells
(mTECs) thanks to the recruitment of tissue-specific or promiscuous transcription factors
(respectively) to the rat insulin promoter. By transferring BM from OT-I transgenic donors,
wherein developing T cells recognize OVA with high affinity, into RIP-mOVA recipients, we
were able to model negative selection to TRA. In this chapter, we aimed to further characterize
the non-deletional tolerance that protected OT-I Bim™ > RIP-mOVA chimeras from

autoimmunity.
Results

TRA-specific T cells in OT-I Bim”" > RIP-mOVA chimeras are functionally impaired via a cell-
intrinsic mechanism

Previous work in our lab determined that activation marker induction and proliferation of
OT-I splenocytes from OT-I Bim™" > RIP-mOVA chimeras was diminished compared to that of

wildtype (WT) OT-I CD45.1" mice (74). We hypothesized that if a population of dominant
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suppressors existed in OT-I Bim” > RIP-mOVA chimeras, they should suppress the activation
and proliferation of wildtype OT-I T cells. We determined in previous work that in vitro co-
culture with these impaired CD8" T cells did not impair the WT ability to respond, suggesting the
functional impairment seen in cells from OT-I Bim”" > RIP-mOVA was cell-intrinsic. I next
wanted to assay functional impairment in vivo and in the context of tolerance. General gating

strategies are outlined in Fig. 3-1.

I co-adoptively transferred either whole spleen or enriched CD8" T cells from OT-I Bim™-
> RIP-mOVA chimeras with splenocytes from CD45.1" OT-I WT mice (1:1 ratio) into sub-
lethally irradiated RIP-mOVA recipients. Neither whole spleen nor enriched CD8" OT-I T cells
from OT-I Bim”" > RIP-mOVA chimeras alone were diabetogenic, suggesting that a dominant
suppressor population of non-T cell origin was not responsible for functional impairment in these
chimeras (Fig. 3-2A). Enriched CD8" OT-I T cells from OT-I Bim”" > RIP-mOVA chimeras co-
adoptively transferred with WT OT-I T cells did not have a dominant suppressive effect on
diabetogenicity. In these co-adoptive transfer recipients, WT OT-I T cells also expanded to a
greater extent than those from OT-I Bim”" > RIP-mOVA chimeras (Fig. 3-2B). Functional
impairment of OT-I Bim™ T cells from RIP-mOVA chimeras was also demonstrated by a reduced
capacity for lymphopenia-induced proliferation compared to control cells from OT-I Bim™ > WT
chimeras (work done by previous lab member, Alexander Suen; Fig. 3-2C). Collectively, these
data further suggest that a population of Ag-specific suppressors are not generated in OT-I Bim™
> RIP-mOVA mice and that functional impairment of OT-I Bim™”" T cells from these chimeras is

cell-intrinsic.
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Figure 3-1: Gating strategy for analysis of OT-I transgenic thymic and peripheral T cells.
Gates are ordered hierarchically from left to right. A, General gating strategy at the beginning of
all analyses. B, Gating strategy for identifying peripheral OT-1 T cells. C, Gating strategy for

identifying OT-I thymocytes; the mature thymocyte gate is drawn within the CD8SP population.
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Figure 3-2: TRA-specific T cells from OT-I Bim”~ = RIP-mOVA chimeras demonstrate
functional impairment in vivo.

A, Incidence of diabetes in sub-lethally irradiated RIP-mOVA recipients of adoptively transferred
splenic CD8" Va2" OT-1 T cells from OT-I Bim”" > RIP-mOVA and/or OT-1 WT. Note that 7
recipients with OT-I Bim”" > RIP-mOVA transfers received whole spleen while all other
recipients in this experiment received CD8-enriched isolates from pooled spleen and lymph
nodes (SPL+LN). Data are representative of 4 separate cohorts. B, Recipients of CD8-enriched
isolates (SPL+LN) from OT-I Bim™* > RIP-mOVA and OT-I WT described in A were analyzed
for expansion of OVA-K® tetramer™ cells from either donor cell population within the spleen. C,

Lymphopenia induced proliferation of Vo2* CD8" splenocytes transferred from OT-Bim™ > WT
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or OT-I Bim”" > RIP-mOVA chimeras into unirradiated (grey) or sub-lethally irradiated (open)
recipients, measured by CFSE labelling (n = 2). Asterisks represent statistical significance as

determined by Log-rank test (A) or paired T-test (B).

TRA-specific T Cells in OT-I Bim”- > RIP-mOVA chimeras are rendered functionally
impaired in the thymus.

After determining that the functional impairment of OT-I T cells from OT-I Bim”" > RIP-
mOVA chimeras was cell-intrinsic, I investigated whether this state was established during
development in the thymus or in the periphery. The thymus is the initial site of high affinity
antigen encounter and induction of non-responsiveness in thymocytes has been reported
previously (242). The diagram shown in Figure 3-3 outlines the experiments described in this
section. Some replicates for experiments in this section were carried out by former Baldwin lab

student, Rees Kelly.

I stimulated CFSE-labelled thymocytes from OT-I Bim™ > WT and OT-I Bim™* > RIP-
mOVA chimeras with OVA peptide-pulsed splenocytes and examined activation and
proliferation. On day 2, expression of activation markers CD69 and CD25 was impaired in OT-I
Bim”" > RIP-mOVA thymocytes compared to OT-I Bim™ > WT controls (Fig. 3-4A).
Additionally, on day 3, thymocytes from OT-I Bim™ > RIP-mOVA chimeras exhibited a defect in
proliferation compared to OT-I Bim™ > WT thymocytes (Fig. 3-4B). These impaired responses
were not likely to be due to a reduction in more mature CD8SP thymocyte subsets in OT-I Bim™”
> RIP-mOVA recipients since the thymi of these mice demonstrated enhanced frequencies of

mature (M2; CD69" H-2K" ™) thymocytes over WT controls (Fig. 3-4D).
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To determine if the observed in vitro defects in activation and proliferation acquired in
the thymus translated into functional in vivo impairment, I adoptively transferred either
thymocytes or splenocytes from OT-I Bim”" > RIP-mOVA or OT-I Bim™ > WT chimeras into
sub-lethally irradiated RIP-mOVA recipients to assess diabetogenicity (Fig. 3-5). Most recipients
of thymocytes and all recipients of splenocytes from OT-I Bim”~ > WT chimeras developed
diabetes as expected. In contrast, none of the sub-lethally irradiated RIP-mOVA recipients that
received thymocytes or splenocytes from OT-I Bim”" > RIP-mOVA chimeras became diabetic.
Collectively, these data suggest that functional impairment of OT-I Bim”" > RIP-mOVA T cells is

established in the thymus.

Culture with OVA-pulsed stimulators

OT-I Bim RIP-mOVA ﬁ RIP-mOVA

+ or
CD45.2 WT

Figure 3-3: Diagram describing experiments outlined in Figures 3-4 and 3-5.
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Figure 3-4: TRA-specific thymocytes from OT-I Bim”" = RIP-mOVA chimeras are functionally

impaired.

Activation marker induction (A), representative histograms for thymocyte proliferation (B), and

compiled proliferation indices (C) of OT-I Bim™* > RIP-mOVA or OT-I Bim”* > WT thymocytes

following in vitro stimulation. Open histograms represent culture with OVA peptide-pulsed

stimulators, while greyed histograms represent no-peptide control stimulators. D, Distribution of

Va2" CD8SP OT-I thymocytes among semi-mature (SM; H-2K®!°), Mature 1 (M1; CD69" H-

2K°™) and Mature 2 (M2; CD69'° H-2K® ™) population. For each assay described above, the

number of independent experiments (IE) > 3. Asterisks represent statistical significance as

determined by a two-way ANOVA with Sidak’s multiple comparisons test (A) or unpaired T-test

with Welch’s correction (C).
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Figure 3-5: Both thymocytes and mature peripheral TRA-specific T cells from OT-I Bim”™ =
RIP-mOVA chimeras demonstrate functional impairment in vivo.

From either OT-I Bim”" > RIP-mOVA or > WT bone marrow chimeras, 2-5x10° Va2 CD24"°
thymocytes (THY) or Vo2" OT-I T splenocytes (SPL) from whole spleen were transferred to
sub-lethally irradiated RIP-mOVA recipients, which were then monitored for the induction of
diabetes. Log-rank (Mantel-Cox) test results are relative to organ transfer groups. Asterisks

represent statistical significance as determined by a Log-rank test.

Tolerant TRA-specific T cells in OT-I Bim”- > RIP-mOVA chimeras share phenotypic
features with the state conventionally defined as “exhausted”.

T cell dysfunction in general has come to be defined under numerous terms, one of which
being “exhaustion”. To further characterize the functionally impaired TRA-specific T cells I
observed in our OT-I Bim™ > RIP-mOVA chimeras, I assessed their expression of markers
associated with exhaustion. Recently, TOX and TCF1 have been under investigation for their
suspected roles in stem-like exhausted T cell populations (243-245). TOX specifically is thought

to be associated with commitment into an exhausted, self-renewing population of T cells,
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whereas TCF1 is thought to contribute to the maintenance of the “exhausted” identity (135-137).
I found that T cells in OT-I Bim™* > RIP-mOVA pancreatic lymph nodes displayed elevated
expression of TOX, but I was unable to observe an increase in TCF1 expression in any of the

tissues analyzed (Fig. 3-6).

The functional impairment seen in OT-I Bim” > RIP-mOVA thymocytes and splenocytes
may be driven by co-inhibitory molecules and/or other factors that inhibit T cell activity. As
such, I investigated whether various known co-inhibitors were differentially expressed in OT-I >
RIP-mOVA thymocytes and splenocytes that escaped clonal deletion compared to OT-1 > WT
controls. I found enhanced PD-1 expression on OT-I T cells from both the thymus and periphery
of OT-1 > RIP-mOVA (Fig. 3-7) and OT-I Bim”* > RIP-mOVA chimeras compared to OT-I cells
from WT recipients, while the expression of other co-inhibitory molecules was not appreciably

altered (Fig. 3-8).
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Figure 3-6: TCF1 and TOX expression in spleen, thymus, and pancreatic lymph nodes of in OT-I
Bim-/- > RIP-mOVA and OT-I Bim-/- > WT chimeras.

The number of independent experiments (IE) > 4. Asterisks represent statistical significance as
determined by unpaired T-test with Welch’s correction.
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Figure 3-7: PD-1 is highly expressed in tolerant OT-1 T cells.

PD-1 expression on OT-I T cells across organs in OT-I1 > RIP-mOVA (open histogram) and OT-I

> WT (greyed histogram) bone marrow chimeras. Data is representative of n > 3.
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Figure 3-8: Co-inhibitory molecule expression in OT-I Bim™ > RIP-mOVA and OT-I Bim™" >
WT chimeras.

As a positive control for co-inhibitory molecule expression, WT OT-I splenocytes were

stimulated for 24 hr with high affinity peptide OVA (100 nM).

Epigenetic profiling of tolerance in OT-I Bim”- > RIP-mOVA chimeras

Given the increase in PD-1 expression I observed association with dysfunction — which is
also a marker of T cell exhaustion (reviewed in (245)) — and TOX expression, these data
provided rationale for the comparison of our observed functionally impaired TRA-specific T
cells with those observed in exhaustion studies (for example, in cases of persistent antigen
exposure such as with chronic LCMYV infection) (245). So far, I have provided evidence that cell-

intrinsic functional impairment was established in the thymus in tolerant OT-I Bim™* > RIP-
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mOVA chimeras. Thus, I used ATAC-seq to assess the epigenetic landscape in thymocytes from

these chimeras to get a more complete picture of the nature of the dysfunction I observed.

Mature CD8* Va2" CD24% thymocytes were collected from both OT-I Bim™” > WT and
OT-I Bim™ > RIP-mOVA chimeras using fluorescence activated cell sorting (FACS), and nuclei
were isolated for the preparation of ATAC-seq libraries. Once sequencing was complete, I called
peaks in nucleosome-free regions (NFRs) on individual replicates and defined a set of non-
redundant peaks present in both replicates for each experimental group. I quantified the number
of reads mapping to regions within this merged peak set using DESeq2 (246). I then reviewed
the overall correspondence between replicates by comparing peak overlaps in NFRs using
occupancy analysis in the R Bioconductor package Diftbind (247, 248). Replicates in the OT-I
Bim™ > WT group clustered closely together, sharing significant peak overlaps, while replicates
in the OT-I Bim”~ > RIP-mOVA group were more dissimilar overall, but still shared a significant
number of peaks (Fig. 3-9A-B). I additionally quantified signal within peaks to evaluate changes
between groups and correspondence between replicates, again using DESeq?2. Despite the
discrepancy seen in occupancy analysis, the RIP-mOVA group replicates clustered together with

similar proximity compared to the WT group when signal within shared peaks was analysed (Fig.

3-9C).

I next focused on differentially accessible regions between OT-I1 Bim” > WT and OT-I
Bim™* > RIP-mOVA chimeras using the DESeq2 object described above. With the set of total hits
across all annotated regions (promoters, exons, introns, untranslated regions, intergenic regions),
we used the R Bioconductor package clusterProfiler (249, 250) to conduct enrichment analysis
on these accessible regions in the Bim” > RIP-mOVA group over the control WT chimeras (Fig,

3-10A). I then generated a subset of regions that fell within 3000 bp of a transcription start site
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(TSS) to focus our analysis on chromatin organization most likely to impact the transcriptional
permissibility of a given locus (Fig. 3-10B). This analysis revealed nucleosome-free regions
enriched proximal to the promoters of Nr4al, Tnfrsf18, and Myb — all markers that have
previously been linked with T cell exhaustion and dysfunction (251-259) (Table 3-1, under-
represented hits in Table 3-2). Interestingly, promoters of genes associated with T cell function
and survival were also found enriched for nucleosome-free chromatin: Ksr/, 112, and Ifng (Table
3-1); in contrast, down-regulation of such mediators is thought to define dysfunctional states like

anergy and tolerance, reviewed in (112).

Using R Bioconductor packages clusterProfiler and ChIPseeker (260, 261), I annotated
our differential ATAC-seq regions to genes, then used the associated gene information to test
enrichment for GO sets from the Gene Ontology Consortium (262, 263). These annotations were
organized by those enriched and those under-represented in OT-I Bim”™ > RIP-mOVA chimeras
compared to WT controls. In agreement with our observation of functional impairment in RIP-
mOVA chimeras, I observed an enrichment in GO annotations for regulatory pathways: for
responses to stimuli, cell communication, and signaling (Table 3-3). Meanwhile, I observed an
under-representation of GO annotations for development, signal transduction, differentiation,

activation, and migration (Table 3-4).

Finally, I used the R Bioconductor package ATACseqTFEA (264) to assess transcription
factor foot-printing between our RIP-mOVA and WT control chimeras (Table 3-5). I observed an
under-representation of foot-prints for the AP-1 family (JunB, Fos, Fos:Jun), a group of
transcription factors with pleiotropic roles in T cell activation, differentiation, and overall
function downstream of the TCR (reviewed in (265, 266)). Downregulation of AP-1 transcription

factor activity has previously been linked with the “exhausted” state, which harmonizes with our
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observed T cell dysfunction (267). I detected under-representation of the binding of additional
transcription factors positively associated with T cell function: CREB1 (222) and KLF13 (268,
269). I also recorded under-representation of foot-prints of transcription factors negatively
associated with T cell function in RIP-mOVA chimeras compared to WT controls, such as EGR4
(270). Finally, I saw enrichment in the foot-print of FOXP1, thought to restrict T cell signaling,

homeostasis, and anti-tumour immunity (271-273).

Here, I have defined an epigenetic landscape associated with central tolerance of TRA-
specific CD8" T cells. Overall, TRA-specific mature thymocytes from OT-I Bim™ > RIP-mOVA
chimeras displayed an epigenetic profile characterized by accessible promoters and transcription
factor binding classically suggestive of both T cell function and dysfunction. The co-habitation
of these apparently opposing features suggests that while chromatin organization supports the
endurance of the tolerant state, it may simultaneously support the potential for a re-mobilization

of a T cell response.
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Figure 3-9: Correspondence between replicates in within ATAC-seq groups i) OT-I Bim” > WT
(B6) and ii) OT-I Bim™ > RIP-mOVA (RIP).

A, Overlap of NFRs between replicates for each experimental group. As the whole peak set (B6
and RIP-mOVA) is considered, the number in the bottom right of each box is the number of
peaks not present in any sample within the box. B, Principal component analysis (PCA) analysis
(occupancy analysis) of peak overlaps among all samples. C, Principal component analysis of

signal quantity within peaks among all samples.
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Table 3-1: Sample of hits for promoters of over-represented genes in the epigenetic landscape of

OT-I Bim™ > RIP-mOVA chimeras compared to WT controls.

Hits were selected based proximity to TSS and on known relevance to T cell biology below the

threshold of adjusted p-value = 10e-6.

gene_name log2FoldChange Distance to TSS (bp) padj

Ksrl 4.603014275 -7 2.5400E-31
Tnfrsf18 2.323314798 2188 5.4900E-55
Bmyc 2.074505647 1398 2.3403E-04
Myb 1.541577148 -416 2.1600E-07
1115 1.470232062 -1 6.0100E-05
112 1.467390423 0 7.5293E-03
Ifng 1.462712598 868 1.9555E-03
Duspl 1.459351329 -158 2.7133E-04
Cd4a7 1.285652478 0 2.1900E-05
Nr4al 0.642097517 -10 7.6100E-07

Table 3-2: Sample of hits for promoters of under-represented genes in the epigenetic landscape

of OT-I Bim” > RIP-mOVA chimeras compared to WT controls.

Hits were selected based on proximity to TSS and on known relevance to T cell biology below

the threshold of adjusted p-value = 10e-6.

gene_name log2FoldChange Distance to TSS (bp) | padj

Pepd -1.86583189 -1559 2.8700E-18
Akt2 -1.414015875 -140 8.0700E-05
Cd48 -1.410194449 0 1.0300E-05
ltgam -1.231783707 0 1.7200E-08
Rgs10 -1.057700285 0 1.2100E-13
Rgs19 -0.92803691 -277 1.8231E-02
Cmah -0.85263055 0 2.1666E-04
l12rb -0.735947851 -347 2.7776E-02
Ccr9 -0.619785507 0 6.0859E-04
17r -0.619656312 0 2.7247E-02
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Figure 3-10: High affinity engagement with tissue-restricted antigen during development
establishes a unique epigenetic “tolerance” profile in thymocytes.

A, Volcano plot showing differentially accessible regions across all possible annotated regions.
B, Volcano plot showing differentially accessible regions within 3000 bp (annotated as promoter
region) of transcription start sites in OT-I Bim” > RIP-mOVA chimeras relative to OT-I Bim”" >
WT controls. Horizontal adjusted p-value threshold = 10e-6; vertical log fold change threshold

= 1. Plot was generated using the R Bioconductor package EnhancedVolcano (274).
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Table 3-3: Summary of functional annotations enriched in mature thymocytes from OT-I Bim™ >

RIP-mOVA chimeras.

