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ABSTRACT

Prevention of autoimmune disease requires the elimination or inactivation of T cells that are
highly reactive to self-peptides. During T cell development in the thymus, self-reactive
thymocytes undergo negative selection upon receiving a high affinity T cell receptor (TCR)
signal following encounter with self-antigens. Negative selection can occur in the cortex against
ubiquitous antigens (UbA) and in the medulla against tissue-restricted antigens (TRA). While
negative selection encompasses several mechanisms, most self-reactive thymocytes are removed
from the repertoire by clonal deletion. Bim and Nur77 are two proteins upregulated during
negative selection that are thought to be key mediators of clonal deletion due to their established
pro-apoptotic functions. We therefore sought to characterize the contributions of Bim and Nur77
to UbA and TRA-mediated clonal deletion in vivo using the well established HY* and OT-I
Rip-mOva TCR transgenic mouse models, respectively. Despite being a major mediator of
thymocyte apoptosis, we found that Bim is ultimately not required for UbA-mediated clonal
deletion in the HY** model. Nur77 was also dispensable for UbA-mediated deletion and could
not compensate for Bim deficiency in inducing caspase-3 activation. In fact, our data suggests
that the apoptotic function of Nur77 may be inhibited in the presence of TCR signalling.
However, deficiency in both Bim and Nur77 tended to result in a greater number of antigen-
specific thymocytes, which appeared to be due to thymocyte-intrinsic and extrinsic factors. In
contrast to UbA-mediated clonal deletion, Nur77 deficiency was sufficient to modestly impair
TRA-mediated deletion in the OT-I Rip-mOva model, and Bim deficiency completely abrogated
deletion. Furthermore, our data suggests a novel role for Nur77 in anergy induction in this

model. These results reveal differences in the molecular mechanisms of negative selection
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against UbA vs. TRA. In addition, we examined negative selection in a diverse T cell repertoire
by examining Bim and Nur77 deficiency in unmanipulated mice. In polyclonal mice lacking Bim
and Nur77, we found an accumulation of thymocytes that had experienced high affinity TCR
signalling, suggesting that clonal deletion was impaired. This was accompanied by increases in
regulatory T cells and anergic phenotype T cells, two alternative fates that can occur upon high
affinity antigen encounter. Nevertheless, polyclonal Bim”Nur77” mice tended to develop a
phenotype suggestive of excessive inflammation, whereas this was never observed in Bim or
Nur77 single knockout mice. Similarly, only OT-I Bim” Nur77"~ Rip-mOva chimeras developed
autoimmune diabetes. These results indicate that deficiency in two key molecules involved in
negative selection greatly increases the risk of autoimmune disease. Collectively, these studies

shed light on the multiple mechanisms that work in concert to maintain self-tolerance.
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CHAPTER 1: INTRODUCTION

T cells are an integral part of the immune system

The mammalian immune system is a complex network of many cell types and proteins that
collectively coordinate a protective response against foreign entities. In addition to epithelial and
mucosal barriers to the outside environment, the immune system proper has traditionally been
divided into two categories: innate and adaptive immunity. Adaptive immunity, primarily
mediated by T and B cells, first arose in jawed vertebrates and has several features distinct from
the more ancient innate immune system (1). While innate immune responses are rapid due to the
non-specific recognition of conserved pathogen associated molecular patterns, the adaptive
immune response is delayed due to requisite expansion of T and B cells that recognize highly
specific antigen epitopes. After a primary immune response, a small fraction of activated T and
B lymphocytes survive as memory cells, which respond in a more rapid and robust manner to
subsequent encounters with the same antigen. Coordination of the innate and adaptive immune
responses is key to providing efficient and complete protection. Natural killer (NK) cells, which
derive from lymphoid progenitors yet have innate immune functions, have been considered an
evolutionary bridge between innate and adaptive immunity. We now know that natural killer

cells are one of several types of innate lymphoid cells (2).

Our highly evolved immune system offers formidable protection against pathogens and cancers,
with T cells playing varied and critical roles in host defense. The T cell compartment is
composed of many different subsets, including but not restricted to CD8" cytotoxic T cells, CD4"

T helper cells — divided further into Th1, Th2, Th17, and T follicular helper (Tfh) lineages, and



CD4" T regulatory cells (Treg). The majority of T cells express a T cell receptor (TCR)
composed of an a and f glycoprotein chain, while a minority express a y0 pair instead.
Conventional afTCR" T cells recognize peptide antigens presented on major histocompatibility
complex molecules (MHC). The CD8 and CD4 co-receptors facilitate the interaction between the
TCR and the peptide-MHC (pMHC) complex, with CD8" T cells being MHC class I-restricted

and CD4" T cells being MHC class Il-restricted.

Diversity in the TCR repertoire

Because each TCR recognizes a pMHC complex, the diversity of the TCR repertoire is
necessarily vast in order to account for the myriad of antigens encountered in a lifetime. TCR
diversity is achieved through recombination of genetic segments, nucleotide additions and
deletions, and pairing of different o and f chains to form the complete receptor. However, of a
theoretical 10" different combinations, a survey of mouse splenocytes indicates that the actual
mature T cell repertoire contains as few as 2 x 10° different clones (3). Though the random
nature of TCR generation is critical for pathogen protection, it inevitably generates TCRs that
cannot interact with self-MHC as well as TCRs specific for self-antigens. In order to establish a
healthy immune system, the T cell repertoire must be shaped to select for useful clones while
eliminating those that have the potential to mediate autoimmunity. This is achieved through
positive and negative selection, respectively, during T cell development in the thymus. Thymic
selection and later competition in the periphery are among the factors that reduce the size of the

TCR repertoire.



Early stages of T cell development

All cells of the blood ultimately derive from hematopoietic stem cells (HSCs) found in fetal liver
and adult bone marrow. HSCs are lineage negative (Lin"), stem cell antigen-1 positive (Sca-1"),
and have high expression of tyrosine kinase receptor c-Kit— collectively abbreviated LSK (Fig.
1-1). Additionally, they lack expression of the fms-related tyrosine kinase 3 receptor (FIt3).
Development from HSCs into terminal lineages involves a series of differentiation steps with
successive loss of potential to develop into other lineages. One model posits that the first lineage
commitment step results in the separation of erythrocyte-megakaryocyte progenitors and
myeloid-lymphoid progenitors. The latter are termed lymphoid multipotent progenitors (LMPPs)
and are characterized by acquisition of high FIt3 expression. Following this model, LMPPs give
rise to granulocyte-macrophage progenitors and common lymphoid progenitors (CLPs). CLPs
can be detected in blood and have been proposed to be the initial bone marrow-derived
progenitor (4). However, due to the extremely low numbers of thymus-seeding progenitors, the
identity of the progenitors are uncertain, and there may be multiple progenitors capable of
differentiating into T cells in the thymus. After the initial thymus-seeding cells enter the thymus,
they become known as early thymic progenitors (ETPs). A recent study reported similarities
between ETPs and LMPPs as well as CLPs (5), raising the possibility that LMPPs and/or CLPs

can seed the thymus.
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Figure 1-1. T lymphopoiesis from bone marrow-derived progenitors. Hematopoietic stem
cells (HSCs) give rise to all blood cells via a series of differentiation steps with successive loss
of potential to develop into other lineages. This model posits that the first divergence is between
the erythrocyte-megakaryocyte lineages and the myeloid-lymphoid lineages. The latter
progenitor — lymphoid multipotent progenitor (LMPP) — gives rise to granulocyte-macrophage
progenitors and common lymphoid progenitors (CLPs). Early thymic progenitors (ETPs) share
similarities with LMPPs and CLPs, suggesting that LMPPs and/or CLPs could be thymus-
seeding progenitors. LSK, Lin'Sca-1+c-Kithi; Flt3, fms-related tyrosine kinase 3; CMkE, common
megakaryocyte and erythroid progenitor; GMP, granulocyte-macrophage progenitor; EPLM,
early progenitor with lymphoid and myeloid potential; Pro-B, committed pro-B cell; DN1-DN3,
stages of CD4'CD8 double negative thymocytes; NK, natural killer; G-M, granulocyte-
macrophage; Mk, megakaryocyte; E, erythroid. Figure modified from Ceredig (2012) Nat
Immunol 13: 309-310. Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews
Immunology 13: 309-310, copyright 2012.