GO ID Description Adjusted p-value

G0:0048523 negative regulation of cellular process 3.1172E-28
G0:0048583 regulation of response to stimulus 3.1172E-28
GO:0048731 system development 5.5680E-28
G0:0010646 regulation of cell communication 1.0832E-26
G0:0023051 regulation of signaling 1.1688E-26
G0:0009966 regulation of signal transduction 8.9244E-26
G0:0051239 regulation of multicellular organismal process 3.1122E-24
G0:0048870 cell motility 1.5987E-22
GO0:0048513 animal organ development 4.5493E-22
GO:0016477 cell migration 1.0060E-21

Table 3-4: Summary of functional annotations under-represented in mature thymocytes from OT-

I Bim”" > RIP-mOVA chimeras.

GO ID Description Adjusted p-value

GO:0048731 | system development 1.5825E-09
G0O:0001775 | cell activation 1.5189E-07
GO:0035556 | intracellular signal transduction 1.5189E-07
G0O:0030154 | cell differentiation 1.5684E-07
GO0:0051240 | positive regulation of multicellular organismal process 1.5684E-07
G0O:0048869 | cellular developmental process 1.5684E-07
G0:0002521 | leukocyte differentiation 1.8518E-07
G0O:0016477 | cell migration 1.8518E-07
GO0:0046649 | lymphocyte activation 1.8518E-07
G0O:0045321 | leukocyte activation 2.3997E-07
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Table 3-5: Enrichment scores for transcription factor footprints in OT-I Bim” > RIP-mOVA

relative to WT control.

Transcription factor hits are organized from most over-represented to most under-represented in

RIP-mOVA chimeras relative to the WT control.

Transcription factor

Enrichment Score

Adjusted p-value

ZBTB33 0.145218686 5.31E-06
NFYB 0.077668738 1.51E-05
NFYA 0.065502445 6.28E-05
ZNF384 0.058396898 3.44E-28
Ahctfl 0.056327198 8.83E-08
CPEBI 0.053581969 8.43E-06
ASCLI 0.044179034 0.000912332
FOXC1 0.043772479 3.30E-09
Sox5 0.032405774 0.000328381
FOXP1 0.032386895 0.000819253
NFIC 0.027125052 3.68E-07
Ahr::Arnt 0.025614543 0.000819253
Arid3a 0.023549367 0.000348388
RREBI1 -0.043471626 2.23E-06
FOS -0.057070717 0.000551365
ZNF263 -0.058904132 7.76E-32
CTCF -0.064364053 2.38E-27
CTCFL -0.075345987 1.77E-31
Zfx -0.075568042 7.90E-05
E2F6 -0.077864879 8.43E-06
ZNF143 -0.080631221 0.000982873
NRFI -0.083155747 1.94E-12
SP2 -0.087092347 5.12E-62
RUNX2 -0.100815759 0.000123872
FOS::JUN(var.2) -0.107981323 2.21E-06
SP3 -0.111354386 2.31E-34
KLF13 -0.111953635 9.55E-09
SP1 -0.113169283 4.20E-69
EGR4 -0.116592293 2.10E-06
KI1f12 -0.121361717 2.72E-14
CREBI -0.131212622 0.000225009
Crem -0.157311544 4.48E-08
Atf2 -0.167956968 3.93E-15
FOSL1::JUND(var.2) -0.177476137 8.62E-13
JUNB(var.2) -0.1879324 3.37E-15
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Discussion

Clonal deletion of strongly self-reactive thymocytes is a well-described mechanism of T
cell central tolerance, however, potent non-deletional mechanisms also exist. Previously, we and
others showed that while Bim is required for clonal deletion to TRA in OT-I Bim™* > RIP-mOVA
bone marrow chimeras (73), it is dispensable for tolerance (74, 75). In this chapter, I
demonstrated that TRA-specific T cells that escape clonal deletion in these chimeras are rendered

functionally impaired in a cell-intrinsic manner during antigen encounter in the thymus.

While the removal of autoreactive T cell clones via thymic clonal deletion has long been
considered a primary mechanism for establishing T cell tolerance, conventional T cells that
recognize self-peptides with high affinity can be readily found in healthy individuals (275). Like
in the case of regulatory T cells, some of these T cells are actively selected for, while in other
cases these T cells may be products of failed clonal deletion. By deleting Bim and blocking
clonal deletion, a large population of highly self-reactive T cells are released into the periphery,
yet tolerance is maintained (Fig. 3-2A) (74, 75). Similarly, recent studies in polyclonal mice have
revealed limited deletion of TRA-specific T cells; rather, tolerance was enforced by Treg-
mediated suppression (103), or T cell-intrinsic functional impairment (102, 276). Indeed, we and
others previously observed an increased number and frequency of anergic-phenotype CD4"
thymocytes and splenocytes when Bim was absent (57, 101). I observed functional impairment
in thymocytes as well as in peripheral T cells, suggesting tolerance to TRA established by non-
deletional means first occurs in the thymus (Fig. 3-4A-C). These data are consistent with the
recent findings of Malhotra et al. where MHClII-restricted thymocytes specific for a TRA showed

reduced responsiveness (102). Similar findings were reported for thymocytes in an allo-reactive
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MHCl-restricted TCR transgenic model (242) and in a super-antigen mediated model of

tolerance (277).

In previous studies where thymocytes were found to be functionally impaired, it was not
determined if the impairment was due to cell-extrinsic dominant suppression or through cell-
intrinsic mechanisms. In addition to CD4" Foxp3" Treg, there is mounting evidence supporting
the existence of a CD8" T regulatory subset, but the precise signals controlling differentiation
into this fate are not well understood (278). In our co-adoptive transfer experiments, neither the
total splenocyte nor the CD8" T cell compartment appeared to contain dominant suppressors. In
addition to previous in vitro work in our lab, these findings indicate that the functional
impairment observed when clonal deletion is prevented is cell-intrinsic in nature. Furthermore, it
would suggest that simple impairment of clonal deletion does not lead to the generation of CD8"
T regulatory cells and that other factors are involved. However, it remains possible that the
mechanisms of tolerance vary with the antigen, quantity of antigen, and presenting APC, as has

been previously suggested (102, 103).

Using ATAC-seq, I characterized the epigenetic profile associated with the dysfunctional
state displayed by mature thymocytes in our model. Our tolerant thymocytes displayed an
epigenetic profile suggestive of commonalities with the exhausted state, as I detected accessible
chromatin proximal to the promoters of genes previously linked with T cell exhaustion (Nr4al,
Tnfrsf18, and Myb) (251-259) (Table 3-1). Nr4al, a member of the NR4A family of nuclear
orphan receptors, is a transcription factor whose expression is associated with high affinity TCR
signaling, reviewed in (251), and is thought to enforce T cell dysfunction in the context of
tolerance and exhausted anti-tumour T cell responses (252, 253). Tnfrsf18, also known as

Glucocorticoid-induced TNFR-related protein (GITR), is a co-stimulatory receptor that was
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recently associated with exhausted T cells (PD-1" CTLA-4" CD38") in a single-cell RNA-seq
study of breast tumour infiltrates (254). GITR upregulation is thought to indicate ongoing TCR
stimulation and promotes T cell activation, function, and survival (255). T cell dysfunction is
known to emerge in response to chronic T cell activation, thus the upregulation of GITR
alongside other co-stimulatory effector molecules speaks for the inherent relationship between
dysfunctional and activated transcriptional signatures (279). Myb is a transcription factor
important to cellular self-renewal in several contexts, most importantly for this discussion in
CDS8" T cells (257, 258). Myb has recently been described as a key control point for the
development and identity maintenance of self-renewing stem-like exhausted T cells (259).
Conversely, I also detected accessible chromatin in the promoters of genes linked with normal T
cell function and survival (Ksr1, 112, and Ifng) (Table 3-1); expression of these genes has
previously been shown to be down-regulated in the context of exhaustion (reviewed in (112)).
Ksrl, or Kinase Suppressor of Ras1, has been posited as a positive modulator of the sensitivity of
the MAPK cascade in T cells (280, 281). Among the first identified features of T cell exhaustion
is the loss of capacity to produce IL-2, along with the capacities for proliferation and cytotoxic
killing ex vivo; eventually, exhausted T cells are found incapable of producing significant levels
of [IFN-y (reviewed in (282)). However, the enrichment of nucleosome-free regions (NFRs) at
these loci does not necessarily indicate their enhanced expression. For example, post-
transcriptional regulation of /fng transcripts is known to limit IFN-y production in dysfunctional
tumour-infiltrating T cells (TILs) (283) and for numerous other cytokine transcripts in a DO11
CD4" transgenic model for peripheral tolerance (284); accordingly, we previously showed
mature T cells from OT-I Bim”" RIP-mOVA chimeras to be poor producers of IFN-y following in

vitro stimulation (116). Thus, the epigenetic profile of tolerant TRA-specific thymocytes
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demonstrates accessible chromatin in regions generally associated with both exhaustion and

normal T cell function.

I detected an under-representation of AP-1 transcription factor foot-printing in
dysfunctional thymocytes from OT-I Bim”" > RIP-mOVA chimeras (Table 3-5). Decreased
activity of this family of transcription factors has been linked to T cell dysfunction described for
both exhaustion and anergy (114, 267), which in combination with our findings, suggests this
feature is broadly shared among states of T cell dysfunction. Indeed, it has recently been
proposed that Nur77 (Nr4al gene), an immediate-early gene whose upregulation is dependent on
the strength of the TCR signal (73), inhibits the activity of AP-1 transcription factors to restrict T
cell function (252). While cooperation between transcription factors AP-1 and NFAT is important
for productive T cell responses, NFAT activity without AP-1 promotes T cell dysfunction (107)
(reviewed in (93)). AP-1 transcription factors are also thought to direct chromatin remodeling
during T cell activation toward an epigenetic profile required for the effector phenotype —
wherein additional regions containing AP-1 binding sites are unlocked and the shift toward an
activated state is amplified (285). In the absence of co-stimulation in the form of CD28
engagement, nuclear translocation of AP-1 is drastically reduced, while this is only true to a
small degree for the transcription factor NFAT (285). Following T cell activation, AP-1
transcription factors experience transient upregulation (286), whereas NFAT can be retained
within the nucleus for longer periods even in response to minor increases in intracellular Ca**
(287-289). The Rao group recently postulated that the elevated basal Ca®" in chronically
stimulated anergic/exhausted CD8" T cells may allow for chronic nuclear occupation by NFAT
and therefore the maintenance of the dysfunctional state (107). In the present study, I did not

observe significant enrichment of the NFAT foot-print in our tolerant ATAC-seq data set;
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however, I did observe a mild enrichment of NFRs in the Nfat2 promoter (Fold change = 1.37,
padj = 0.007693). It is possible that in RIP-mOVA mice, tolerant OVA-specific OT-I CD8" cells
progressively accumulate “signal memory” with chronic exposure to high affinity Ag, and that

predominance of NFAT activity may emerge over time in the periphery.

As an example of shared features between dysfunctional T cell states, inhibitory receptors
linked with exhaustion in the context of chronic viral infection such as PD-1 and Lag-3 have also
been identified in other contexts such as cancer and tolerance (115, 282, 290-294). Similarly, I
found elevated expression of PD-1 (but not other co-inhibitory molecules, Fig. 3-8) in the
dysfunctional TRA-specific CD8" T cells in our model, suggesting it acts as a specific enforcer
of non-deletional tolerance in this context (Fig. 3-7). I additionally sought to assess the
expression of TCF1 and TOX in our model of tolerance, as these transcription factors have
recently been under investigation for their suspected roles in stem-like “exhausted” T cell
populations. The exhausted CD8" population is heterogenous, both functionally and
phenotypically (140, 295). Progenitor exhausted T cells (Tpex) are a self-renewing stem-like
lymphoid-resident population characterized by TOX and TCF1 expression which seeds the
terminally differentiated (Tex) exhausted effector T cell population (135, 138, 141, 243-245).
The development of the Tpex population is also thought to be driven by MYB activity (259),
whose promoter is enriched in chromatin of open conformation in our dysfunctional T cell model
(Table 3-1). Indeed, I found elevated TOX expression associated with T cell dysfunction in
pancreatic lymph nodes our model (Fig. 3-6), similar to what has recently been observed during
the course of type I diabetes (T1D) in non-obese diabetic (NOD) mice (244). Meanwhile, I failed

to observe elevated TCF1 expression associated with dysfunction (Fig. 3-6), whose continuous
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expression is thought to characterize Tpex (reviewed in (245)). Thus, dysfunctional T cells in our

model only share some canonical features associated with stem-like exhaustion.

There has been increasing interest in the epigenetic landscape of dysfunctional T cell
states. On one hand, if a dysfunctional epigenetic state is inflexible, this would help to explain
the maintenance of normal T cell tolerance in a complex milieu of stimuli. On the other hand,
inflexibility presents a challenge for immunotherapies seeking to rescue dysfunctional immune
responses with the end goal of viral or tumour clearance. I detected under-representation of the
foot-printing of additional transcription factors positively associated with T cell function:
CREBI, a positive modulator of cytotoxic CD8" T cell function (222), and KLF13, a
transcription factor thought to support normal thymocyte apoptosis (268) and activation (269). |
saw enrichment in the foot-print of FOXP1, thought to maintain naive T cell quiescence through
negative regulation of MAPK signaling and IL-7 responsiveness (271, 272). FOXP1 has also
been shown to be upregulated in tumour-infiltrating T cells and represses anti-tumour immunity
(273). These additional transcription factor foot-prints differentially represented in our tolerant
thymocytes further explain the T cell dysfunction I observed. In contrast, I also recorded under-
representation of the foot-print of EGR4, a zinc finger transcription factor thought to restrict T

cell activation and effector function (270).

Whether persistent Ag is required to maintain T cell dysfunction is likely dependent on
the model utilized, as evidence exists both in favour (109, 116—-118) and against its requirement
(115, 296). Nevertheless, cessation of chronic exposure to Ag may aid in resetting nuclear
occupancy by NFAT and allow for normal NFAT:AP-1 activity to occur again, releasing the
“epigenetic lockdown”. Finally, blocking of inhibitory receptor PD-1 has seen variable success in

“reinvigorating” exhausted T cell responses. Mechanistic studies of these treatments have
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suggested the dysfunctional T cell epigenetic program stands as an obstacle to their success
(296). Overall, the epigenetic profile of dysfunctional thymocytes in our model demonstrates
features both positively and negatively associated with T cell function, which has been observed
in other models, as discussed above. Accessible chromatin in genes positively associated with T
cell function such as the Tnfrsf18 (GITR, a co-stimulatory receptor) promoter represent the
potential for rescue from the dysfunctional state. Indeed, simultaneous PD-1-blocking and GITR
agonizing bi-specific antibody treatment was recently proposed as an optimized strategy beyond

singly target PD-1 in cancer immunotherapies (256).

Collectively, I have characterized a state of T cell-intrinsic tolerance established upon
encounter with high affinity TRA during thymocyte selection in the absence of clonal deletion.
This study details the first description of the epigenetic profile of tolerant CD8" TRA-specific
thymocytes. Based on its elevated expression in OT-I Bim”™ > RIP-mOVA chimeras, I have
implicated PD-1 as an enforcer of this dysfunctional state. The following chapter will investigate
this further, which, in combination with our defined epigenetic profile, will provide insight into

how this dysfunctional state is established and maintained.
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Chapter 4 - Signaling through PD-1 is required to establish and maintain tolerance to TRA

This chapter contains content originally published in The Journal of Immunology:

- May, J. F,R. G. Kelly, A. Y. W. Suen, J. Kim, J. Kim, C. C. Anderson, G. R. Rayat, and
T. A. Baldwin. 2024. Establishment of CD8+ T Cell Thymic Central Tolerance to Tissue-
Restricted Antigen Requires PD-1. J. Immunol. Vol 212 (2): 271-283. Copyright ©

[2024] The American Association of Immunologists, Inc.

Introduction

In the previous chapter, I investigated the phenotypic and functional profile of tolerant
transgenic CD8" T cells that escape clonal deletion in OT-I Bim” > RIP-mOVA chimeras.
Tolerance in this context is characterized by an epigenetic profile sharing features with T cell
exhaustion and cell-intrinsic functional impairment established in the thymus. The tolerance I
observed was robust, even in the absence of clonal deletion, suggestive of a non-deletional
mechanism that begins in the thymus and persists in the periphery. Due to increased PD-1
expression in the thymus of OT-I Bim”™ > RIP-mOVA chimeras (Fig. 3-8), in this chapter, I
wished to explore the extent and mechanism by which PD-1 contributed to tolerance, especially

since a majority of studies have limited their investigations in its role to mature T cells in the

periphery (77).

Programmed cell death protein 1 (PD-1) is an inducible co-inhibitory receptor expressed
on T cells, B cells, and some subsets from the myeloid lineage (297). PD-1 ligation impairs T
cell responses and thus PD-1 blockade forms the basis for some promising cancer
immunotherapies by improving the function of anti-tumour CD8" T cells in the tumour

microenvironment, reviewed in (298). PD-1 is thought to function through its recruitment of the
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phosphatase SHP2, which negatively regulates the activation of TCR-proximal signaling
molecules (299) and CD28-driven co-stimulation (165, 300). On lymphocytes at steady state,
PD-1 expression is limited to a small fraction of thymic and peripheral cells, but is induced on
thymocytes and peripheral T cells following strong TCR interactions (160, 301). The ligands for
PD-1, PD-L1 and PD-L2, are expressed on the thymic epithelium and professional antigen
presenting cells in the thymus and throughout the periphery (302, 303). PD-1 deficiency results
in autoimmunity in pre-clinical models (159) and single nucleotide polymorphisms in PD-1 are
linked to autoimmunity in humans (304-306). In the thymus, transgenic overexpression of PD-1
has been shown to modulate positive selection (174), while PD-1 deficiency in UbA-mediated
models of negative selection showed little or no impact (177, 307). Studies examining a role for

PD-1 in thymic tolerance induced by TRA are currently lacking.

Thus far, I explored the fate and function of MHCl-restricted thymocytes specific for a
TRA in the absence of clonal deletion. To investigate the requirements for tolerance in OT-I
Bim”" > RIP-mOVA chimeras, I used genomic and transplantation strategies to manipulate the

PD-1 signal in the context of this model.

Results

PD-1 signals in the T cell compartment necessarily support tolerance to TRA

Given that I observed enhanced PD-1 expression on tolerant OT-I CD8" T cells from OT-
I Bim”" > RIP-mOVA chimeras and that previous literature supports a role for PD-1 in enforcing
tolerance in general (297), I hypothesized that PD-1 was playing an active role in establishing
and/or maintaining the functional impairment seen in TRA-specific T cells that escaped clonal

deletion in OT-I Bim”* > RIP-mOVA chimeras.
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Work by previous students in our lab determined that PD-1 is required for tolerance in the
OT-I"" > RIP-mOVA model, but was not required for clonal deletion (116); we also previously
observed 100 % incidence of diabetes in OT-I PD-17"> RIP-mOVA chimeras compared to 0 % in
OT-I WT > RIP-mOVA controls. In the present study, I generated chimeras with a 1:9 ratio of
OT-I (WT or PD-17") to non-transgenic BM to better approximate endogenous frequencies of
self-reactive T cells. I found recipients of OT-I PD-17- BM still developed diabetes, but that
disease onset was delayed and penetrance was not complete, suggesting that disease in this
model is not simply an artifact of supra-physiological numbers of OVA-specific CD8" T cells
(Fig. 4-1). These findings suggested that only a fraction of the overall pool of OT-1 T cells
needed to be PD-17" to induce autoimmunity and further supports the case that functional
impairment of OT-I T cells in OT-I Bim”" > RIP-mOVA was cell intrinsic and not due to a

population of dominant suppressors.