The thymus is broadly divided into two compartments: the cortex and the medulla. Bone
marrow-derived progenitors enter the thymus at the cortico-medullary junction. Signaling
through the chemokine receptors CCR7 and CCR9 has been shown to be important for homing
of progenitors to the thymus (6). Additionally, thymic entry is regulated by interaction between
platelet (P)-selectin glycoprotein ligand 1 (PSGLI1) on circulating progenitors and P-selectin on
thymic endothelium (7). The earliest thymocytes lack expression of CD4 and CD8 coreceptors
and are thus known as double negative (DN) thymocytes. As thymocytes progress through the
DNI1 to DN4 stages of development, distinguished by expression of CD44 and CD25, they move
towards the outer subcapsular zone of the cortex (Fig. 1-2). DN thymocytes receive
developmental cues through interactions with cortical thymic epithelial cells (¢cTECs). Signaling
through Notch receptors on thymocytes delivered by Delta-like ligands on ¢TEC:s is critical for T
cell lineage commitment (8, 9). In addition to Notch, interleukin-7 (IL-7) produced by ¢TECs is
important for development of DN2 and DN3 thymocytes (10, 11). In DN2 and DN3 thymocytes,
recombination-activating gene (RAG) 1 and 2 enzymes mediate rearrangement of the TCRf,
TCRy, and TCRS loci (12, 13). Thus, divergence of Y8 T cell and af” T cell fates occurs at the
DN3 stage. On DN thymocytes, the TCRf chain is paired with a pre-TCRa chain (14). The pre-
TCR and mature TCR associate with a CD3 signaling complex consisting of a CD3y/CD3¢
heterodimer, CD38/CD3¢ heterodimer, and CD3( homodimer (Fig. 1-3). Pre-TCR signaling is
required for allelic exclusion at the TCRf locus, rescue from apoptosis, proliferation, and further
differentiation; hence, this critical checkpoint for functional TCRf rearrangement is called -

selection (15).



Cortex Medulla

CD44-CD25-

TCRp preTu TCRE TCRa TCRB TCRa
SP
S’

No pMHC
recognition

Death by neglect
TCRp pre-Ta TCRp TCRau

600

CD44-CD25+ CDh44+CD25+ CD44+CD25-

Precursors from bone marrow Peripheral T cell repertoire

Figure 1-2. Development of af T cells in the thymus. T cell progenitors enter the thymus at
the cortico-medullary junction. The earliest CD4'CDS8" double negative (DN) thymocytes
progress through four stages of development defined by differential expression of CD44 and
CD25. Only thymocytes expressing a functional TCRf chain survive the B-selection checkpoint
at the DN3 to DN4 transition and are permitted to continue development into CD4 CD8" double
positive (DP) thymocytes. Depending on the affinity of its TCR for self-peptide-MHC (pMHC),
DP thymocytes undergo death by neglect, negative selection, or positive selection. Positively
selected thymocytes differentiate into CD4'CD8 or CD4 CDS8" single positive (SP) cells and
migrate to the medulla. While negative selection can occur in the cortex against ubiquitous
antigens (UbA), the medulla is an exclusive site for negative selection against tissue-restricted
antigens (TRA). The thymocytes that enter the peripheral T cell repertoire are mostly self-
tolerant. Figure modified from Hu and Baldwin (2013) Programmed Cell Death in T Cell
Development, ISBN: 978-953-51-1133-7, InTech, DOI: 10.5772/48607.



Following f-selection, thymocytes successively enter the DN4, immature CD8 single positive,
and double positive (DP) stages. During this time, thymocytes reverse direction and traffic away
from the subcapsular zone. Low-level rearrangement of the TCRa locus occurs in DN4
thymocytes but full-scale rearrangement does not occur until the DP stage (16). DP thymocytes
only have a lifespan of 3-4 days (17) in which they must generate an afTCR that can bind self-
pMHC expressed by cTECs. Thymocytes that fail this self-MHC restriction checkpoint undergo
death by neglect, maximizing the utility of the T cell repertoire. It was previously shown that up
to 90% of DP thymocytes undergo death by neglect (18). Recent studies suggest that the
frequency of DP thymocytes that experience TCR-induced death is higher than previously
appreciated (19, 20), meaning that the frequency of thymocytes that undergo death by neglect is

likely lower.

TCR signaling pathways in positive and negative selection

The fate of DP thymocytes is dependent on the affinity of its TCR for self-pMHC. Of the TCRs
that successfully engage pMHC, low affinity interactions result in positive selection and high
affinity interactions in negative selection. The polyclonal TCR repertoire in unmanipulated mice
makes it difficult to study antigen-specific selection due to the enormous diversity of clones. By
introducing a transgenic TCR specific for a known antigen, it becomes possible to investigate a
low or high affinity response in a large population of antigen-specific thymocytes. The initial
experiments demonstrating that TCR affinity for antigen determines positive vs. negative
selection fates utilized the transgenic OT-I TCR specific for chicken ovalbumin peptide 257-264

(SIINFEKL, henceforth referred to as Ova) presented on MHC class 1 H-2K”. By adding



peptides to OT-I fetal thymic organ cultures incapable of endogenous antigen presentation, it was
found that variants of the antigenic Ova peptide were capable of inducing positive selection (21).
Direct measurement of binding affinity between the OT-I TCR and various peptide/K"
complexes demonstrated a range of affinities that mediate positive selection, and that the
threshold between positive and negative selection is narrow (22, 23). A recent study identified
the protein Schnurri-2 as a regulator of positive vs. negative selection outcomes but the
mechanism of its action remains undefined (24). In addition, a protein called Themis attenuates
TCR signaling through recruitment and activation of phosphatases, enabling positive selection of

thymocytes (25-27).

In order to understand how TCR affinity for different ligands translates into positive and
negative selection outcomes, it is necessary to put into context the main molecules involved in
TCR-proximal signaling (Fig. 1-3). Upon binding to pMHC, tyrosine residues in the
immunoreceptor tyrosine-based activation motifs (ITAMs) in cytosolic domains of the CD3
chains are phosphorylated by lymphocyte-specific protein tyrosine kinase (Lck). One model
proposes that interaction with CD4 and CD8 coreceptors brings Lck into proximity with the TCR
signaling complex, where sufficient clustering triggers trans-autophosphorylation and activation
of Lck (28). Phosphorylated ITAMs serve as binding sites for zeta chain-associated protein
kinase 70 (Zap70), which is subsequently activated via phosphorylation by Lck. Zap70
phosphorylates the scaffold protein linker for the activation of T cells (LAT), allowing
recruitment of phospholipase Cy (PLCy) and the adaptor protein growth factor receptor-bound
protein 2 (Grb2) among others (29). Subsequently, several mitogen-activated protein kinase

(MAPK) pathways are activated, ultimately leading to transcriptional changes.
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Figure 1-3. Molecules involved in proximal TCR activation. The TCR transduces signals
through a complex comprised of CD3 chains (y, d, €, {). Activation of kinases Lck and Zap70
leads to phosphorylation of the adaptor protein LAT, allowing recruitment of downstream
molecules and activation of MAPK pathways. Differential phosphorylation of LAT is thought to
contribute to differential MAPK activation, and consequently positive and negative selection
outcomes. In addition, the protein Themis associates with Grb2 and recruits SHP1 and SHP2
phosphatases (not depicted), resulting in downregulation of kinase activity. Thus, Themis
permits the low affinity TCR signal required for positive selection. During negative selection,
JNK recruitment to the TCR complex is also thought to occur via the adaptor protein Nck and
kinase MINK. The pathways leading to high induction of Bim and Nur77 during negative
selection require more clarification (not depicted). Lck, lymphocyte-specific protein tyrosine
kinase; Zap70, zeta chain-associated protein kinase 70; LAT, linker of activated T cells; PLCy,
phospholipase Cy; Grb2, growth factor receptor-bound protein 2; Sos — Son of Sevenless;
RasGRP1, Ras guanyl-releasing protein 1; MAPK, mitogen-activated protein kinase; Nck, non-
catalytic region of tyrosine kinase adaptor protein; MINK, misshapen/NIK-related kinase; JNK,
c-Jun N-terminal kinase; ERK, extracellular-signal-regulated kinase. Figure modified from Hu
and Baldwin (2013) Programmed Cell Death in T Cell Development, ISBN: 978-953-51-1133-7,
InTech, DOI: 10.5772/48607.