To provide further support for the idea that PD-1 signals received during thymic selection
contributed to tolerance in OT-I Bim”" > RIP-mOVA chimeras, I stimulated thymocytes and
splenocytes from these chimeras alongside those from OT-I Bim™* PD-1"- > RIP-mOVA chimeras
and evaluated whether ablating PD-1 on a Bim™ background would restore functionality.
Activation marker induction (CD69 and CD25) was enhanced in the absence of PD-1 in the
thymus and spleen, suggesting that PD-1 is an enforcer of tolerance in the absence of clonal
deletion. Proliferation was enhanced when PD-1 was absent in peripheral T cells, but this trend

was not statistically significant for thymocytes (Fig. 4-2).

To determine whether PD-1 signaling specifically within the T cell compartment was
necessary to induce tolerance, I conditionally deleted PD-1 in CD8" T cells using pdcd] floxed

mice. CD8-Cre mice were intercrossed with OT-I, constitutive PD-17", and pdcd! floxed mice to
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generate OT-I CD8-Cre PD-1"% mice. Single-positive (SP) thymocytes can be further subsetted
based on their maturity and susceptibility to negative selection; semi-mature (SM, TCRp" H-2K®
1) SP thymocytes undergo apoptosis following strong TCR stimulation, while the subsequent
mature 1 (M1, TCRB" H-2K" " CD69") and mature 2 (M2, TCRB™ H-2K" " CD69™°) subsets
become activated similarly to naive peripheral T cells (reviewed in (88)). In OT-I CD8-Cre PD-
17 > RIP-mOVA chimeras, the loss of PD-1 became evident at the SM-M1 CD8SP thymocyte
stages (Fig. 4-3A) and all OT-I CD8-Cre PD-1"%® > RIP-mOVA chimeras experienced rapid
onset of diabetes while OT-I CD8-Cre PD-17"'> RIP-mOVA chimeras were protected (Fig. 4-
3B). Therefore, PD-1 signaling specifically within the CD8" T cell compartment is required to
establish tolerance in this model. Here and in subsequent diabetes analyses, I euthanized mice
from some groups early for the purpose of ex vivo analysis (indicated by tick marks). Thus, mice
from some groups were not followed to the end of the study, and therefore in some cases our
reported incidence of diabetes may be underestimated. The Kaplan-Meier graphs depicting the
percentage of mice remaining diabetes-free is accurate as the data points censored early are not

included in this calculation.

I additionally wished to determine whether the manifestation of diabetes in OT-I PD-17">
RIP-mOVA chimeras was in any manner influenced by a lack of CD4" T cells competent for T
regulatory cells (Treg) differentiation. I generated chimeras with a 1:1 ratio of OT-I (PD-1"" or
PD-1"") to OT-II (WT, MHClI-restricted transgenic TCR, similarly specific for a peptide derived
from chicken ovalbumin) (228). Despite delayed onset of disease, all RIP-mOVA recipients of
OT-I PD-17" + OT-II marrow developed diabetes, albeit at a significantly later time point than
was the case for the OT-I1 PD-17" control (Fig. 4-4). A caveat here is that I did not successfully

collect Foxp3-staining data from this experiment, meaning that I did not observe the extent to
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which OT-IT marrow generated Treg cells. However, overall these results suggest that the
presence of MHClII-restricted T cells is not sufficient for protection from diabetes in this model,
suggesting that non-tolerant CD8" OT-I T cells drive disease independently from the CD4"

subset.

To further solidify that the deletion of PD-1 specifically and not any co-inhibitory
receptor impaired tolerance in this context, I investigated whether deletion of B and T
lymphocyte attenuator (BTLA) impaired tolerance. BTLA is a co-inhibitory receptor expressed
on thymocytes following positive selection (308), and has been thought to play a similar role to
PD-1 in regulating T cell tolerance (225). I generated OT- BTLA™* > WT or RIP-mOVA
chimeras and found that frequencies of DP and CD8SP thymocytes remained largely unaltered
when BTLA was ablated (Fig. 4-5A), and that these chimeras did not develop diabetes,
suggesting that elimination of just any co-inhibitory receptor does not impair tolerance (Fig. 4-
5B). Finally, the absolute number of Va2" CD8SP CD24" thymocytes was significantly reduced
in both BTLA”~ and WT control RIP-mOVA chimeras, suggesting that clonal deletion was intact

in the absence of BTLA (Fig. 4-5C).
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Figure 4-1: A minority of PD-17- TRA-specific CD8" T cells in the T cell compartment is

sufficient to induce autoimmunity.
Incidence of diabetes in RIP-mOVA chimeras with a 1:9 mix of OT-I (PD-17" or WT) and
polyclonal non-transgenic BM. Data were generated from two separate cohorts of chimeras.

Asterisks represent statistical significance as determined by Log-rank test.
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Figure 4-2: The absence of PD-1 enhances functionality in TRA-specific CD8" T cells from OT-
I Bim” > RIP-mOVA chimeras.

Activation marker induction and compiled proliferation indices of OT-I Bim” > RIP-mOVA or
OT-I1 Bim™ PD-1"- > RIP-mOVA thymocytes (A), and splenocytes (B) following in vitro
stimulation. The number of independent experiments (IE) > 3. Asterisks represent statistical

significance as determined by unpaired T-test with Welch’s correction.
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Figure 4-3: Conditional PD-1 ablation at the single-positive stage is sufficient for the induction
of autoimmunity.

A, PD-1 expression in RIP-mOVA chimeras with OT-I CD8-cre PD-1"" or PD-1"*° bone
marrow. PD-1 expression was analyzed within the PD-1" subset within each population shown.
Pre-selection DP thymocytes (CD69'° TCRB), post-positive selection DP (CD69"™ TCRB™M), SM
thymocytes (TCRB" H-2K®!°), M1 thymocytes (TCRB" H-2K®" CD69™), M2 thymocytes
(TCRB* H-2K®h CD69®). B, Incidence of diabetes in RIP-mOVA or WT chimeras with CD8-cre
OT-1 PD-17% or PD-1"W"T bone marrow; PD-1""T> RIP-mOVA chimeras were sacrificed

1%e counterparts to confirm the timing of PD-1 ablation. For each assay

alongside their PD-
described above, the number of independent experiments (IE) > 3. Asterisks represent statistical

significance as determined by Log-rank test.
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Figure 4-4: Co-transfer of OVA-specific MHClII-restricted OT-II marrow delays the onset of

diabetes driven by OT-1 PD-1"- CD8" T cells.

Incidence of diabetes in RIP-mOVA or WT chimeras reconstituted with a 1:1 ratio of OT-I1 (PD-

17 or PD-17") and OT-II (WT) marrow. Asterisks represent statistical significance as determined

by Log-rank test.
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Figure 4-5: Co-inhibitory molecule BTLA is not required for tolerance to TRA in the OT-I >
RIP-mOVA model.

A, Thymic profiles of WT or BTLA”~ OT-I1 > RIP or B6 chimeras. B, Incidence of diabetes in
RIP-mOVA or WT chimeras with BTLA™ (IE = 2) or WT bone marrow. C, Number of mature
Va2 CDSSP CD24"° thymocytes in the chimeras described in (A); OT-1>WT (n = 5), OT-1
BTLA™ > WT (n = 3), OT-I > RIP-mOVA (n = 6), OT- BTLA”" > RIP-mOVA (n = 6). Asterisks
represent statistical significance as determined by Log-rank test (B) or two-way ANOVA with

Sidak’s multiple comparisons tests (C).
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Acute PD-1 signaling within the thymic compartment is sufficient to induce tolerance to
TRA that endures through anti-PD-1 blockade and the withdrawal of PD-L1-mediated
signaling

I next investigated the specific requirements for the PD-1-driven tolerance induced in
OT-I Bim™ > RIP-mOVA chimeras. Given that OT-I T cells from OT-I Bim”~ > RIP-mOVA
chimeras expressed PD-1 and are ostensibly impaired in a cell-intrinsic manner, I asked whether
PD-1-dependent tolerance required continued PD-1 signaling or was stable even when PD-1
signaling was withdrawn. To address this question, I administered anti-PD-1 blocking antibodies
to OT-1 > RIP-mOVA or OT-I Bim”" > RIP-mOVA bone marrow chimeras (some replicates for
this experiment were carried out by previous student, Rees Kelly). This treatment failed to break
tolerance, suggesting tolerance was stable even when PD-1 signaling was presumably interrupted
(Table 4-1). Work from a previous student mirrored this result in vitro, as the addition of anti-
PD-1 monoclonal antibodies failed to enhance the responses of TRA-specific CD8" T cells from

OT-I Bim™ > RIP-mOVA chimeras stimulated with OVA peptide-pulsed splenocytes.

Given potential limitations with the use of antibody-mediated blockade, I moved to an
adoptive transfer approach with PD-L17" recipients. Since PD-L2 is another ligand for PD-1, I
first determined if PD-L2 could compensate for the loss of PD-L1 and enforce tolerance in PD-
L17" recipients. I generated OT-I Bim” > RIP-mOVA PD-L1"* bone marrow chimeras and found
these chimeras rapidly became diabetic, while those heterozygous for PD-L1 did not, suggesting
PD-L2 could not compensate for the loss of PD-L1 in inducing or maintaining tolerance in this
setting (Fig. 4-6). I then adoptively transferred splenocytes from OT-I Bim”" > RIP-mOVA

chimeras into sub-lethally irradiated RIP-mOVA PD-L1"" recipients to acutely cease PD-L1-
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dependent signaling (detailed in Fig. 4-7). In contrast to non-tolerant controls, most RIP-mOVA
PD-L17" recipients that received OT-I Bim”" > RIP-mOVA splenocytes did not become diabetic,
and in the recipients in which diabetes was observed, disease was late-onset (Fig. 4-8A). 4 of the
12 recipients for this group were removed from the study at 8 weeks (indicated by tick-marks);
while they may have become diabetic at later time points, they nevertheless remained healthy
past the time where all positive control mice became diabetic. This suggested that a continuous
PD-1 signal mediated by PD-L1 is not required for the maintenance of tolerance, but in the

absence of PD-L1-mediated signals, tolerance wanes over extended periods of time.

Since functional impairment in tolerant chimeras is observable in thymocytes, I
hypothesized that PD-1 signaling within the thymic compartment may be sufficient to establish
tolerance in this model. To address this, I collected thymocytes from OT-I Bim” > RIP-mOVA
chimeras and transferred them into sub-lethally irradiated RIP-mOVA PD-L1"" recipients so that
PD-1 signaling would be limited to the thymus. Like the splenocyte adoptive transfer, transferred
thymocytes remained tolerant for an extended period in contrast to non-tolerant controls, with
tolerance waning at late time points in some cases (Fig. 4-8B). These data suggest that acute PD-
1 signaling in the thymus is sufficient for the establishment of tolerance, but continued PD-L1-

dependent signals only support the maintenance of tolerance at late time points.
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Table 4-1: Incidence of diabetes in chimeras treated with aPD-1 antagonist antibody or isotype

control.
Chimera OT-I > RIP-mOVA OT-I Bim” > RIP-mOVA
Treatment None | aPD-1(J43) | Isotype None | aPD-1 (J43) | Isotype
Incidence of Diabetes | 0/23 0/4 0/2 0/33 0/4 0/2
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Figure 4-6: PD-L1 expression is required on cells of non-hematopoietic origin to establish

tolerance.

Incidence of diabetes in OT-I Bim”" > RIP-mOVA PD-L17 chimeras.

The number of independent experiments > 3. Asterisks represent statistical significance as

determined by Log-rank test.
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Figure 4-7: Schematic demonstrating experiments depicted in Figure 4-8.
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Figure 4-8: Acute PD-1 signaling within the thymic compartment is sufficient to induce
tolerance to TRA.

A, Incidence of diabetes in sub-lethally irradiated RIP-mOVA PD-L17" recipients of adoptively
transferred CD8-enriched CD8" Vo2* splenocytes from OT-I Bim”"> RIP-mOVA chimeras. B,
Incidence of diabetes in sub-lethally irradiated RIP-mOVA PD-L17" recipients of adoptively

transferred thymocytes from OT-I Bim”"> RIP-mOVA chimeras. Asterisks represent statistical

significance as determined by Log-rank test.
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CRISPR-mediated ablation of PD-1 results in a loss of tolerance in CD8" OT-I T cells from
OT-I Bim”~ > RIP-mOVA chimeras

To further explore whether continuous PD-1 signaling was required for the maintenance
of tolerance, I devised an alternate approach for interrupting the PD-1 signal. I enriched CD8"
OT-I T cells from the spleens of OT-I Bim™ > RIP-mOVA chimeras, used CRISPR to ablate the
PD-1 locus, and immediately transferred these cells into sub-lethally irradiated RIP-mOVA
recipients using a protocol described by Niissing et al. 2020 (309). A portion of these
nucleofected cells were rested in vitro for 2 days in the presence of IL-7 (10 ng/mL) before
stimulation with anti-CD3/anti-CD28 plate-bound antibodies to assess the efficiency of PD-1
deletion, which I found to range between 60-80 % (Fig. 4-9). I found that cells from OT-I Bim™
> RIP-mOVA chimeras that had experienced PD-1 deletion rapidly lost their tolerant state in
contrast to cells that received control (non-PD-1-targeting) gRNA/Cas9 treatments (Fig. 4-10). In
contrast to adoptive transfers of TRA-specific T cells from OT-I Bim”~ > RIP-mOVA into RIP-
mOVA PD-L17" recipients (Fig. 4-8), interruption of the PD-1 signal via CRISPR-mediated
ablation of PD-1 reverses the tolerance I observed in OT-I T cells from OT-I Bim”* > RIP-mOVA

chimeras, suggesting that continuous signaling through PD-1 is required to maintain tolerance.
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Figure 4-9: Successful deletion of PD-1 via CRISPR.

Representative histograms of PD-1 surface expression in CD8-enriched splenocytes from OT-I
Bim”" > RIP-mOVA chimeras electroporated with PD-1-targeting or control gRNA/Cas9
ribonucleoprotein complexes following stimulation with anti-CD3/anti-CD28 plate-bound

antibodies for 2 days. Data is representative of cohorts described in Figure 4-10.
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Figure 4-10: CRISPR-mediated ablation of PD-1 results in a loss of tolerance in OT-1 T cells
from OT-I Bim” > RIP-mOVA chimeras.

Incidence of diabetes in adoptive transfer recipients of CD8-enriched splenocytes from OT-I
Bim™* > RIP-mOVA chimeras electroporated with PD-1-targeting or control gRNA/Cas9
ribonucleoprotein complexes. The number of independent experiments (IE) > 7. Asterisks

represent statistical significance as determined by Log-rank tests.

Discussion

It is known that the co-inhibitory receptor PD-1 plays a role in regulating T cell function
and 1s induced in DP thymocytes following strong TCR signaling. In the 2C TCR transgenic
model of negative selection, PD-1 deficiency resulted in enhanced generation of DN thymocytes
(307), suggesting the absence of PD-1 may substantially impact selection. However, no such
effect was observed in MHCI- or MHClI-restricted male antigen reactive TCR transgenic models
(177). In Chapter 3, I found that PD-1 was induced on OT-I CD8SP thymocytes that survived
deletion in RIP-mOVA recipients. Previously, work in our lab established that deletion of PD-1

did not dramatically affect the number of OT-I CD8SP thymocytes in RIP-mOVA chimeras,
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although there were increased numbers of OT-I T cells in the spleen and pancreatic lymph nodes
of these mice (116), as was similarly observed for myelin oligodendrocyte glycoprotein (MOG)-
specific CD4" T cells on a polyclonal background (310). I think it is unlikely that tolerance was
broken in the absence of PD-1 (Fig. 4-1 and 4-3) due to the elevated numbers of Ag-specific
cells, but rather that PD-1 signaling induced a tolerogenic program in the OT-I T cells, since OT-I
Bim™* > RIP-mOVA chimeras contain substantially more OT-I T cells than OT-I PD-1"-> RIP-

mOVA counterparts and tolerance was still enforced in OT-I Bim™ T cells (74, 75).

PD-1 has primarily been investigated for its role in peripheral tolerance by limiting
reactivation, function, and trafficking of self-reactive T cells (297), but a role for PD-1 in
establishing tolerance in the thymus has not be reported. I found that PD-1 expression on
thymocytes (Fig. 4-3) and PD-L1 expression on non-hematopoietic cells during development in
the thymus were required to establish tolerance, since OT-I Bim”~ PD-17-> RIP-mOVA (116) and
OT-I Bim™”" > PD-L17- RIP-mOVA chimeras (Fig. 4-6) rapidly developed diabetes. These data
suggest it is during first encounter with high affinity antigen — in the thymus or periphery — that
PD-1 signals are important for establishing tolerance, which is in contrast to previous studies
(189, 311-313) proposing only a minor role for PD-1 in early tolerance induction (see review
(314)). Indeed, it was recently shown that PD-1 could delay lethal autoimmunity in Aire”” mice
(315). In the absence of AIRE in this model, many TRA would not be expressed in the thymus
and instead would be first encountered in the periphery, where concurrent PD-1 signals induced
protection against autoimmunity. That PD-1 signaling during thymic selection is sufficient to
induce tolerance is further supported by Thangavelu et al. where PD-1-deficiency in polyclonal
thymocytes or recent thymic emigrants, but not established peripheral T cells, precipitated a

lethal, multi-organ autoimmunity when adoptively transferred into Rag”" recipients (177).
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Finally, tolerance failed to establish and intestinal inflammation and mortality was driven by
naive OT-IT cells in iIFABP-OVA mice when PD-L1 blockade treatment was administered the

day of adoptive transfer, but not 30 days later (188).