Though our understanding of how low and high affinity TCR stimulation is translated into
positive and negative selection is incomplete, the prevailing model is based on differential
activation of the MAPKSs extracellular signal-regulated kinase (ERK) 1/2, c-Jun N-terminal
kinase (JNK), and p38. Inhibition of JNK activity by a dominant-negative mutant has been
shown to inhibit peptide-induced deletion in vivo (30). Likewise, addition of a p38 inhibitor to a
TCR transgenic fetal thymic organ culture impairs peptide-induced deletion (31). While JNK and
p38 are important for negative selection, they are not required for positive selection (30-32). By
contrast, inhibition of ERK1/2 or their upstream activator blocks positive selection but does not

affect negative selection (31, 33-35).

Grb2 deficiency impairs JNK and p38 activation but does not affect ERK1/2 activation (36).
This is because Ras, an upstream regulator of ERK, can be activated by two families of guanine
nucleotide exchange factors in T cells: Sos, which is recruited by Grb2, and RasGRP, which is
recruited by diacylglycerol generated by the PLCy pathway (37). RasGRP1-deficient mice
exhibit blocked positive selection (36, 38), consistent with the critical role of ERK1/2 in positive
selection. While reaffirming that Grb2 is dispensable for ERK1/2 activation, a study showed that
Grb2”" mice are impaired in both negative and positive selection (39). One of the reasons that
Grb2 is important for positive selection may be due to a role for Grb2 in amplifying TCR
signaling by promoting Lck activation (39). In addition, Themis associates with Grb2 and may

consequently be regulated by proteins in the signaling complex (25-27, 40).

Though ERK1/2 is dispensable for negative selection, high affinity TCR signaling induces robust

but transient ERK activation. In contrast, positive selection is characterized by sustained ERK
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signaling of lower intensity (41). This is thought to be due to differential localization of
RasGRP1 induced by positive vs. negative selection ligands (23). During negative selection,
RasGRP1 is localized at the plasma membrane, where it may be more subject to negative
regulation. In contrast, RasGRP1 is localized at the Golgi during positive selection, allowing for
sustained activation of the Ras/ERK pathway. In addition to activating Ras by catalyzing the
formation of Ras-GTP, RasGRP primes Sos activation since Sos is activated by its own product
Ras-GTP. The RasGRP and Sos positive feedback loop enables T cells to maximally respond to

low-level stimulation (42).

Another protein that may play a role in differentially transducing positive vs. negative selection
signals is misshapen/NIKs-related kinase (MINK). Stimulation of TCR transgenic thymocytes
with high affinity antigen induces an association between CD3e, the adaptor protein non-
catalytic region of tyrosine kinase (Nck), and MINK (43). MINK was shown to be important for
JNK activation but did not affect ERK1/2 activation. Consequently, MINK deficiency impaired

negative selection but not positive selection.

Positive selection and lineage commitment

Positively selected thymocytes receive cues for survival, migration to the medulla, and
differentiation into CD4 or CDS single positive (SP) thymocytes (Fig. 1-2). The anti-apoptotic
proteins Bcl-2 and Mcl-1 have been shown to be important for survival during positive selection
(44-48). TCR signaling also induces CCR7 upregulation on DP thymocytes, allowing them to
migrate towards the medulla in response to CCL19 and CCL21 produced by medullary thymic

epithelial cells (MTECs) (49). CD4 and CDS8 coreceptors are thought to influence lineage
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commitment by regulating the strength of TCR signaling. While Lck binds both coreceptors,
CD4 binds to Lck with higher affinity than CD8 (50). Reducing Lck activity redirects MHC class
II-restricted thymocytes to the CD8" lineage and increasing Lck activity redirects MHC class I-
restricted thymocytes to the CD4" lineage (51). While the intermediate steps in TCR signaling
that lead to these different fates remain unclear, the transcription factors Gata3 and ThPOK are
critical for development of CD4" T cells and Runx3 for CD8" T cells (52). The prevailing model
proposes that stronger TCR signaling in MHC class II-restricted thymocytes induces ThPOK
expression, which relieves Runx3-mediated suppression of uncharacterized CD4-lineage genes.
In contrast to ThPOK-deficient mice, Gata3-deficient mice largely do not exhibit redirection to
the CD8 lineage but are blocked in development of MHC class Il-restricted thymocytes (52).