When assessing the degree to which PD-1 was responsible for maintaining tolerance in
the periphery, I found that PD-1 blockade in tolerant OT-I Bim™ > RIP-mOVA chimeras was
unable to break tolerance (Table 4-1). This may be due to the blockade treatment falling short of
100 % effectiveness; in this case, even low-level PD-1 signals may filter through and impact
tolerance. I also found that PD-L17- RIP-mOVA recipients of adoptively transferred tolerant
CDS8" cells from OT-I Bim™ > RIP-mOVA chimeras experienced the development of diabetes
with incomplete penetrance and late onset (Fig. 4-8). However, when I used CRISPR to interrupt
the Pdcdl locus on tolerant CD8" cells from OT-I Bim” > RIP-mOVA chimeras, I observed a
rapid loss of tolerance and the manifestation of diabetes in recipients of these cells (Fig. 4-10).
These data suggest that while PD-1 expression on TRA-specific CD8" T cells is required for the
maintenance of tolerance, signaling delivered through engagement with PD-L1 is not. I envision
two main explanations for these observations. The first possible explanation is that the broad
expression pattern of PD-L1 aids in delivering a strong signal through PD-1 to developing
thymocytes, which is required to establish tolerance. The limited expression pattern of PD-L2
does not allow for sufficient engagement of PD-1 to establish tolerance. However, when PD-L1-
mediated signals are discontinued in the periphery, tolerance is largely maintained until late time
points, suggesting that the low-intensity signals delivered through PD-L2 are sufficient to
maintain tolerance to some degree. One caveat to these experiments is that the transferred TRA-
specific CD8" T cells are PD-L1 sufficient; as I did not assess the level of PD-L1 expression on

these cells, its potential contribution to tolerance cannot be accounted for. If strong PD-1
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signaling is required to establish tolerance, and low-intensity PD-1 signals are sufficient to
maintain tolerance as I propose, this would also explain why PD-1 blockade failed to break
tolerance in our study, and that of the Fife group, who showed that established anergic peripheral
T cells are not reinvigorated by PD-L1 blockade (188). If PD-1 blockade is not 100 % effective,
residual PD-1 signals may maintain tolerance. The other explanation I propose for our
observations is that PD-L1-driven tolerizing signals are context-dependent, and that
simultaneous engagement of the TCR and PD-1 by an antigen-bearing thymic epithelial cell is
required to induce tolerance during development. In contrast, PD-L2-driven signals delivered by
antigen presenting cells may be sufficient to maintain tolerance in peripheral tissues. Indeed, the
Sharpe group previously demonstrated in the NOD background distinct roles for PD-L1/PD-L2

in restraining self-reactive T cells in the pancreas (316).

I demonstrated that the provision of TRA-specific CD4" T cells by way of OT-II HSC co-
transfer delayed the onset but was ultimately unable to prevent the development of diabetes
driven by OT-1 PD-17" T cells (Fig. 4-4), further solidifying the cell-intrinsic role for PD-1 in
tolerance. In OT-II: RIP-mOVA double transgenic mice, OT-II thymocytes are subjected to
clonal deletion and tTreg commitment, and do not mediate autoimmunity, despite the persistence
of Ag-specific clonal deletion-escapees in the periphery (65, 69, 317). A caveat to this
experiment is that despite the presumed competence of OT-II transgenic BM to produce TRA-
specific CD4" Tregs, I did not assess this population in our chimeras. As a result, I cannot
conclude that TRA-specific Tregs slowed the onset of diabetes driven by OT-I1 PD-1"" T cells.
However, delayed disease onset did not appear to simply be due to the proportional reduction in
OT-1 PD-1"" autoimmune mediators, since 1:1 OT-I PD-17": OT-II BMCs all went diabetic

between 15-20 weeks post-reconstitution, while previous work in our lab conversely showed that

94



1:1 OT-I PD-17": OT-I PD-1" > RIP-mOVA chimeras all went diabetic between 5-10 weeks

(116).

Chapter S - Capicua as a critical contributor to positive selection

Introduction

The transcriptional repressor, Capicua (CIC), has in recent years received attention for its
potential role in thymocyte selection in part thanks to the spontaneous lymphoproliferative
autoimmune-like disease that manifests in mice when CIC is deficient in the hematopoietic
compartment (212). Deficiency in CIC has been associated with disproportionate generation of T
follicular helper cells (TFH) and germinal centre (GC) responses, in a manner intrinsic to the T
cell compartment (212). Studies using models that knock-out CIC in the HSC compartment such
as Tek-cre (318) and Vavl-cre (319) have suggested that CIC is important to normal T cell
development (211, 213). Acute ubiquitous deletion of CIC using a tamoxifen-inducible UBC-
creER/T2 CICFVFL system resulted in dysregulated expansion of thymocytes in the early thymic
progenitor (ETP) and CD4- CD8  DN1 populations (211). Vavl-cre-mediated disruption of the
Cic locus resulted in impairment in both positive and negative selection, thought to be due to
attenuation of the TCR signal (213). A caveat common to the studies described above is that the
deletion of CIC in the HSC compartment (or generally prior to thymic colonization) precludes
any distinction between early thymic events (ETP, DN) and positive/negative selection itself.
Thus, in the present study, I wished to examine the impact of CIC on thymocyte selection using a
CD4-cre-driven (320) CIC-knock-out (flox/flox, (226)) model, wherein gene editing occurs upon

expression of the CD4 coreceptor and concurrently with the onset of positive selection.
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I examined CIC’s role in T cell biology using CD4-cre CICF“ - mice on a polyclonal
background, and additionally intercrossed these mice with two different MHC-I-restricted TCR
transgenic models. Here, I generated BM chimeras using the OT-I (239) and HY** (227)
transgenic TCR systems to model selection in the context of relatively high and low self-
reactivity, respectively (321). In the HY** system, expression of the HY male Ag-reactive
TCRa-chain is delayed using conditional Cre/lox-based expression until the upregulation of CD4
at the CD4" CD8" DP thymocyte stage, in this case resulting in a correction of the premature

affTCR expression seen with other transgenic models.

Results

CIC deficiency is associated with alterations in conventional and non-conventional T cell
populations

I first examined the role of CIC in thymic selection in a polyclonal setting by analyzing
the ex vivo phenotype of CD4-cre CICFYL T cells in the thymus and spleen of non-transgenic

polyclonal mice.

I found that the overall impact of CIC deficiency on T cell populations was relatively
subtle. Broadly, conventional T cell subsets in the thymus and periphery were unchanged except
for a minor decrease in the frequency but not absolute numbers of CD4SP (CD25°) thymocytes in
the CD4-cre CICTYL (Fig. 5-1A-C). As defects in positive selection have previously been
reported in Vav1-cre-driven CIC knock-out models (213), I assessed the frequency of post-
positive selection CD4" CD8" DP thymocytes by the co-upregulation of TCRp and CD69. CD4-
cre CICFYFL DP thymocytes appeared in the TCRB™ CD69" population at a lower frequency than
did CIC-sufficient controls (Fig. 5-1D-E), suggesting lower rates of positive selection. Caspase-3
is cleaved in thymocytes undergoing apoptosis due to either clonal deletion or death by neglect,
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and these populations can be distinguished as Caspase-3" TCRB" CD5" or Caspase-3" TCRp"
CD5", respectively. The DP population did not show evidence of increased death by neglect,
despite the lower proportion of post-positive selection DP thymocytes; the frequency of activated
Caspase-3" cells in the TCRPB CD5" subset was not elevated (Fig. 5-1F). This was similarly true
for DP thymocytes undergoing clonal deletion (TCRB"™ CD5" subset) (Fig. 5-1F). CD4SP and
CDS8SP thymocytes trended higher in the proportion of cleaved Caspase-3" cells, though these
differences were not significant (Fig. 5-1G), suggesting negative selection experienced by these

populations may be altered in the absence of CIC.

In the CD4-cre CICTFL, T observed a trending increase in the frequency of anergic
phenotype FR4" CD73" CD4" T cells and a statistically significant increase in the frequency of
the Foxp3™ CD25" Treg progenitor population in the spleen, but not in the thymus (Fig. 5-2B).
However, these differences did not extend to the total numbers of these populations (Fig. 5-2C).
CIC deficiency was also associated with a decrease in the frequency of intra-epithelial
lymphocyte progenitors (IELp) (Fig. 5-3B), which are thought to be a non-conventional fate for
DP thymocytes after receiving a high affinity TCR signal (322-324). Another such non-
conventional fate is the invariant natural killer T cell (iNKT), however the frequency of this
population was unchanged in the absence of CIC (Fig. 5-3C). I observed increases in the
frequencies of CD44" CD62L' (T effector memory, TEM-like) CD4" and CD8" splenocytes,
similar to what has been recorded for the Vav1-cre CIC™Y*L model (212). However, this
difference was not significant for the CD4" T cell subset (Fig. 5-2A). I also observed an increase
— though not significant — in the frequency T follicular helper cells (TFH), as has previously been

reported for both the Vav1-cre and CD4-cre-driven CIC knock-out models (212) (Fig. 5-3A).
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The differences I observed thus far in subsets within the T cell compartment of CIC-
deficient mice were suggestive of altered receipt of the TCR signal. Thus, I wished to assess
whether conventional T cells that developed and circulate in the absence of CIC would display
markers associated with altered TCR signaling strength. During positive selection, CD5
expression is set correlated to the strength of the TCR signal delivered by interactions with self-
pMHC (325), and Helios has been shown to be upregulated following high aftinity TCR
signaling (58). While CD5 (Fig. 5-4A-B) and Helios (Fig. 5-4C-D) expression were unchanged,
splenic CD4" T cells showed a significant increase in the expression of PD-1 (Fig. 5-4E-F).
However, the increase in PD-1 expression may simply be due to increased TFH generation for
the CD4-cre CIC™MFL (Fig. 5-3A). These data suggest that in a polyclonal setting, the apparent
self-reactivity of the T cell compartment is not altered in the CD4-cre CICTFL, Additionally, the
frequency of CD127" CD4" and CD8" T cells in the thymus and spleen was decreased in the
CD4-cre CICTYFL (Fig. 5-5A-B). CD127 (also known as the IL-7 receptor a-chain, IL-7Ra) is
innately important to T cell selection and homeostasis (reviewed in (20)). Thus, differences in its
expression suggest the phenotype associated with CIC deficiency may involve dysregulated
receipt of IL-7 signals. Within the CD127" subset, the expression level of CD127 was also lower

when CIC was absent (Fig. 5-5C).
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Figure 5-1: Alterations in the selection of conventional thymic subsets in CIC-deficient mice.
A, Representative flow plot of profiles of CIC* and CIC”~ thymus. B, Frequencies (left) and

absolute number (right) of conventional splenic T cell subsets. C, Frequencies (left) and absolute
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numbers (right) of conventional thymic subsets. D, Representative flow plots of post-positive
selection DP thymocytes, defined as TCRB" CD69". E, Summary of data from (D). F,
Proportion of Caspase-3" cells in DP thymocytes either undergoing death by neglect (TCRB'®
CD5") or clonal deletion (TCRB" CD5"). G, Proportion of Caspase-3" cells in conventional
thymic subsets. Number of independent experiments per group > 4. Asterisks represent statistical

significance as determined by unpaired T-test with Welch’s correction.
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Figure 5-2: CIC deficiency increases the frequencies of some T cell populations associated with
high affinity TCR signaling.

T cell subsets were analysed ex vivo from polyclonal CICFY"WT and CICFYFL spleen or thymus. A,
Frequencies of virtual memory T cell populations: T central memory (TCM, CD62L" CD44™)
and T effector memory (TEM, CD62L!° CD44") in the spleen. B, Frequencies of anergic (FR4™
CD73") and T regulatory cells (Treg, Foxp3* CD25"), and Treg precursors (Foxp3™ CD25°) in

the spleen (left) and thymus (right). C, Absolute numbers in the spleen (left) and thymus (right)
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associated with the analysis in (B). Number of independent experiments per group > 4. Asterisks

represent statistical significance as determined by unpaired T-test with Welch’s correction.
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Figure 5-3: CIC deficiency is associated with alterations in the frequencies of non-conventional
T cell populations.

Non-conventional T cell subsets were analysed ex vivo from polyclonal CIC™YWT and CICFVFL
spleen or thymus. A, Proportions (left) and absolute number (right) of T follicular helper (TFH,

CD4" CXCR5" PD-1%) cells (TFH) in spleen. B, Proportions (left) and absolute number (right) of
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intra-epithelial lymphocyte progenitors (DP®!' TCRB" CD5" NK1.1°) in the thymus. C,
Proportions (left) and absolute number (right) of invariant NKT cells (iNKT, TCRB" CD1d
tetramer") in the spleen and thymus. Number of independent experiments per group > 3.
Asterisks represent statistical significance as determined by unpaired T-test with Welch’s

correction.
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Figure 5-4: Deficiency in CIC does not result in altered self-reactivity of the conventional T cell
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A, Representative histograms demonstrating CD5 expression in CICFYWT (grey) and CICTV/FL
(open) conventional T cell subsets from polyclonal mice. B, Summary of data shown in (A). C,
Representative histograms demonstrating Helios expression in CICFYVT (grey) and CICFV/FL
(open) conventional T cell subsets from polyclonal mice. D, Summary of data shown in (C). E,
Representative flow plots demonstrating differences in PD-1 expression in CIC*YWT and CICFYFL
conventional T cell subsets from the thymus of polyclonal mice. F, Summary of data shown in
(E). Number of independent experiments per group > 3. Asterisks represent statistical

significance as determined by unpaired T-test with Welch’s correction.
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Figure 5-5: CIC deficiency is associated with diminished CD127 expression.

A, Representative histograms demonstrating CD127 expression in CIC*YVT (grey) and CICTFE
(open) conventional T cell subsets from polyclonal mice. B, Summary of data shown in (A);
represented is the percentage of each shown population positive for CD127 expression. C,

CD127 expression (median fluorescence intensity) within the CD127" population quantified in

(B). Number of independent experiments per group > 3. Asterisks represent statistical

significance as determined by unpaired T-test with Welch’s correction.
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CIC-deficient T cells show mild functional impairment in vitro and in vivo

In the previous section, I provided evidence for dysfunctional selection in the absence of
CIC. To further characterize the T cell repertoire to follow from this potentially dysfunctional
selection process, I assessed the functional capacity of mature CD4" and CD8" T cells from

polyclonal CD4-cre CICTYFL mice.

In collaboration with undergraduate student Nikhil Bhatnagar, I labelled spleen-derived
cells from both CD4-cre CICYFr and CD4-cre CICTYWT mice with either CellTrace Violet
(CTV) or carboxyfluorescein succinimidyl ester (CFSE) proliferation dyes. The diagram
depicted in figure 5-6A describes both in vitro experiments (Fig. 5-6) and in vivo experiments
(Fig. 5-7) carried out with these labelled splenocytes. I stimulated these cells in vitro using plate-
bound a-CD3/a-CD28 antibodies. On day 2 post-stimulation, CIC deficiency in either CD4" or
CD8" T cells did not result in differences in activation, based on the upregulation of CD25 and
CD69 (Fig. 5-6B-C). The mean proliferation index of CICF CD8* T cells was not
significantly different from the control (Fig. 5-6D-E). However, the division index tended to be
diminished for both CD4"/CD8" populations, but these differences were not statistically
significant. Thus, it is possible CIC-deficient T cells were overall less likely to divide in vitro

following stimulation (Fig. 5-6F).

Splenocytes labelled as described in Fig. 5-6A were also co-adoptively transferred into
sub-lethally irradiated (lymphopenic) recipients in parallel with in vitro experiments. Differential
CTV/CFSE labelling was used to distinguish donor cells. Under lymphopenic conditions,
CICTMFL CD8" T cells persisted to lower total numbers than did the CICFY™T control on day 7
post-adoptive transfer, while there was no difference in CD4" T cells (Fig. 5-7A). In contrast, in

non-irradiated controls, no such differences emerged, suggesting that homeostatic proliferation
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under lympho-replete conditions is not impacted by CIC deficiency (Fig. 5-7A). Proliferation
index was significantly increased for CICFYF- CD4" T cells (Fig. 5-7B), which suggests that for
total numbers to remain the same as shown in (Fig. 5-7A), cell death may have been increased in
this population. However, I did not investigate cell death in these experiments. Finally, while
division index was unchanged for CICFYF- CD4" T cells, it was diminished for the CD8"
population (Fig. 5-7C). Overall, these data indicate that the capacity for LIP is altered in the

absence of CIC and appears particularly limited in the CD8" compartment.
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Figure 5-6: CIC deficiency results in a mild defect in proliferative responses to non-specific

TCR stimulation in vitro.

A, Diagram describing experiments outlined in Figures 5-6 and 5-7. B, Activation marker CD25

and CD69 upregulation in polyclonal CD4" and CD8" T cells 2 days following stimulation with
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plate-bound anti-CD3/28 antibodies in vitro (1 ng/mL for each antibody). C, Summary of data
described in (B). D, Day 2 proliferation assessed by proliferation dye (CFSE or CTV) dilution in
polyclonal CD4" and CDS8" T cells; unstimulated PBS control (grey) and stimulated with plate-
bound antibody. E, Summary of proliferation indices calculated from data described in (D). F,
Summary of division indices calculated from data described in (D). Number of independent
experiments per group > 3. Asterisks represent statistical significance as determined by unpaired

T-test with Welch’s correction.
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Figure 5-7: CIC deficiency results in altered capacity for lymphopenia induced proliferation in
polyclonal T cells.

A, Number of TCRB" CD4" and CDS8" T cells recovered from the spleen of lymphopenic
(irradiated, left) or lympho-replete control (non-irradiated, right) from either CICTY'VT or
CICFYFL donors 7 days post-adoptive transfer. Proliferation was assessed by proliferation dye
(CFSE or CTV) dilution in polyclonal TCRB* CD4" and CD8" T cells. B, Summary of
proliferation indices calculated from data described in (A). Summary of division indices
calculated from data described in (A). Number of independent experiments = 4. Asterisks

represent statistical significance as determined by paired T-test.
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Evidence of impaired selection and altered TCR signaling in competitive polyclonal BMCs
Due to the subtlety of the phenotype I observed directly ex vivo in polyclonal mice, I next
wished to compare the selection of CICFYFL T cells in a setting with CICFYVT competitors to

observe thymocytes developing in the presence or absence of CIC in parallel.

I generated CICFYFL:CICTYWT (1:1) mixed bone marrow chimeras outlined in the diagram
in figure 5-8A. The resulting CD4/CDS thymic profiles of each donor were largely similar (Fig.
5-8B). However, while the total DP population was close to 50 % CIC*“ -origin, this
percentage decreased as thymocytes matured (Fig. 5-8C-D) and decreased between the mature
SP thymocyte and peripheral CD8" T cell populations (Fig. 5-8E). This suggests CIC deficiency
results in a T cell-intrinsic impairment in the positive selection of both CD4SP and CD8SP
thymocytes as well as an impairment in peripheral CD8" T cell maintenance. However, while our
data do not rule out the potential for altered thymic egress explaining differences in the
peripheral CD8" population, in this case, one might expect an accumulation of CICFY- CD8SP
thymocytes rather than a deficit. Indeed, similar to observations I made directly ex vivo in
polyclonal mice, the proportion of post-positive selection CIC*YFL DP thymocytes was
diminished compared to the CICFY'VT control (Fig. 5-8F). Selection efficiencies (calculated by
the number of SP per DP thymocyte) were also lower for CD8SP CD4-cre CICFF thymocytes,

however the difference was not significant for the CD4SP subset (Fig. 5-8G).