This suggests that the role of Gata3 in CD4 lineage commitment precedes that of ThPOK.

Though the cortex contains other antigen-presenting cells (APCs) such as dendritic cells (DCs),
cTECs are considered the chief mediators of positive selection (53, 54). One of the unique
features of ¢TECs is their exclusive expression of a proteasome catalytic subunit called $5t (55).
B5t" mice exhibit defective positive selection of CD8" T cells, suggesting that presentation of
certain types of ligands is important for positive selection. Furthermore, it was shown that
positive selection remains impaired in f5t” CCR7”" mice, indicating that migration out of the
cortex or negative selection in the medulla was not the reason for the reduction in CD8SP
thymocytes (56). Expression of the surface glycoprotein CD5 has been shown to correlate with
TCR signaling strength (57). Since |35t'/' mice exhibit CD8SP thymocytes with higher expression
of CDS5, it has been suggested that $5t-containing proteasomes generate peptides that bias the T

cell repertoire away from high affinity for self-antigens (58).
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Loading of self-peptides on MHC class II occurs in late endosomes through the action of
cathepsin proteases, which degrade the MHC class II-associated li chain and allow exchange of
the li-derived CLIP peptide with other peptides. cTECs highly express cathepsin L, whereas
other thymic APCs preferentially express cathepsin S (59, 60). Deficiency in cathepsin L results
in a severe reduction in the development of CD4SP thymocytes, indicating that high expression
of cathepsin L is another way in which cTECs are specialized for positive selection. In addition
to cathepsin L, high expression of thymic-specific serine protease and a high rate of
autophagosome formation in cTECs compared to other thymic APCs are implicated in positive

selection of CD4SP thymocytes (61).

Negative selection involves multiple mechanisms and settings

Negative selection is the process by which thymocytes bearing highly self-reactive TCRs are
prevented from developing into mature, functional T cells. Negative selection can be achieved by
clonal deletion, functional impairment (anergy), TCR editing, or clonal diversion of autoreactive
thymocytes into regulatory lineages. Perhaps due to the finite resources and space available to
support the T cell repertoire, clonal deletion is considered the predominant mechanism of

negative selection (62).

Whereas positive selection occurs in the cortex, negative selection occurs in both the cortex and
medulla. Clonal deletion of DP thymocytes in the cortex requires interaction with DCs, as cTECs
are unable to efficiently induce deletion despite interacting with thymocytes (63, 64). Deletion in

the medulla is different from in the cortex in several ways. Because migration to the medulla
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requires positive selection to occur first, thymocytes undergoing negative selection in the
medulla are of the more mature SP stage. Presentation of tissue-restricted antigens (TRA) is also
unique to the medulla, whereas those self-antigens presented in the cortex are referred to as
ubiquitous antigens (UbA). A critical regulator of TRA expression is the transcription factor
Autoimmune Regulator (Aire), exclusively expressed in medullary thymic epithelial cells
(mTECs) (65-68). Mutation of the Aire gene is responsible for the multi-organ autoimmune
disease autoimmune polyendocrinopathy-candidiases-ectodermal dystrophy (APECED) in
humans (69, 70), highlighting the critical role of clonal deletion to self-tolerance. TRA-mediated
deletion is mediated by mTECs directly, as well as by DCs which cross-present the antigens (71,
72). In addition to deletion, mTECs are also able of inducing anergy and Treg cells (73-75).
Lastly, the medulla contains higher numbers and different subsets of DCs than the cortex (76).
Collectively, these differences argue that studies on the molecular mechanisms of negative

selection should be considered for the context under which it occurred.