Also consistent with our ex vivo data, the CD4-cre CICFYL continued to display a lower
proportion of CD127" CD4" and CD8" T cells in the thymus and spleen (Fig. 5-9A-B). Within
the CD127" population, CD127 expression was also lower when CIC was absent (Fig. 5-9A-B).
When developing in the presence of CICTY'VT competitors, CIC-deficient DP thymocytes

displayed decreased expression of CD5 (Fig. 5-9C), suggesting that positive selection may be
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impaired due to the propagation of the TCR signal being diminished in the absence of CIC. The
relative decrease in CD35 expression is also apparent in CD4SP thymocytes and peripheral CD4"
and CD8" T cells. Interestingly, CD4-cre CICTYFL CD4" and CD8" T cells showed elevated
expression of the marker Ki67, which is used to distinguish cycling cells that have exited the

quiescent state (326) (Fig. 5-9D).

In CICFYWT:CICMFL mixed BMCs, CIC-deficient splenic CD4" and CD8" T cells
showed marked increases in the proportions of PD-1" cells (Fig. 5-10A-B). However, for the
CD4" population, this may primarily be due to enhanced generation of TFH (CD4" CXCR5" PD-
17) for CD4-cre CICTYFL T cells in these mixed BMCs (Fig. 5-10C) compared with that of
polyclonal mice directly ex vivo (Fig. 5-3A). The increase in both TFH generation and PD-1
expression in mixed BMCs suggests the added competition by CIC*YVT was a contributor to
these differences. Additionally, the proportion of CIC-deficient splenic CD4" Foxp3™ CD25 cells

CFL/ WT

was also observed to be elevated over those of the CI control, while no such difference

arose in the thymus (Fig. 5-11).
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Figure 5-8: CIC-deficient T cells demonstrate a competitive disadvantage in polyclonal mixed

bone marrow chimeras.

A, Diagram describing polyclonal mixed bone marrow chimera set-up. B, Representative flow

plot of thymocytes of both donor origins within CICFYVT:CICFYFL (1:1) mixed bone marrow

chimeras. C, Donor composition of general thymic subsets after CD45.1" recipient cells are

gated out. D, Percentage CICTL/FL

-origin within the mature SP thymic subset relative to the DP

subset (shown is a ratio, SP/DP). E, Percentage CIC'""--origin within the splenic T cell subset

relative to the mature SP subset (shown is a ratio, splenic T cell/SP). F, Percentage of post-

positive selection thymocytes within the DP subset within CICTY'WT and CIC*“* donor

populations. G, Selection efficiency of CD4SP and CD8SP thymocytes. Asterisks represent

statistical significance as determined by paired T-test.
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Figure 5-9: Phenotype of CIC-deficient T cells consistent with alterations in TCR signaling and
homeostatic maintenance.

Cells were analyzed ex vivo from CICFYWT:CICFYFL (1:1) polyclonal mixed bone marrow
chimeras. A, CD127 expression in conventional thymic subsets; proportion of CD127-expressing
cells (left) and CD127 expression (median fluorescence intensity) within the CD127" subset
(right). B, CD127 expression in conventional splenic T cell subsets; proportion of CD127-
expressing cells (left) and CD127 expression (median fluorescence intensity) within the CD127"
subset (right). C, CDS5 expression within thymic (left) and splenic (right) conventional T cell

subsets. D, Proportion of Ki-67" cells within splenic conventional T cell subsets. Number of
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independent experiments/cohorts = 2. Asterisks represent statistical significance as determined

by paired T-test.
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Figure 5-10: In CIC-deficient conventional T cells, the elevated proportion of the PD-1" subset
is magnified in the periphery of competitive polyclonal bone marrow chimeras.

A, PD-1 expression in CD8" TCRB" and CD4" TCRB" CD25 conventional T cell subsets within
the thymus and spleen of CICFYWT:CICFYFL (1:1) polyclonal mixed bone marrow chimeras. B,
Summary of data collected from experiment described in (A). C, Proportion of T follicular helper
(TFH, CD4" CXCR5" PD-17) cells (TFH) in the spleen. Number of independent

experiments/cohorts = 2, with the exception of PD-1 expression in splenic CD4" TCRB" CD25
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conventional T cells, in which case data is representative of a single cohort. Asterisks represent

statistical significance as determined by paired T-test.
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Figure 5-11: In CIC-deficient conventional T cells, the elevated proportion of the CD4" Foxp3™
CD25 subset is magnified in the context of competitive polyclonal bone marrow chimeras.

A, Treg (CD4" Foxp3" CD25") and Treg precursor (CD4" Foxp3™ CD25") representation within
the CD4" TCRB" population in the thymus and spleen of CICFYWT:CICFYFL (1:1) polyclonal

mixed bone marrow chimeras. B, Summary of data described in (A). Number of independent
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experiments/cohorts = 2. Asterisks represent statistical significance as determined by paired T-

test.

CIC deficiency leads to impairment in positive selection in two different transgenic models:
OT-1 and HY*%,

In the previous section, I noted phenotypic changes in CICFYL T cells developing in
competitive mixed BMCs consistent with dysregulation of the integration of the TCR signal. To
better understand the nature of this dysregulation, I wished to examine CIC’s influence on

positive selection without the challenges associated with a diverse T cell repertoire.

I generated WT:CIC*L (1:1) bone marrow chimeras with the physiological HY** MHC
I-restricted male Ag specific TCR transgenic system (227) using female recipients to study

positive selection. Transgenic T3.70" thymocytes of CICFL/FL

origin showed decreased
frequencies within the CD8SP gate (Fig. 5-12A-B), and selection efficiency was significantly
decreased (Fig. 5-12C). Within the CD8SP T3.70" population, the frequency of CD24%°
thymocytes was also decreased in the absence of CIC (Fig. 5-12D-E), indicating that positive

selection was impaired.

Transgenic T3.70" T cells were identified according to the gates described in Fig. 5-13A.
CIC deficiency was also associated with a decrease in expression of the transgenic HY-specific
TCR (Fig. 5-13B) in the T3.70" DP and CD8SP thymic subsets. This may reflect a failure to
fully upregulate the HY TCR due to impaired positive selection, which is supported by our
observation of diminished CD5 expression on CIC*YFL DP thymocytes (Fig. 5-13E-F).

additionally observed increased expression of PD-1 on CD8SP thymocytes and CD8" peripheral
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T cells (Fig. 5-13C-D), and CD35 expression saw sequential increases on CD8SP and CD8"
peripheral T cells (Fig. 5-13E-F). Thus, as CD8" T3.70" CICFYL cells matured and egressed to
the periphery, they increasingly displayed features associated with self-reactivity. Since our
HY** transgenic system is not on a RAG” background, it is possible that endogenous TCRa.
rearrangements mediate positive selection instead of the HY TCR in our chimeras, which may
also explain decreased T3.70 staining in the thymus and elevated CDS5 expression in the
periphery. To limit this possibility, T3.70" cells were gated as “true” HY*™ Tg CD8" T cells; I
presumed the T3.70'° population to potentially carry cells that expressed lower levels of HY TCR
due to co-expression of endogenously rearranged alternate TCRa-chains. When T3.70" and
T3.70" populations were compared (gating demonstrated in Fig. 5-14), differences in CD5
expression appeared to be exclusive to the T3.70" population (Fig. 5-14B-D). I also observed a
continuation in the trend of decreased CD127 expression in CICFYFL thymocytes and mature T
cell (Fig. 5-15), and again this appeared largely exclusive to the T3.70" population (Fig. 5-14D).
If endogenous TCRa expression was a feature of the T3.70% population and the above listed
phenotypic differences were rescued in this population, then in this case the phenotype
associated with CIC deficiency may be limited to the “true” HY TCR mono-expressing T cells.
One potential explanation for this observation is that the influence of CIC is limited to T cell
clones of lower self-reactivity (as with the HY TCR), and it plays a lesser role in clones with

more highly self-reactive TCRs (endogenous rearrangements).

I also generated WT:CICFYFL (1:1) BMCs with the OT-I MHC I-restricted OVA-specific
TCR transgenic system (239) (Fig. 5-16) using non-OVA-expressing C57BL/6J (B6) recipients
in order to model positive selection in the context of a more highly self-reactive TCR (321, 327).

Similarly to the HY** model, CICFYL cells in these chimeras displayed decreased frequencies

119



of CD8SP thymocytes within the OVA-K® tetramer” population (Fig. 5-16A-B). The selection
efficiency for CIC-deficient cells was also significantly lower than for the WT controls (Fig. 5-
16C). The CICFYFL tetramer” subset also showed a decreased frequency of mature CD24"°
CDB8SP thymocytes (Fig. 5-16D-E). Broadly, evidence of impaired positive selection in these
chimeras appeared overall less profound than what I observed with the less self-reactive HY %

mixed BMCs (Fig. 5-12).

Interestingly, DP CICFYFL OT-I thymocytes developing in these B6 recipients showed no
difference CDS5 expression, contrary to our findings with the HY*** model (Fig. 5-17A-B). This
in combination with a milder overt impairment in positive selection suggests that a more highly
self-reactive TCR may somewhat alleviate the impact of CIC deficiency. Alternatively, since the
OT-I1 TCR is expressed prematurely at the DN stage (in contrast to the more physiological HY %
model), signaling through the transgenic afTCR can occur prior to deletion of CIC. Thus, this is
a caveat to our comparison between these models. Peripheral CIC'Y'L OT-I T cells showed
decreased CDS5 expression in the periphery, contrary to our findings with the HY*** model (Fig.
5-17A-B). Helios expression, a marker of high affinity TCR signaling, was significantly
increased but sufficiently subtle as to call into question its biological relevance (Fig. 5-17E-F)
(58). PD-1 expression was unchanged (Fig. 5-17C-D), suggesting that CICFY™- OT-1 T cells
developing in B6 recipients do not acquire overt features of high affinity signaling as I saw with
HY** mixed BMCs. Despite this, CICF- OT-1 T cells in B6 recipients continued to display
diminished CD127 expression; the proportion of CD127" % cells was decreased in the Tet"
subset, although CD127 expression within the CD127" subset was not robustly altered (Fig. 5-

18).
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Figure 5-12: CIC-deficient T cells show impairment in positive selection in HY*** mixed bone
marrow chimeras.

A, Representative flow plots of T3.70" thymocytes of both WT and CICFF* donor origin within
female mixed HY*** WT:CICF“FL (1:1) bone marrow chimeras. B, Proportion of T3.70"
thymocytes that are CD8SP. C, Selection efficiency in chimeras described in (A), represented as
a ratio of SP to DP thymocytes for both WT and CICFL. D, Proportion of T3.70™ CD24%
mature CD8SP thymocytes within the T3.70" donor population. E, Summary of data described in
(D). Number of independent experiments/cohorts = 2. Asterisks represent statistical significance

as determined by paired T-test.
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Figure 5-13: Phenotypes of CIC-deficient transgenic HY** T cells in WT:CIC™FL (1:1) female

bone marrow chimeras are suggestive of altered receipt of the TCR signal.

A, (Left, centre) Representative flow plots demonstrating how T3.70™ T cells were gated in both

thymus and spleen; (right) representative profile of WT and CICFY - donor origins within the

T3.70™ gate in the thymus. B, T3.70 staining within CD8" T3.70" donor-derived T cells. C, PD-1

expression within CD8SP T3.70" donor-derived thymocytes (spleen not shown). D, Summary of

data described in (C). E, CDS5 expression in CD8" T3.70" donor-derived T cells. F, Summary of

data described in (E). Number of independent experiments/cohorts = 2. Asterisks represent

statistical significance as determined by paired T-test.
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Figure 5-14: Phenotypic differences in CICFYL T cells in HY* bone marrow chimeras are
largely limited to T3.70™ populations.

A, Representative flow plots demonstrating how T3.70" and T3.70' populations were gated in
the spleen. B, Flow plots demonstrating CD5 expression within T3.70" and T3.70" CD8" donor-
derived T cell populations in the spleen. C, Summary of data described in (B). D, Summary of
the percentage of CD127" within T3.70™ and T3.70" populations in the spleen. Number of
independent experiments/cohorts = 2. Asterisks represent statistical significance as determined

by paired T-test.
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Figure 5-15: CIC-deficient transgenic HY* T cells in WT:CICFYT (1:1) female bone marrow

chimeras show diminished CD127 expression.

A, CD127 expression within donor-derived T3.70" T cells within chimeras). B, Proportion of

CD127" (left) and CD127 expression within CD127" subset (right) in donor-derived T cells.

Number of independent experiments/cohorts = 1 unless otherwise stated. Asterisks represent

statistical significance as determined by paired T-test.
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Figure 5-16: CIC deficiency leads to impairment in positive selection in OT-I > B6 chimeras.

A, Representative flow plots of thymocytes of both donor origin within OT-I WT:CIC*Y!L (1:1)
> WT (B6) mixed bone marrow chimeras. B, Proportion of tetramer-staining thymocytes that are
CDS8 single-positive; data are representative of one cohort. C, Positive selection efficiency in
bone marrow chimeras calculated by the ratio of OT-I Tet” CD8SP to total DP thymocytes. D,
Proportion of Tet" CD24"° mature CD8SP thymocytes within the Tet” donor population. E,
Summary of data described in (D). Number of independent experiments/cohorts = 2 unless

otherwise stated. Asterisks represent statistical significance as determined by paired T-test.
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Figure 5-17: Phenotypes of CIC-deficient transgenic OT-I T cells in WT:CICFYL > B6 bone

marrow chimeras are suggestive of altered receipt of the TCR signal.

A, CD5 expression within Tet™ T cell subsets in mixed bone marrow chimeras. B, Summary of

data described in (A). C, PD-1 expression within Tet” donor-derived thymocytes within mixed

bone marrow chimeras (spleen data not shown). D, Summary of data described in (C). E, Helios

expression within Tet” T cell subsets. F, Summary of data described in (E). Number of
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independent experiments/cohorts = 2. Asterisks represent statistical significance as determined

by paired T-test.
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Figure 5-18: CIC-deficient transgenic OT-1 T cells in WT:CIC*“*L > B6 bone marrow chimeras

showed diminished CD127 expression.

A, CD127 expression within donor-derived Tet" T cells from the thymus (CD8SP) and spleen

(CD8") of mixed bone marrow chimeras. B, Proportion of CD127" (left) and CD127 expression

within CD127" subset (right) in donor-derived T cells. Number of independent

experiments/cohorts = 2. Asterisks represent statistical significance as determined by paired T-

test.
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CIC-deficient T cells show intact negative selection and tolerance in two different
transgenic models: OT-I and HY cd4

In the previous section, I demonstrated that CIC deficiency leads to an impairment in
positive selection in two different TCR transgenic models. I next wanted to assess the impact of

CIC deficiency on negative selection.

I generated HY*™ WT:CICFYF* (1:1) BMCs using male recipients to study negative
selection to ubiquitously expressed male-specific HY Ag. Normally, in the HY** male thymus,
clonal deletion occurs when DP thymocytes encounter high affinity HY Ag presented by cortical
dendritic cells (22). In our mixed BMCs, I observed similar frequencies of CD8SP thymocytes
within the transgenic T3.70" population between cells of both WT and CICFYF* donor origins
(Fig. 5-19A-B). When assessing clonal deletion by the ratio of CD8SP to DP among T3.70™
thymocytes in female and male BMCs, I observed a decrease from female to male in WT

thymocytes (Fig. 5-19C). However, due to the poor rate of positive selection seen for CICFFL i

n
female chimeras, this ratio was similar to that of male chimeras. However, overall it appeared
that HY*% CICTFL thymocytes produced a similar phenotype to WT controls in male chimeras,
and that negative selection appeared to be largely intact, as the SP/DP ratio was not significantly
different between WT and CICTFL thymocytes in male chimeras. In the donor-derived CD8SP
compartment in male chimeras, the frequency of activated Caspase-3" was not altered in the

absence of CIC, suggesting that caspase-mediated cell death was not impacted by CIC deficiency

(Fig. 5-19D).

I additionally generated OT-1 WT:CICFYFL (1:1) BMCs using OVA-expressing RIP-
mOVA recipients in order to model negative selection to tissue-restricted Ag. In our mixed

BMCs, I observed similar frequencies of CD8SP thymocytes within the OVA-K" tetramer” WT
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or CICFYFL donor populations (Fig. 5-20A-B). When assessing clonal deletion using the ratio of
CDS8SP tetramer” to DP thymocytes in B6 or RIP-mOVA recipients, I observed significant
decreases from B6 to RIP-mOVA for both CIC-sufficient (WT) and CICTYF cells (Fig. 5-20C),
indicating that clonal deletion was intact in the absence of CIC. Additionally, OT-I WT:CICFFL
(1:1) > RIP-mOVA BMC:s did not develop diabetes (Table 5-1), indicating that tolerance was

intact when a portion of the T cell compartment is deficient in CIC.
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Figure 5-19: CIC-deficient T cells from mixed HY*™* WT:CICFYF* (1:1) male bone marrow
chimeras show intact negative selection.

A, Representative flow plots of T3.70" thymocytes of both WT and CIC*YF* donor origin within
male HY** WT:CICFY** (1:1) mixed bone marrow chimeras. B, Proportion of CD8SP

thymocytes within the T3.70" thymic subset in female and male chimeras. C, Ratio (selection
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efficiency) of CD8SP to DP within the T3.70" thymocyte subset in female (positive selection)
and male (negative selection) chimeras. D, Proportion of activated Caspase-3" thymocytes within
thymic subsets. Number of independent experiments/cohorts = 2. Asterisks represent statistical

significance as determined by paired T-test (B, D) or unpaired T-test with Welch’s correction (C).
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Figure 5-20: CIC-deficient T cells from mixed OT-1 WT:CICFYFL (1:1) > RIP-mOVA bone
marrow chimeras show intact negative selection.

A, Representative flow plots of Tet” thymocytes of both WT and CICTYFL donor origin within
OT-I WT:CICFFL (1:1) mixed bone marrow chimeras. B, Proportion of CD8SP thymocytes
within the Tet" thymic subset in chimeras. C, Ratio of Tet” CD8SP to total DP thymocytes in WT

(B6, positive selection) and RIP-mOVA (negative selection) chimeras. Number of independent
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experiments/cohorts = 2. Asterisks represent statistical significance as determined by paired T-

test (B) or unpaired T-test with Welch’s correction (C).

Table 5-1: Incidence of diabetes in OT- WT:CICFFL (1:1) > RIP-mOVA bone marrow

chimeras. Blood glucose was tracked for at least 17 weeks post-reconstitution.

Chimera OT-I WT + CIC*VFL >B6 | OT-I WT + CICFVFL > RIP-mOVA

Incidence of 0/9 0/8
Diabetes

Dusp6 deletion does not rescue impaired positive selection in CD4-cre CICFL/FL Hycd
female chimeras

It is clear from our data that CIC plays a role in T cell positive selection, and potentially
in peripheral T cell function and homeostasis. However, it is currently unknown how CIC
functions in thymocytes or mature T cells in the periphery. Among the set of upregulated genes
identified by RNA-seq in DP thymocytes from Vav1-cre CICTY* compared with WT mice were
Ewl, Etv4, Etv5, Spry4, Dusp6, Dusp4, and Spredl (213). And work in cell lines (293T and
MCEF7) has established CIC as a participant in an ERK-DUSP6 negative feedback loop (207),
motivating us to interrogate DUSP6 as a CIC target in thymocytes, since ERK signaling is

critical to positive selection (42, 43, 214).