TCR transgenic models

In our study of negative selection, we utilized two MHC class I-restricted TCR transgenic
models: HY** for UbA-mediated selection and OT-I Rip-mOva for TRA-mediated selection.
While older TCR transgenic mouse models provide a powerful means to study thymocyte
development in vivo, TCR expression has been shown to occur prematurely at the DN stage (77).
This results in premature selection under non-physiological circumstances (78, 79). The HY**
model was developed to correct for this problem by using CD4-cre to conditionally express the

transgenic HY TCRa chain at the DP stage (Fig. 1-4) (77). Based on the classical HY model

(80), the HY TCR is specific for an epitope from the male-specific smcy gene (KCSRNRQYL)
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presented by H-2D". Antigen-specific T cells are detected with the T3.70 monoclonal antibody
against the Val7 HY TCRa chain. While expression of endogenous TCRa chains is known to

occur, all TCRs include the transgenic VB8 chain. Clonal deletion of HY-specific DP

thymocytes occurs in the cortex of HY®"

male (M) mice, while positive selection occurs in
HY* female (F) mice generating T3.70" CD8SP thymocytes (64, 81). Since DN and DP
thymocytes differ in gene expression, proliferative ability, and signaling thresholds (82-84),

cd4

correction of premature TCR expression in the HY™ model allows for investigation of

physiological UbA-mediated deletion.

The OT-I TCR is composed of Va2 and V5 chains, and is specific for Ova peptide presented
on MHC class I H-2K" (21). Transgenic expression of a membrane-bound form of the neo-self-
antigen Ova in the medulla of mice has been achieved by placing it under the control of the rat
insulin promoter (Rip-mOva mice) (85). Thus, while OT-I mice have premature expression of
the transgenic TCR, negative selection against Ova does not occur until a post-positive selection
stage in the medulla. Transfer of OT-I bone marrow into Rip-mOva recipients creates chimeras
in which negative selection occurs in a TRA-mediated manner, while transfer into wildtype
(WT) recipients results in positive selection of Va2™ CD8SP thymocytes. By using OT-I donors
deficient in genes of interest, the bone marrow chimera strategy offers the ability to discriminate

between whether the genes affect hematopoietic or stromal cells in the thymus.
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Figure 1-4. The timing of transgenic TCR expression is physiological in HY** mice. The
HY*" model utilizes a cd4-cre system to conditionally express the HY TCRa chain at the DP
stage. This allows positive and negative selection to occur between the DP and SP transition as
in wildtype mice, an important distinction from premature TCR expression and selection that

occurs in classical HY mice. Figure author: Troy A. Baldwin.
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The role of the intrinsic apoptosis pathway in clonal deletion

Clonal deletion is widely held to occur through apoptosis of autoreactive thymocytes. Many
studies have examined the role of death receptor-induced ‘extrinsic’ apoptosis pathways in clonal
deletion. In various models of negative selection, mice defective for Fas or Fas ligand (FasL)
(86-88), or tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) (89-91), have been
shown to have normal deletion of autoreactive thymocytes. Many of these studies utilized
models of negative selection in which exogenous antigen is injected in vivo. This can cause non-
specific thymocyte deletion by the secreted products of activated peripheral T cells (92). Because
activation-induced cell death of peripheral T cells is impaired in the absence of death receptors,
results derived from these model systems may be complicated by involvement of extrathymic
factors (87, 88). Importantly, transgenic expression of dominant-negative Fas-associated protein
with death domain (FADD), which interacts with both Fas and TRAIL, or the viral caspase-8
inhibitor cytokine response modifier A (CrmA) does not impair clonal deletion (93-95).
Collectively, these data suggest that the extrinsic apoptosis pathway is not required for clonal

deletion.