I first conducted RT-qPCR on sorted populations of ex vivo polyclonal thymocytes and
found that Dusp6 expression appeared in general to be enhanced in the absence of CIC (Fig. 5-

21). This enhancement was only significant for the DP subset, but was a non-significant trend in
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other subsets. In parallel, I isolated naive CD8" T cells from polyclonal spleen and similarly
found a trending increase in the expression of Dusp6, although this was not significant (Fig. 5-
21). A caveat to these data is that variability and low number of replicates has in part led to lack

of significance in the differences I report.

In order interrogate whether regulation of DUSP6 expression is the mechanism by which
CIC influences selection, I generated HY* chimeras with either CICFYYT or CICTY*- BM and
treated the HSCs with either control or Dusp6-targeting CRISPR gRNA (outlined in diagram in
Fig. 5-22A) before transfer into lethally-irradiated female recipients. Special thanks to Dr. Niall
Pollock for his help with western blotting experiments. Chimera set-ups are as follows: CICFL/WT
CTRL, CICFYFL CTRL, CIC'YYT Dusp6, and CICFYFL Dusp6. After reconstitution, at time of
analysis, protein lysates from whole splenocytes were harvested and analyzed by western blot.
CRISPR-mediated deletion of Dusp6 was confirmed, as splenocytes from chimeras that received
edited BM had substantially reduced levels of DUSP6 protein (Fig. 5-22B-C). In agreement with

the RT-qPCR data, DUSP6 expression appeared slightly elevated in splenocytes from HY %

CICFYFL CTRL chimeras compared with the CICTYVT control (Fig. 5-22C).

Finally, I analyzed the CRISPR-edited chimeras ex vivo. In CIC-sufficient chimeras, the
ablation of DUSP6 alone did not appear to impact selection, as its deletion did not significantly
affect thymic profiles (within the T3.70" gate) (Fig. 5-23A), CD8SP or CD8SP CD24" subset
frequencies (Fig. 5-23B, 5-23D), selection efficiency (Fig. 5-23C), or number of transgenic
donor-derived T cells in the spleen (Fig. 5-23E). The frequency of CD8SP thymocytes amongst
CICFYFL thymocytes was not rescued by additional deletion in Dusp6 (Fig. 5-23A-B) and this
was also true for selection efficiency (Fig. 5-23C). The diminished frequency of the CD8SP

T3.70" CD24" mature subset I observed for CICTY* thymocytes was not rescued with
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disruption of the Dusp6 locus (Fig. 5-23D), nor was the diminished size (in absolute cell
numbers) of the splenic T cell compartment (Fig. 5-23E). Overall, deletion of Dusp6 failed to

rescue the impairment in positive selection experienced by CICFYF- thymocytes.
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Figure 5-21: DUSP6 mRNA expression is enhanced in some T cell subsets of CICFXFL
polyclonal mice.

DUSP6 mRNA abundance in sorted thymic subsets (FACS sort) and naive CD8" T cells isolated
from the spleen by magnetic separation from CIC'YF polyclonal mice expressed as a fold
change over values in the CIC'Y'VT subsets (2722<Y). Pre-selection DP thymocytes (TCRB™ CD69Y)
(n = 2), post-positive selection DP thymocytes (TCRB™ CD69™), CD4SP mature (TCRB*
CD24'°), CD8SP mature (TCRB" CD24%), or CD8" naive T cells (CD44'°). Number of
independent experiments = 3 unless otherwise stated. Asterisks represent statistical significance

as determined by two-way ANOVA (Sidak’s multiple comparison’s test).
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Figure 5-22: CRISPR-mediated interruption of the Dusp6 locus is effective.

A, Diagram depicting Dusp6 ablation using CRISPR in HY cd4 chimeras. Generated female
HYcd4 chimeras with CICFYfL or CICFYWT HY cd4 marrow +/- CRISPR-mediated Dusp6
ablation. B, DUSP6 expression in whole splenocytes from chimeras described in (A) verified by
western blot. C, Relative densitometry from western blot in (B) assessed using ImagelJ software.

Number of independent experiments shown = 1.
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Figure 5-23: CRISPR-mediated DUSP6 knock-down does not rescue impaired positive selection
in HY % female mixed BMCs.

A, Representative flow plots for T3.70" thymocytes in the following HY*** female chimeras:
CICTYWT CTRL, CICTYFL CTRL, CICTYWYT dusp6 KD, CICFYF dusp6 KD. B, Proportion of
T3.70M thymocytes that are CD8SP. C, Selection efficiency in chimeras described in (A)
represented as ratio of CD8SP to DP thymocyte within the T3.70™ gate. D, Proportion of mature
(CD24°) thymocytes within the donor T3.70" CDSSP subset. E, Absolute number of T3.70"
CD8" donor-derived T cells in chimera spleens. Number of independent experiments = 2.

Asterisks represent statistical significance as determined by unpaired T-test with Welch’s

correction.

135



Discussion

Recently, CIC has been implicated as an important contributor to thymocyte selection
(211, 213). However, previous studies have focused mainly on models that ablate CIC expression
in the whole hematopoietic compartment (e.g. Vav-1-cre, Tek-cre), meaning that roles for CIC in
early thymic events (pre-DP stage) and in thymocyte selection itself have thus far not been
distinguishable. In this current study, I showed that CIC plays an important role in positive
selection (in particular for TCRs of low self-reactivity, potentially) but is not required for

negative selection or tolerance.

In this chapter, I found features associated with CIC deficiency consistent with depressed
TCR signaling in the thymus, such as a decreased frequency of post-positive selection DP
thymocytes (Fig. 5-1D-E). In polyclonal mixed BMCs, I observed decreased CDS5 expression on
DP thymocytes (and to a lesser extent, mature peripheral T cells (Fig. 5-9C)), and made a similar
observation in DP thymocytes from HY* mixed BMCs (Fig. 5-13F). This is consistent with an
interpretation of depressed TCR signaling, as TCR signal intensity experienced during positive
selection is thought to program the expression level of CD5 (23). Indeed, Kim ef al. (2021)
reported decreased potential in Vav1-cre CICFYF- DP thymocytes for calcium influx and ERK
activation following TCR crosslinking by anti-CD3/anti-CD4 antibodies (213). However, the
same group failed to observe these results for CD4-cre CICFYFL DP thymocytes, suggesting that
signaling deficiencies are likely due to dysfunction following an absence in CIC in pre-selection
thymocytes rather than being reflective of CIC’s role during selection itself. That CD4-cre
CICTMFL DP thymocytes did not experience altered ERK activation is contrary to data collected
from cell lines (293T and MCF7) that established CIC as a participant in an ERK-DUSP6

negative feedback loop (207). With this in mind, it is possible that CIC functions independently
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of an ERK-DUSP6 negative feedback loop in DP thymocytes. Indeed, ablation of the Dusp6
locus via CRISPR failed to rescue impaired positive selection in HY ™ female chimeras in our
study (Fig. 5-23). However, it is important to note that the study by Kim ez al. (2021) induced
ERK activation by anti-CD3 antibodies, which engage the TCR with high affinity and trigger
activation-induced cell death in DP thymocytes in vitro (328, 329) and in vivo (330). Our male
HY** (Fig. 5-19) or OT-I > RIP-mOVA (Fig. 5-21) BMCs allowed us to model the receipt of a
high affinity TCR signal in the thymus, and CIC deficiency did not disrupt negative selection in
either of these experiments. Thus, it is rather possible that CIC specifically influences ERK

negative feedback during the low affinity TCR signaling experienced during positive selection.

In contrast to what I observed in the thymus, features canonically associated with high
affinity TCR signaling were apparent in the spleens of polyclonal mice in the absence of CIC. I
observed an upregulation of CD44 and PD-1 (Fig. 5-2, 5-4), the former of the two having been
previously reported for Vav1-cre CICTYF model (212). However, the latter of these two
observations may alternatively be explained by the increased generation of TFH (CD4" CXCR5"
PD-1%). Similarly to another group (212), the CD4-cre CIC'FL showed an increased proportion
of CD4" Foxp3" CD25™ T cells (Fig. 5-2B), a subset regarded as a less suppressive, less stable,
precursor subset related to CD4" Foxp3™ CD25" Tregs (331, 332). I also observed an increase in
the proportion of CD4" FR4" CD73" cells (though this difference was not significant, Fig. 5-
2B), which have been described in an Ag-specific arthritis model as an anergic subset. Both of
these non-conventional subsets are thought to experience stronger TCR signaling than
conventional T cells (57). This suggests that CIC-deficient T cells may experience tolerizing high
affinity TCR signaling in peripheral tissues, but not in the thymus, where the proportion of these

populations was unchanged. Thus, CIC deficiency does not appear to lead to the generation of T
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cell clones of apparently high self-reactivity during selection in the thymus. Rather, this falls in
line with evidence of lower affinity TCR signal intensity in thymocytes discussed above. Indeed,
the frequency of another subset generated from agonist selection, IELp, was in fact lower in
CICFYFL thymocytes (Fig. 5-3B). Overall, in the absence of CIC, thymocytes demonstrated
features of low TCR signal intensity; the presentation of features of high TCR signal intensity in
peripheral T cells suggests CIC may differentially support the normal integration of the TCR

signal in both the thymus and periphery.

CICFYFL thymocytes in CICTYFL:CICTYWT (1:1) mixed BMCs showed similarly aberrant

selection to polyclonal thymocytes ex vivo, indicating that the CICFY/FL

phenotype is cell-intrinsic
(Fig. 5-8), and upon the introduction of competition, I saw the emergence of decreased CD5
expression on CICTFL cells (discussed above). Competition between CIC-sufficient and -
deficient thymocytes during positive selection may magnify such markers of a depressed TCR
signal, as positively selecting ligands (and survival-promoting stimuli such as IL-7 (20)) may be
rendered even more limiting to a given clone (reviewed in (333)). Indeed, between the mature
CDS8SP thymocyte to peripheral CD8" subsets, cells of CIC*YF-_origin became proportionally
outnumbered by the CICTY'VT suggesting poorer homeostatic maintenance in the absence of CIC
(the caveat here being that the contribution of differential thymic egress to this phenotype is
unknown, given that I did not assay for rates of thymic egress) (Fig. 5-8E). Despite this, I
observed an elevated proportion of Ki67" CICFYFL cells in polyclonal mixed BMCs (Fig. 5-9D),
as Ki67 is expressed in G1, S, G2, and M phase of the cell cycle, and has canonically been used

as an indicator of proliferation (326, 334), suggesting that peripheral CIC*--

may experience
increased rates of cell death to account for the relative decline of their population. In a polyclonal

setting, it is possible that T cell clones of low self-reactivity fail to thrive (successful competition
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for positively selecting and/or homeostatic ligands), leading highly self-reactive clones to
predominate. With the addition of competition, I saw a magnification of the frequency of PD-1"
conventional CD4" and CD8" T cells in the spleen (Fig. 5-10), which coincides with further
magnified generation of TFH (Fig. 5-10C). This suggests that — in addition to the agonist-
selected lineages described in the above sections — CD4" T cells that develop and circulate in the

absence of CIC have a competitive advantage for acquiring the signals required for TFH

differentiation such as long TCR-pMHCII dwell times (335).

Mature CD4-cre CICTY*- CD4* and CD8" T cells display mild (though not statistically
significant) functional impairments in vitro following stimulation with anti-CD3/anti-CD28
antibodies (Fig. 5-6) and in vivo during lymphopenia-induced proliferation (LIP, Fig. 5-7). These
data stand in contrast to previous reports of enhanced cytokine and proliferative responses by T
cells from Vav1-cre CICFY't mice to anti-CD3/anti-CD28 antibodies (212), further highlighting
the differences between CD4-cre and Vav1-cre-driven knock-out models in this context. LIP
helps us to assess the T cell capacity for proliferation in an environment of relatively abundant
homeostatic resources (compared with lymphoreplete compartments) such as pMHC complexes
and IL-7 or IL-5, collectively defined as T cell “space” (336, 337). Some factors known to
proportionally influence the rate of LIP are the strength of TCR affinity for self-pMHC ligands
and sensitivity to IL-7 received through the IL-7 receptor (IL-7R, whose unique o chain is
CD127) (reviewed in (338)). It is thus reasonable to implicate both depressed TCR signaling and
CD127 expression (Fig. 5-5, Fig. 5-9A-B) as contributors to altered LIP in the CD4-cre CICFVFL,
However, despite decreased CD127 expression spanning both CD4" and CD8" populations, LIP
was only diminished in CD8* CIC™FL cells, suggesting that differences in CD127 expression

alone were not responsible for altered propensity for LIP.
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Similarly to our polyclonal experiments, HY** mixed BMCs showed features of
depressed TCR signal intensity in the thymus (impaired positive selection, Fig. 5-12; decreased
CDS5 expression in DP thymocytes, Fig. 5-13F) and features of enhanced signal intensity/self-
reactivity in the spleen (increased CD5 and PD-1 expression). In contrast to our results in the
HY*“ model, OT-I mixed BMCs presented a milder impairment in positive selection for CICF-/Ft
thymocytes (Fig. 5-16). Peripheral markers of high affinity signaling (such as PD-1 and Helios)
were in some cases significant but minor, and splenic Tet” CD8" CICFL donor cells displayed
decreased CDS5 expression (Fig. 5-17), in contrast with the results from the HY* chimersas.
Additionally, in male HY** and OT-I > RIP-mOVA chimeras, I saw no overt defects in negative
selection (Fig. 5-19, 5-20). That I observed similar results with the fixed transgenic TCR
chimeras as with the polyclonal suggests the phenotype I found associated with CIC deficiency is
not simply due to alterations in the T cell repertoire, although such alterations may still have
occurred in polyclonal mice. Indeed, changes in the frequencies of TCR [ variable segments
were observed for conventional CD4" (CD25™ Foxp3") T cells and Treg CD4" (CD25" Foxp3™)

cells in Vav1-cre CICFL/FL

mice (213), but this may have been due to alterations in early
thymocyte development (e.g. B-selection). That CIC deficiency produced a more robust effect in
positively selected T cells of low self-reactivity (HY%) compared with those of higher self-
reactivity (OT-I) suggests CIC plays a preferential role in the integration of very low affinity

positively selecting TCR signals, and this is further supported by the largely normal negative

selection in the absence of CIC.

With this in mind, in the HY** mixed chimeras, I compared T3.70" and T3.70' cells, the
latter of which likely stems from co-expression of endogenously rearranged TCRa-chains. I

observed the gulf in phenotype (CD5, CD127 expression) of splenic T3.70" CD8" to arise
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preferentially in the T3.70" population (Fig. 5-14). Given that CIC deficiency appears to
preferentially impact outcomes following low affinity TCR signaling, these results suggest that
the endogenous a-chain rescues the aberrant phenotype of the CICFF* due to enhancing self-
reactivity relative to the low self-reactivity of the HY TCR. These are however speculations and
can in the future be confirmed by crossing the HY** transgenic onto a RAG-deficient

background, wherein endogenous TCRa rearrangements can be precluded.

Here, I showed using the OT-I > RIP-mOVA system that CIC is not required for CD8" T
cell tolerance to TRA, as these chimeras did not develop diabetes in the absence of CIC (Table 5-

CFL/FL mice

1). However, it has previously been recorded that both CD4-cre and Vavl-cre CI
develop T cell-intrinsic lymphoproliferative autoimmunity characterized by abnormal
development of TFH cells and GC responses, indicating a role for CIC in maintaining peripheral
tolerance. In this context, CIC is thought to modulate tolerance by restricting the activity of the
transcription factor ETVS, which promotes TFH differentiation (212). Overall, despite the
support that I demonstrated for a role for CIC in thymocyte development, its influence likely

extends into the activities of mature peripheral T cells; disentangling thymic and peripheral roles

for CIC will thus be important in future studies.
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Chapter 6 - General Discussion

PD-1 Discussion
This chapter contains content originally published in The Journal of Immunology:

- May, J. F,R. G. Kelly, A. Y. W. Suen, J. Kim, J. Kim, C. C. Anderson, G. R. Rayat, and
T. A. Baldwin. 2024. Establishment of CD8+ T Cell Thymic Central Tolerance to Tissue-
Restricted Antigen Requires PD-1. J. Immunol. Vol 212 (2): 271-283. Copyright ©

[2024] The American Association of Immunologists, Inc.

Summary

Broadly, in the work presented here, I have investigated the mechanism as well as the
functional and genomic consequences following high affinity TCR signaling triggered by a neo-
self Ag whose expression models that of tissue-restricted Ag (TRA) during T cell development.
We previously showed that when clonal deletion was precluded by the absence of Bim in
developing thymocytes in OT-I Bim”* > RIP-mOVA chimeras, autoimmunity in the form of
diabetes did not develop despite the encounter of high affinity antigen, suggesting the presence
of a robust mechanism non-deletional tolerance (74). The impetus for this present study was to
characterize the functional impairment induced in thymocytes that escape clonal deletion in this
model. I observed that PD-1 was critical in the establishment of tolerance in thymocytes that
escaped clonal deletion. While PD-1 signaling was important for both this establishment as well
as the maintenance of tolerance as these thymocytes matured and entered the periphery, |
determined that the PD-1 ligand requirements for these processes differ. The summarized model
for PD-1 function in our model is detailed in Figure 6-1. Overall, this study provides insight into

the underappreciated role for PD-1 in central tolerance as well as in how the kinetics of the
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necessary PD-1 signal may change based on whether tolerance is being established or

maintained.

Normal PD-1 signaling
In vitro functional assay
> +++
PDL1-PD-1
Normal PD-1 signaling
> +++
No PD-L1
> ++
PDL1-PD-1 '\
S - » None
* None
OVA-K°-TCR
No PD-1
Thymus Periphery Tolerance

Figure 6-1: Model for PD-1 function in tolerance in OT-I Bim” > RIP-mOVA chimeras.

Here, I have investigated the non-deletional tolerance supported by PD-1 in OT-I Bim™" >
RIP-mOVA chimeras and described the first epigenetic profile characteristic of such a tolerant
state. Mature OT-1 T cells from such chimeras demonstrated cell-intrinsic functional impairment,
as neither whole spleen isolates nor CD8 -enriched fractions from these chimeras were
diabetogenic in sublethally-irradiated recipients and did not have a dominant suppressive effect
on non-tolerant WT OT-I T cells (Fig. 3-2). This functional impairment is established in the
thymus of these chimeras, as OT-I Bim” > RIP-mOVA thymocytes displayed impaired responses

to high affinity Ag (OVA) in vitro (Fig. 3-4) and were not diabetogenic, compared to cells from
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Ag-naive non-tolerant controls (Fig. 3-5). I also found that tolerance in this context was
associated with the upregulation of markers typically associated with the “exhausted” state, TOX
(Fig. 3-6), and PD-1 (Fig. 3-7). I characterized the epigenetic profile associated with tolerant
thymocytes in OT-I Bim™* > RIP-mOVA chimeras. Despite sharing some features previously
reported for exhaustion, such as Nr4al and Tnfrsf18 promoters being enriched with NFRs (Table
3-1) or diminished AP-1 transcription factor footprinting (Table 3-5), I reported some features

positively associated with T cell function (e.g. Ksr, 112, and Ifng).

I also demonstrated that continuous PD-1 signaling is required to maintain tolerance in
TRA-specific CD8" T cells, but PD-L1 expressed on cells of non-hematopoietic origin is largely
dispensable until later time points. Adoptively transferred cells (from thymus or spleen) from
OT-I Bim” > RIP-mOVA chimeras into sublethally-irradiated RIP-mOVA PD-L17" recipients
only caused autoimmune diabetes at late time points and with incomplete penetrance (Fig. 4-8).
Meanwhile, deletion of PD-1 by CRISPR in mature splenic cells from these chimeras resulted in
rapid loss of tolerance and development of autoimmune diabetes (Fig. 4-10). Conversely, while
PD-L1 expression on cells of non-hematopoietic lineages did not appear critical for the
maintenance of tolerance, it was critical for the establishment of tolerance, as OT-I Bim”~ > RIP-

mOVA PD-L17" chimeras rapidly developed diabetes (Fig. 4-6).

Heterogeneity and epigenetic flexibility of T cell dysfunction

The exhausted T cell population is heterogenous, comprised of at least two
subpopulations, Tpex and Tex. Progenitor (Tprex) exhausted T cells are a stem cell-like population
that shares features with both early exhausted T cells (impaired cytokine production and
increased expression of inhibitory receptors such as PD-1) as well as memory T cells (increased

expression of TCF1 and long-term self-renewal (135—-138)) (139). The transcription factor MYB
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was also recently found to support the development and functionally impaired identity of the
Tpex population (259). The pool of Tpex is thought to differentiate into and replenish the
terminally differentiated Tex effector population in response to chronic Ag stimulation (140). The
Tpex population has been shown to be the exhausted subset with enhanced anti-tumour activity
(141, 142) and sensitivity to reinvigoration by PD-1 blockade (135, 141, 259, 339) or PD-
1:CTLA-4 combined blockade (136). Thus, the frequency of the Tpex subset within the greater
exhausted pool is thought to inform the severity of T cell exhaustion, which gradually progresses
over time along with prolonged depletion of Tpex as they produce Tex progeny (140). In chapter
3, I discussed how NFAT activity in the context of decreased AP-1 binding in thymocytes (Table
3-5) is associated with T cell dysfunction and may underlie our observations in OT-I Bim™ >
RIP-mOVA chimeras. In the event of chronic Ag stimulation, nuclear occupation and activity by
NFAT in the absence of AP-1 may accumulate “signal memory”, due to NFAT’s rapid nuclear
import but slow export (288). NFAT activity induces TOX expression, which has been
demonstrated as the initiator for the exhaustion-specific epigenetic program (340, 341). Although
both Tpex and Tex rely on TOX for development, maintenance, and longevity (243, 340-342),
TOX may thus translate chronic TCR stimulation to the terminally differentiated identity of Tkx,
characterized by resistance to functional rescue either by discontinuing exposure to Ag or
disrupting co-inhibitory signals (343). Importantly, NFAT activity is known to be important for
not just exhaustion, but anergy as well, suggesting this mechanism may be applicable to T cell

dysfunction in general (282).

Work done by the Schietinger group in an autochthonous liver cancer model showed that
tumour-specific CD8" T cells differentiated through two discrete chromatin states associated with

dysfunction and a sequential loss of TCF1 expression: 1) early in tumorigenesis, when effector
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function could be rescued with in vitro culture with IL-15 (plastic program, likely reflecting Tpex
identity), and 2) late in tumorigenesis, when effector function could not be rescued (fixed
program, likely reflecting Tex identity) (343, 344). This distinction suggests that whether the
epigenome presents an obstacle for rescue from the dysfunctional state is dependent on duration,
frequency, and context of Ag encounter. As T cells transitioned to the late (fixed) dysfunctional
state, the Schietinger group saw opening chromatin peaks that were enriched in E2F and Sp/KLF
family TF motifs, which play diverse roles in proliferation, differentiation, development, and
activation (345, 346). In contrast, dysfunction in our model was associated with under-
representation of binding for these TFs (Table 3-5). They also observed chromatin regions
enriched in AP-1 TF family motifs become closed with this transition, which coincides with our
observation of diminished AP-1 foot-printing (Table 3-5). I found enhanced TOX but similar
TCF1 expression in dysfunctional T cells from OT-I Bim”" > RIP-mOVA chimera pLNs (Fig. 3-
6) and the Myb promoter to be enriched in NFRs in our dysfunctional thymocytes (Table 3-1).
While open chromatin at the Myb promoter suggests the presence of MYB-driven Tpex in our
model, the lack of a difference in TCF1 expression between RIP-mOVA and WT chimeras

suggests dysfunctional T cells in our model more closely resemble terminally differentiated Tex.

Puzzlingly, dysfunctional T cells in our model were sensitive to CRISPR-mediated
disruption of PD-1 signaling (Fig. 4-10), a feature associated with the Tpex subset. However, |
showed that PD-1 blockade failed to reverse tolerance in our model (Table 4-1), which is more in
line with expectations for Tex populations. A possible explanation for these divergent
observations may be that the relative sensitivity of the whole dysfunctional population to PD-1
disruption may reflect the composition of the population and frequency of the responsive Tpex

subset. How does PD-1 signaling influence the dynamic between progenitor Tpex and terminally
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differentiated Trx? Tsui et al. (2022) proposed that PD-1 does not impact the development of
Trex/Tex, but rather limits the differentiation of CD62L" Tpex into terminally exhausted
effectors, which — although functionally impaired, and are themselves unable to expand —
mediate viral clearance (259). In the NOD model for T1D, stem-like TCF1" autoimmune
progenitors seed the population of pancreas-infiltrating TCF 1™ autoimmune mediators, which
destroy P cells but are short-lived and therefore unable to independently sustain prolonged
pathology (244). Together, these studies suggest that both Tpex/Tex contribute to the balance
between the response to chronic Ag on one hand, and uncontrolled immune pathology on the
other in the context of both tolerance and exhaustion, and that PD-1 regulates this balance. If PD-
1 blockade is not 100 % effective and allows for low-level PD-1 signals to continue (in contrast
with the complete ablation of PD-1 by CRISPR), this may be sufficient to maintain tolerance if
blockade-sensitive Tpex represent a minority of dysfunctional cells in our model. Schietinger et
al. (2012) conducted a study using a model similar to ours, where TCRgag (TCR specificity for
the Friend murine leukemia virus GAG epitope) transgenic mice were crossed with the Alb:GAG
mouse strain, which expresses the gag transgene in hepatocytes via the albumin promoter (115).
Despite only partial deletion of CD8" TCRgag thymocytes and their circulation in the periphery,
these cells were functionally impaired and did not mediate liver injury. They observed enhanced
Lag-3 expression, as has been reported for terminally exhausted cells during chronic LCMV
infection (140), while I did not observe such a change (Fig. 3-8). Since co-expression of multiple
inhibitory receptors correlates with more severe exhaustion (290), increased Lag-3 expression
may similarly correlate with insensitivity of impaired T cells in the TCRGac-Alb:GAG model to

rescue by discontinuation of Ag exposure (115). Meanwhile, impaired T cells in our model are
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sensitive to rescue by this treatment (116), suggesting that our model imposes a less advanced

state of dysfunction.

Similarly to what has been shown in studies in exhaustion models, anergy is thought to be
a plastic and heterogeneous state. In a parallel to exhaustion being a progressive state,
experiencing terminal differentiation and heightened resistance to reinvigoration over time,
evidence suggests that tolerance is not a binary on/off state, but rather reflects a progressive
range of responsiveness to Ag. The Fife group showed using the OT-1: iFABP-OVA Tg model
that Ag-specific OT-I CD8" T cells were sensitive to PD-L1 blockade during the induction, but
not the maintenance of anergy (188). They subsequently found that fully established tolerance
could be reversed with strong TCR signaling in the presence of inflammatory stimuli, and
susceptibility to PD-L1 blockade was renewed (125). Additionally, recent examination of naive
polyclonal CD4" T cells suggested that heterogeneity in basal TCR signaling may correlate with
the degree of dysfunction in anergic cells (147). In a study investigating cell-intrinsic peripheral
tolerance established in the context of lymphopenia, it was suggested that responsiveness was
tunable in a manner dependent activation history of the cell and on perceived Ag dose, which
may be curbed when T cell density is high (347). The interplay between the strength of the initial
TCR signal and PD-1 during the induction of anergy influences the ‘quality’ (or depth of

dysfunction) and persistence of remains largely mysterious.

Overall, the epigenetic, phenotypic, and functional profile of dysfunctional CD8" T cells
in our model do not plainly align within either a Tpex (plastic) or Tex (fixed) exhausted program.
This may be due to differential kinetics and circumstances of Ag encounter associated with our
model and others discussed here. It may also be that our model does not see a predominance of

either fixed or plastic dysfunction that can be parsed with the experiments I have carried out
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here. Thus, future directions for this project might include a more comprehensive investigation of
the Tpex/TEx phenotypic balance in OT-I Bim” > RIP-mOVA chimeras. For example,
quantifying additional markers others have used for discerning exhausted subpopulations. Tpex
have been reported to be CD62L" (259), T-bet" (140), Ly108" (135), TCF1* (135, 138, 141),
CD38"°, CD101', CD30L", and CD5" (344). Tex have been reported to be Eomes™ (140),
Ly108 (135), TCF1- (135, 138, 141), CD38", CD101", CD30L", and CD5" (344). Sorting
subpopulations in our model based on these markers would allow us to verify whether they
indeed possess the same functional features as those seen in exhaustion models as has been
observed for self-reactive T cells in NOD mice (244). It will be interesting to examine the
capacity for functional rescue in these populations (by removing Ag or disrupting PD-1
signaling), how they change as thymocytes migrate to the periphery and repeatedly encounter
Ag, and how they change as functional rescue is achieved. These experiments may help us

understand how and why dysfunctional T cell populations become resistant to functional rescue.

Comparing states of dysfunction
There exist commonalities and differences among dysfunctional T cell states reported in

the literature compared with our study. Given that these states indeed share extensive similarities,
I propose that lessons from reports on one state of dysfunction can facilitate our understanding of
another. For example, earlier in this document, I explained our rationale for considering anergy a
mechanism of tolerance (despite some opinions in the literature maintaining that they are distinct
states). Thus, I consider dysfunctional OT-I T cells from our OT-I Bim”" > RIP-mOVA chimeras
to be both tolerant and anergic, as they nevertheless share features described for both states (Fig.

3-4,3-7, (116)).
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Impaired cytokine production is a shared feature between our model, and canonical
definitions of exhaustion and anergy (112, 116, 348). However, in a study from Villarino ef al.
(2011), DO11 OVA-specific MHC II-restricted transgenic (Tg) T cells were adoptively
transferred into recipient mice expressing soluble OVA in the blood and were rendered anergic
despite having upregulated expression of cytokine mRNA. The disconnect between abundant
cytokine mRNA and limited cytokine protein expression was mediated by post-transcriptional
silencing. While I did not measure the transcript volume for cytokines in our dysfunctional T
cells, I saw an enrichment in NFRs in the promoters near /fng and //2 (Table 3-1). This suggests
that, similarly to the anergic state observed by Villarino et al., cytokine loci in our model may
have the potential for equal or greater transcriptional activity despite limited cytokine

production.

Overall, T cell dysfunction our model shares similarities with both canonical anergy and
exhaustion. Some other examples I discussed are the under-representation of AP-1 transcription
factor foot-printing (Table 3-5) (114, 267) and increased PD-1 expression (112, 170, 349). While
much work has been done to characterize states of T cell dysfunction, cumulative evidence
indicates that these broad terms (exhaustion, anergy, tolerance) likely represent a spectrum of
functionally and biochemically disparate forms. Differences across studies may stem from
heterogeneity in model systems rather than strict inherent boundaries between exhaustion and
anergy, for example. This provides rationale for attention in future studies directed toward the

mechanisms driving this heterogeneity.

Role of PD-1
As mentioned above, T cell dysfunction in our model was associated with increased PD-1

expression, which has been described as a feature of T cell dysfunction in studies investigating
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tolerance, anergy, and exhaustion. In the context of anergy, co-stimulation through CD28
engagement feeds into the PI3K/AKT-mTOR pathway (350), which when blocked may promote
the transition into the anergic state (351). The PD-1:PD-L1 interaction is an example, along with
co-stimulation, of an additional signal that shapes the response downstream of the TCR (166).
Importantly, signaling through PD-1 leads to the recruitment of SHP-1/2, whose phosphatase
activity attenuates the activity of the PI3K and AKT pathways (77). However, developing
thymocytes in our OT-I Bim” > RIP-mOVA chimeras first encounter high affinity Ag presented
in the thymic medulla, where APCs express an abundance of co-stimulatory molecules (23).
Thus, if self-reactive thymocytes receive high affinity TCR stimulation in the presence of co-
stimulatory signals, and clonal deletion is precluded with the deletion of Bim, tolerance is likely
established thanks to the negative regulation of PD-1 on the co-stimulatory signal. PD-1 and its
recruitment of SHP-1/2 are also thought to dampen the phosphorylation-dependent signaling
cascades stemming from the TCR itself in addition to CD28. When tolerance is established and
PD-1 expression is elevated, PD-1’s inhibition on the chronic TCR signal may contribute to
chronic nuclear occupation by NFAT in the absence of AP-1 and “signal memory” described in
the above. Indeed, PD-1 has been proposed to interfere with AP-1 signaling (352), and following
PD-L1 blockade, the exhausted T cell epigenome became modestly more permissible for AP-1

binding and saw evidence of greater AP-1 activity (296).

In chapter 4, I described conflicting results as to the necessity of PD-1 in the maintenance
of tolerance. While disruption of the PD-1 signal in OT-I Bim” > RIP-mOVA chimeras by PD-1
blockade (Table 4-1) and adoptive transfer into PD-L17- RIP-mOVA recipients (Fig. 4-8) failed
to robustly reverse tolerance, CRISPR-mediated editing of the Pdcd! locus in mature

dysfunctional T cells succeeded (Fig. 4-10). With the complete nature of CRISPR-mediated
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ablation of the Pdcdl locus in contrast to blockade and adoptive transfer strategies theoretically
permitting residual PD-1 signaling, these data suggest that continuous PD-1 signals are indeed
required to maintain tolerance. PD-L1 is expressed on both cells of hematopoietic (T, B, DC,
macrophage) and non-hematopoietic origin (vascular and stromal endothelial cells and other
peripheral cell types). PD-L2 expression is, by contrast, more limited, being found
predominantly on DCs, macrophages and B cells (161). In our OT-I Bim” > RIP-mOVA PD-L1"
BMC s, PD-L1/2 expression is limited to hematopoietic lineages, which appear incapable of
delivering a signal through PD-1 to establish tolerance (Fig. 4-6). Thus, PD-L1 expression on
non-hematopoietic lineages appears critical for this process. This coincides with the current
understanding of PD-1-PD-1 ligand signaling (requiring PD-1 ligand and pMHC expression on
the same cell) (161), as thymocytes in our model first encounter high affinity Ag presented by
medullary thymic epithelial cells. Similarly, the Sharpe group previously demonstrated in the
NOD background that PD-L1 expression on non-hematopoietic lineages protects against
autoimmune diabetes, and that PD-L1/2 expression on cells of hematopoietic origin was
insufficient to protect animals from disease (316). Alternatively, since PD-L1 expression on cells
of non-hematopoietic origin may provide a comparatively abundant source of PD-1 ligand
relative to PD-L1/2 on hematopoietic lineages, it may be that high avidity or frequent signaling
through PD-1 is required to establish tolerance, and that this is not attainable in OT-I Bim”" >
RIP-mOVA PD-L17- BMCs. However, the cell type delivering the PD-1 signal is still likely
important, given that cells of hematopoietic origin are more abundant in the thymus than thymic
epithelial cells (353), but their expression of PD-L1 is still insufficient to establish tolerance in
OT-I Bim”" > RIP-mOVA PD-L1"- BMCs. In our adoptive transfers of cells (from thymus or

spleen) from OT-I Bim” > RIP-mOVA chimeras into RIP-mOVA PD-L1"" recipients (Fig. 4-8),

152



PD-L1 expression is limited to the (purified) transferred OT-1 T cells and PD-L2 expression is
limited to cells of recipient hematopoietic origin. Thus, it is PD-1 signals delivered from these
sources that appear able to maintain tolerance until late time points. Together, these data suggest
that PD-1 signals delivered through PD-L1 on thymic epithelial cells are sufficient to induce a
tolerant state that can be largely maintained even when PD-1 ligands are subsequently limited to
the hematopoietic compartment. This implies the tolerant state endures despite presumed Ag
encounter on PD-L17 islets and weakened PD-1 signaling due to rarer PD-1:PD-1 ligand
interactions in the periphery. The Fife group observed that PD-L1 blockade disrupted tolerance
in naive OT-1T cells upon transfer into iFABP-OVA mice, but not 30 days later (188), similar to
our blockade experiment (Table 4-1). Similarly, the Anderson group demonstrated that PD-1 was
critical for establishing tolerance in newly generated T cells under lymphopenic conditions, but
not for the maintenance of tolerance in established peripheral T cells (177). This reinforces the
idea that the requirements for PD-1 signaling may differ for the establishment versus the
maintenance of tolerance. For example, if PD-1-targeting blockade is not 100 % effective, and
some signals continue, then our data and the Fife group’s data together suggest that the

differential requirements may indeed involve the intensity of PD-1 signaling.

In the future, it will be interesting to assess the necessity for thymic PD-1 signaling by
limiting PD-1 interactions to the periphery (e.g adoptive transfer of thymocytes from OT-I Bim™
> RIP-mOVA PD-L17" chimeras into PD-L1** recipients), in which case failure to establish
tolerance would further suggest it is PD-1 signals received specifically during first encounter
with Ag in the thymus that are necessary for establishing tolerance. Indeed, recent thymic
emigrants are thought uniquely sensitive to tolerizing factors compared to more mature

circulating T cells, suggesting that PD-1 signals delivered in the thymus and periphery may lead
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to functionally different outcomes (354). Rather, preliminary experiments suggest peripheral PD-
1 signals are sufficient to establish de novo tolerance in T cells where PD-1 deficiency prevented
the establishment of tolerance in the thymus. Adoptive transfer into sublethally-irradiated RIP-
mOVA recipients of either thymocytes or spleen-derived OT-Is from diabetic OT-I Bim™ > RIP-
mOVA PD-L1”" chimeras (n = 2 for both thymus and spleen) did not result in recipients
becoming diabetic. Thus, PD-1 signaling is similarly capable of establishing tolerance in either
the thymus or spleen, during either primary or successive encounters with high affinity Ag; in
our model, the non-tolerant state acquired during OT-I thymocyte selection in the absence of PD-
1 appears to be fully reversible by restoring the PD-1 signal in peripheral tissues. It would
additionally be interesting to assess the Tpex/Tex of Ag-specific T cells in this context with the
aforementioned comprehensive flow cytometry panel, especially if the balance of these
populations differs when tolerance is induced in the thymus in OT-I Bim”* > RIP-mOVA BMCs
versus in the periphery when spleen-derived OT-Is from diabetic OT-I Bim”* > RIP-mOVA PD-
L17" chimeras are adoptively transferred into PD-L1-sufficient recipients. If a Tpex phenotype is
indeed associated with tolerance in our model, and the restoration of PD-1 signaling is sufficient
to drive its formation, these experiments may indicate PD-1 impacts Tpex/TEex development,
contrary to what has previously been suggested (259). Finally, one of the key hallmarks of
exhaustion purported to distinguish it from tolerance or anergy is the bona fide initial activation
and acquisition of effector function preceding the development of the dysfunctional state (126).
Preliminary data suggest that TRA-specific OT-I CD8" T cells fail to establish tolerance in a
RIP-mOVA PD-L17 thymus, but do not mediate autoimmunity upon subsequent adoptive
transfer into PD-L1-sufficient RIP-mOVA recipients, supporting parallelism between our model

of tolerance and the canonical definition of exhaustion.

154



ICB therapies

Immune checkpoint blockade (ICB) therapies targeting the PD-1:PD-L1 signaling axis
have received considerable attention in the last 10 years for their effectiveness in treating a
number of different cancers. A recent study proposed that ICB targeting the PD-1:PD-L1
signaling axis promoted the activation and expansion of newly recruited clones to an anti-tumour
response, rather than reinvigorating pre-existing tumour-infiltrating T lymphocytes as is often
suggested to underlie the success of PD-1 blockade (355). In this study, I provide evidence to
support this alternate mechanism of anti-PD-1 ICB therapies. If PD-1 is indeed critical for the
establishment of tolerance in the thymus (or in naive clones) rather than its maintenance alone as
I suggest, it follows that PD-1-targeting ICB may preferentially enhance recruitment of clones
naive to the PD-1 tolerogenic signal (also recent thymic emigrants), especially if blockade

therapies fall short of 100% effectiveness.

Reinvigoration of “exhausted” CD8" T cells may remain a primary mechanism for
responses to ICB treatments, but here I introduce new considerations for the understanding of
these therapies. Despite the success of ICB therapies, clinical responses vary with different types
of cancer, and immune-related adverse events (IRAE) are a persistent risk (298, 356). It is
conceivable that should PD-1 blocking antibodies reach the thymus, normal selection processes
may be hindered. While this provides a potential explanation for the development of some
IRAES, it may also be in some cases the mechanism behind successful cancer immunotherapies.
Additionally, exhaustion is not an inert, but rather a hypo-responsive state adapted to limit
immune pathology as I have discussed earlier in this thesis. This provides context for the
occurrence of immune-related adverse events (IRAE) that can develop following such treatments

(357); dysfunction is not necessarily a failure in an immune response, but a functional
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adaptation. This highlights the need for a greater understanding of the mechanism by which PD-1
supports dysfunction and how this relates to ICB therapies. Overall, I provide evidence for a
novel role for PD-1 in the establishment of tolerance to TRA in the thymus in escapees from
clonal deletion. Additionally, I demonstrated the differential requirements for PD-1 and PD-L1

during the establishment and maintenance of tolerance to TRA.

Conclusion

In conclusion, I have investigated the tolerance established independently of clonal
deletion by PD-1. I demonstrated that not only does this process occur in the thymus, but the
requirements for the establishment and maintenance of this tolerance appear to be divergent,
especially as they pertain to expression of the ligand PD-L1. This underscores the importance of
understanding dysfunctional T cell states driven or supported by PD-1 signaling, if they are to be
targets for reinvigorating immunotherapies. If thymic PD-1 signaling is interrupted by blockade
therapies, is this a contributor to the development of IRAEs? In some cases, perhaps the
interruption of these signaling events is the desired outcome? Finally, if PD-1 is important for the
establishment of T cell dysfunction, it will be interesting in future studies to investigate how
signals received at the onset inform the development of plastic versus fixed epigenetic states of
dysfunction (e.g. investigation of models that induce dysfunction sensitive or insensitive to

reinvigoration by blocking PD-1 signals, and epigenetic comparison of such states).

Capicua discussion

Summary
The work presented here examined thymocyte selection in the absence of CIC using the
CD4-cre-driven deletion model that allowed us to isolate CIC’s role during selection events at

the DP thymocyte stage (post-f-selection). Meanwhile, previous studies saw the use of models
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where the impact of CIC deletion prior to and during selection could not be disentangled (211,

213).

I found CIC deficiency to result in a lower frequency of TCRB" CD69" DP polyclonal
thymocytes, suggesting poorer positive selection efficiency (Fig. 5-1), which I also demonstrated
using polyclonal CICFYWT:CICFYL (1:1) mixed BMCs (Fig. 5-8). Directly ex vivo from
polyclonal spleen, the frequencies of FR4" CD73" anergic, Foxp3* CD25 Treg precursor (Fig.
5-2) (though differences were not apparent for these populations in the thymus), and CXCR5"*
PD-1" TFH CD4" T cells (Fig. 5-3) were also elevated. The relative elevation of the latter two of
these populations appeared further enhanced in polyclonal CICFYWT:CIC*L (1:1) mixed BMCs
(Fig. 5-10, 5-11), suggesting that CIC'FE cells are more competitive for signals required for the
generation of these lineages (i.e. strong TCR-pMHC interactions). Additionally, across
polyclonal and the transgenic models I used (HY% and OT-I), I found CIC deficiency to be
associated with decreased CD127 expression in both SP thymocyte and mature peripheral T cell

populations (Fig. 5-5, 5-9, 5-15, 5-18).

I also found that polyclonal CICFYFL T cells respond less robustly in vitro to non-Ag-
specific TCR stimulation (Fig. 5-6) or in vivo to resource abundance in lymphopenic adoptive

transfer recipients (Fig. 5-7), suggestive of functional impairment.

I identified that CIC deficiency led to defects in positive selection in mixed BMCs using
both the HY®* (Fig. 5-12) and OT-I (Fig. 5-16) transgenic systems. In contrast, CIC deficiency
did not impact negative selection in these models (Fig. 5-19, 5-20). Given this, and since
selection efficiency was impaired to a greater extent and post-selection phenotypes of surviving

transgenic CICTYL T cells were more dissimilar from CICTYWT controls in the HY*
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background (Fig. 5-13, 5-17), I hypothesized that CIC plays a role in T cell development and/or

function following weak TCR signals.

Finally, transcriptomic evidence in DP thymocytes in the Vav1-cre CIC'YF- system has
been suggestive of a role for CIC in modulating the expression of known ERK regulators (213),
Spry4, Dusp6, Dusp4, and Spred (217-219). Despite this, I found that CRISPR-mediated
deletion of Dusp6 failed to rescue the impaired positive selection experienced by HY# CICFVL
thymocytes in female mixed BMCs (Fig. 5-23). This implies either that Dusp6 is not a critical
downstream target for CIC in the context of thymocyte selection, or that it functions redundantly
with other such targets. Nevertheless, it will thus be critical in future studies to identify direct

targets of transcriptional regulation by CIC in the DP thymocyte population. Our proposed model

for CIC function is detailed in Figure 6-2.

MHC-I or -1l

APC
CD8 or CD4

@ Positive

Selection

Figure 6-2: Model for CIC function downstream of the TCR.
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X is representative of an ERK negative regulator of unknown identity. The work in this thesis
provides evidence to suggest that X is not DUSP6. However, X may not be a single, but rather

many regulatory gene products, of which DUSP6 may still be a redundant actor.

How does CIC influence signaling downstream of the TCR?

The molecular dynamics/interactions of CIC in thymocytes are poorly understood, as the
set of gene targets repressed by CIC in thymocytes is still unknown. Currently, we are informed
by a set of genes identified as direct CIC targets in other cell types (196, 215, 216), and shown to
be upregulated by RNA-seq in DP thymocytes from Vav1-cre CICTYfL mice (Etvi, Etv4, Etv5,
Spry4, Dusp6, Dusp4, and Spredl) (213). Spry4, Dusp6, Dusp4, and Spred1 in particular are of
interest, as they are known negative regulators of ERK activation (217-219). Since weak
sustained ERK signaling is critical to positive selection (24, 42, 214), it is tempting to speculate
that CIC deficiency causing dysregulated ERK kinetics in response to low affinity TCR signaling
may alter how the functional outcome of the TCR signal is resolved. A potential avenue for
further investigation would be to analyze how the kinetics of ERK activation in pre-selection DP
thymocytes following stimulation with ligands of various affinities is impacted by the absence of
CIC. Such a strategy was previously described using the OT-I transgenic model, whereby ERK
phosphorylation was assayed following stimulation with a well-established suite of altered
peptide ligand-K® tetramers (24). Despite evidence of increased DUSP6 mRNA (Fig. 5-21) levels
in CIC™FL thymocytes, disruption of the Dusp6 locus by CRISPR did not rescue the impaired
selection observed in the absence of CIC. While unhampered DUSP6 activity in the absence of
CIC does not appear to be the underlying cause of the impairment in selection seen in CICFL/F-

mice (Fig. 5-23), it remains possible that DUSP6 functions as a part of a redundant pathway

159



downstream of CIC, especially since DUSP4, another negative regulator of the mitogen-
activated protein kinase (MAPK) pathway, is another suspected CIC target. Among the next steps
for this investigation should be to identify the loci bound by CIC in thymocytes (e.g. by ChIP-

sequencing).

As mentioned above, positive selection hinges critically on the activity of ERK1/2, which
along with the MAPK pathway at large, is subject to numerous layers of negative regulatory
mechanisms which can exert their influence at both proximal and distal nodes of the TCR
cascade (350, 358). Furthermore, signaling through receptor tyrosine kinases (RTK) and MAP
kinases leads to the phosphorylation and inactivation of CIC (by dissociation from target
promoters, nuclear export, and/or proteasomal degradation) (193, 359). If CIC activity is
inhibited by ERK signaling, it then follows that the complete absence of CIC may simulate a
situation of robust ERK activity (e.g. following negative selection), which may explain the lack
of an effect of CIC deficiency on negative selection (Fig. 5-19, 5-20). Accordingly, following
weak TCR signaling, regulatory mechanisms influenced by CIC may be uncoupled with the
strength of the TCR signal. This may potentially lead to the uncoordinated and dysfunctional
selection and activation outcomes I observed in this study. Once gene targets for CIC have been
identified in DP thymocytes, transcriptional activity from those loci may be assessed under
circumstances of low to high affinity TCR signaling to better understand the kinetics of CIC

activity during selection.

How does CIC influence fate downstream of the TCR?
Overall, I observed that the impact of CIC deficiency appears limited to cases of low
affinity TCR signaling, such as positive selection. If CIC indeed influences the MAPK pathway

by controlling the expression of negative ERK regulators, as has been proposed by other groups
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(described above), it may be through this regulatory loop that CIC serves to increase the
sensitivity of the TCR to such low affinity signals. When it cannot do so, T cell clones of low
self-reactivity fail to experience positive selection and they are censored from the repertoire,
while clones of high self-reactivity may be allowed to predominate. Indeed, Kim et al. (2021)
determined that in the Vav1-cre CICFYF- model, the frequencies of TCRp variable (V) segments
were altered in the CD4" conventional (CD25 Foxp3~) and CD4" Treg (CD25" Foxp3™)
thymocyte populations, suggesting that impaired selection in the absence of CIC may alter the
TCR repertoire (213). However, in our polyclonal mixed BMCs, SP thymocytes and mature
peripheral T cells expressed lower levels of CD5 (Fig. 5-9C) and PD-1 expression was
unchanged for SP thymocytes (Fig. 5-10), contrary to what I would expect for a more self-
reactive repertoire. Conversely, I observed enhanced CD5 and PD-1 expression in the context of
a fixed TCR on CIC*MFL HY*! SP thymocytes and mature T cells in female chimeras (Fig. 5-13).
Thus, alterations in the TCR repertoire due to simple decreased TCR sensitivity in the absence of
CIC are likely only partially responsible for the CIC-deficient phenotype. However, given that
CIC has been shown to be important for early (pre-selection) thymocyte development (211), it
would be useful in the future to reassess the impact of CIC deficiency on TCR repertoire
diversity in the context of the CD4-cre deletion system, so as to rule out any pre-selection effects

of CIC deletion.

Canonically, pre-selection DP thymocytes do not express CD127, which is thought to
contribute to their pre-programmed death in the absence of a productive positive selection signal
(20). However, CD4" CDS8" intermediate thymocytes, the immediate progeny of post-selection
DPs, are the first af TCR-expressing thymocytes capable of responding to IL-7. Indeed, in a

study using a CD4-cre-driven CD127 deletion model, the Singer group showed that IL-7
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signaling was important for the generation of CD8SP thymocytes and CD8" lineage specification
(360). It is thus possible that decreased CD127 expression in the absence of CIC may contribute
to the impairment in CD8SP thymocyte generation I observed with polyclonal (Fig. 5-8D, G) and
MHC I-restricted TCR transgenic models HY** and OT-I (Fig. 5-12, 5-16). However, IL-7
signaling has been shown not to be critical for the generation of CD4SP thymocytes (360), thus
the mildly impaired selection I observed for this population in polyclonal mixed BMCs (Fig. 5-
8D-G) suggests differences in CD127 expression must not be solely responsible. Rather,
differential CD127 expression may influence the CIC-deficient phenotype depending on T cell
subset. Indeed, if decreased CD127 expression contributes to impaired selection, it would thus
make sense that the CD8SP subset experiences a greater effect compared with CD4SP. It will
thus be interesting in future studies to investigate the impact of CIC deficiency using an MHC II-

restricted transgenic TCR model.

How does CIC influence function downstream of the TCR?

While positive selection was impaired CICF - HY*# thymocytes in our female chimeras,
the few T3.70" cells that managed to reach maturity demonstrated both enhanced CD5 and PD-1
expression which — in the case of CDS5 — appeared to increase further as T cells matured and
entered the periphery (Fig. 5-13). Meanwhile, differences in CD5 expression were not present in
the T3.70'° population. A possible explanation for this phenomenon is that stochastic receipt of
survival-supporting TCR signals during selection led to some HY thymocytes receiving more
signal than others, allowing for positive selection and homeostatic maintenance in the periphery
for those cells. In support of this assertion, Tg T cells were gated according to very high T3.70
staining, suggesting that CIC™FL cells were not phenotypically distinct due to expression of an

alternate TCRa-chain. However, I cannot eliminate the potential for endogenous TCRa
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expression, even in the T3.70" population, highlighting the benefit of repeating these
experiments in a RAG-deficient background, which would ensure HY TCR mono-expression.
The introduction of competition in mixed BMCs may decrease the apparent abundance and
therefore potential stochasticity in the delivery of positively selecting TCR-pMHC interactions;
indeed, clonal frequency has been previously shown in Tg TCR models in several studies to be
negatively correlated with the efficiency of positive selection (361-363). The fact that the
surviving CICFYFL thymocytes with fixed TCR affinity developed features associated with self-
reactivity suggests the absence of CIC doesn’t simply reduce TCR sensitivity, but rather disrupts
the normal integration of the TCR signal. L.e. despite displaying features associated with self-
reactivity, CIC'YFX HY*® thymocytes in female chimeras may not be functionally self-reactive,
thus it will be interesting in future studies to assess function in these cells. As I have reported
evidence to suggest the role of CIC varies depending on the self-reactivity of the TCR, functional
outcomes of CIC deficiency may similarly vary. Finally, our current model (CD4-cre CICFY'L) is
unable to distinguish aberrant TCR signaling in the absence of CIC occurring in the thymus
versus periphery. Therefore, another avenue of future study would be to assess phenotype and
function when CIC is deleted post-positive selection (e.g. using a Rosa-creERT2 inducible

deletion model or via CRISPR).

I observed diminished capacity for LIP in polyclonal CD8", but not for CD4" CICFVF- T
cells (Fig. 5-7). Compared with CD4", CD8" T cells are known to be more sensitive to IL-7 and
undergo LIP at an accelerated rate (364, 365). One proposed mechanism for this difference is the
higher expression of monosialotetrahexosylganglioside (GM1)-containing lipid rafts in the
plasma membrane of CD8" T cells, which recruit cytokine receptors, and whose formation is

thought to be induced by the TCR-self-pMHC interaction (366). It may thus be interesting to
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assay GM1 expression in the context of CIC deficiency, as decreased CD127 expression does not
appear to be a complete explanation for differential LIP. In contrast, adoptive transfer into
lymphoreplete (non-irradiated) recipients, which experimentally is more representative of steady-
state homeostatic capability, did not result in differential recovery of CICFYF- T cells 7 days
post-transfer (Fig. 5-7), overall suggesting that “defective homeostatic fitness” is not a
comprehensive characterization of the CIC-deficient phenotype. Given these data, it was
puzzling to observe an elevated proportion of Ki67" CICFYFL cells in polyclonal mixed BMCs
(Fig. 5-9D), as Ki67 is expressed in G1, S, G2, and M phase of the cell cycle, and has
canonically been used as an indicator of proliferation (326, 334). However, elevated Ki67
expression may broadly mean 1) increased rate of cell division, or 2) altered balance of the
quiescent state, especially since time spent in the G1 phase does not necessarily imply
continuation through phases S, G2, and M. If CD4-cre CICFYFL T cells are less inclined to
expand under circumstances favourable to LIP (or following recolonization of BMC recipients)
and simultaneously express Ki67 at an elevated rate, it is possible that these cells become
blocked at the G1 phase of the cell cycle. An alternative explanation is that peripheral CICF-/F-

experience cell death at a greater rate, making the population at large less inclined to respond

with proliferation or persist under homeostatic conditions.

Conclusion

In conclusion, I have shown that CIC is critical for positive selection, but dispensable for
negative selection; however, how CIC influences positive selection — and, more broadly, TCR
signal integration in general — remains a mystery. As I have mentioned in this discussion, to
elucidate CIC’s role and mechanism in T cell development and function, it will be critical to 1)

identify its direct transcriptional targets in DP thymocytes undergoing selection by CHIP-seq, 2)
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isolate CIC’s role in the thymus from that in the periphery, for example, by acute deletion of CIC
in mature peripheral T cells, and 3) investigation of CIC’s role following TCR signals of varying
affinities, for example, by analyzing ERK phosphorylation or other markers of activation in vitro

following stimulation of CICFYF& OT-1 thymocytes with peptide ligand-K® tetramers (24).
Closing Remarks

The studies described here elucidate details in how PD-1 contributes to both the
establishment and maintenance of tolerance to TRA. Although concern for PD-1 lies generally in
its role in peripheral tissues, I provided evidence for its largely under-appreciated role in
establishing tolerance in the thymus and provided the first description of the associated
epigenetic profile. Through our findings, I have furthered our understanding of the mechanism
by which PD-1 enforces tolerance — its action in the thymus upon primary encounter with high
affinity Ag, and its signaling requirements for continuous protection in the periphery. I
additionally showed that CIC plays a role in facilitating normal positive selection, while it does
not appear important for negative selection. Overall, I have taken some early steps in elevating
our understanding of the mechanism by which CIC influences selection (that has heretofore not

seen in-depth investigation), which I hope will provide a spring-board for future inquiry.
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