The intrinsic apoptosis pathway is initiated by release of cytochrome ¢ from mitochondria to the
cytosol, which through association with apoptotic protease activating factor 1 (Apafl), results in
cleavage and activation of caspase-9. Caspase-9 in turn activates executioner caspases by
cleavage — chief among them caspase-3. Activation of caspase-3 is observed in thymocytes
stimulated in vitro and from TCR transgenic models of negative selection (96, 97). In contrast,
the active forms of executioner caspases-6 and -7 are not detected after stimulation of TCR

transgenic thymocytes with cognate peptide but can be induced by non-specific stimulation with
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staurosporine (98). Furthermore, comparison of caspase-3"", caspase-7”", and double knockout
thymocytes indicates that caspase-3 is mainly responsible for DNA fragmentation in response to
anti-CD3¢ and anti-CD28 stimulation (99). Therefore, caspase-3 appears to be the predominant
caspase that mediates clonal deletion. Though it normally plays a major role, caspase-3
activation is not strictly required for clonal deletion in vivo (97, 100). Furthermore, studies using
pan-caspase inhibitors in vitro and in vivo have shown that TCR-induced thymocyte death can
occur in the absence of caspase activity, albeit to reduced levels in some systems (96, 98, 101,
102). These data argue that clonal deletion can also be achieved through caspase-independent

pathways.

The role of mitochondria in caspase-independent cell death (CICD)

It is now clear that several types of programmed cell death other than caspase-mediated
apoptosis exist in cells. In some cases, such as necroptosis and autophagy, specific molecules in
the pathway have been identified (103). Otherwise, CICD is established by observations of cell
death under conditions where caspase activity is blocked by genetic ablation or inhibitors. Thus,
while CICD has been demonstrated in thymocytes and mature T cells under experimental
conditions (104), little is known about CICD during physiological processes like negative

selection.

Though multiple as-of-yet to be discovered pathways may be encompassed by studies of CICD,
a commonly reported feature is loss of mitochondrial membrane potential. As in caspase-
mediated apoptosis, members of the Bcl-2 family are critical gatekeepers of the mitochondrial

outer membrane. Members of this family are related in one or more regions called Bcl-2
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homology (BH) domains (Fig. 1-5). The current body of work suggests that the Bax and Bak
proteins oligomerize to form channels in the mitochondrial outer membrane (105). Anti-
apoptotic Bcl-2 family members oppose this process through interaction with Bax and Bak.
Another class of pro-apoptotic Bcl-2 proteins containing only the BH3 domain counteracts
inhibition by anti-apoptotic Bcl-2proteins through direct binding which requires the BH3 domain
(105). While some BH3-only proteins only function by sequestration of anti-apoptotic Bcl-2
members, others such asBcl-2-interacting mediator of cell death (Bim) have also been shown to

directly bind and activate the oligomerization potential of Bax and Bak (106-109).

Through the channels formed by Bax and Bak, or other channels formed as a result of their
activation, molecules are released from the mitochondrial intermembrane space. Two proteins
released from mitochondria that have been shown to mediate CICD are apoptosis-inducing factor
(AIF) and endonuclease G (endoG). AIF cleaves DNA into large fragments of 50 kilobase pairs
(110), while endoG appears to mediate internucleosomal DNA cleavage (111). Alternatively or
in addition to release of cytotoxic proteins, it has been argued that CICD results from loss of
mitochondrial respiratory function following membrane permeabilization (112). The
mitochondrial permeability transition pore is a channel composed of a complex of proteins that
has been implicated in caspase-independent mitochondrial membrane permeabilization. Various
members of the Bcl-2 family have been shown to inhibit or activate opening of this channel,

emphasizing the importance of the Bcl-2 family to multiple types of cell death.
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Figure 1-5. Members of the Bcl-2 family. The Bcl-2 family includes pro-survival and pro-
apoptotic members, all containing one or more related regions called Bcl-2 homology (BH)
domains. Oligomerization of Bax and Bak results in mitochondrial outer membrane
permeabilization. The pro-survival Bcl-2 members inhibit cell death by binding Bax and Bak to
prevent their oligomerization. The pro-apoptotic BH3-only members promote cell death by
sequestration of pro-survival members, and in some cases, by direct binding and activation of
Bax and Bak. Not all of the Bcl-2 proteins depicted here have been shown to be important in
regulating cell death. Bcl-, B cell lymphoma-; Mcl-1, myeloid-cell leukemia sequence 1; Bax,
Bcl-2-associated X protein; Bak, Bcl-2-antagonist/killer; Bim, Bel-2-interacting mediator of cell
death; Puma, p53-upregulated modulator of apoptosis; TM, transmembrane domain. Figure taken
from Strasser (2005) Nat Rev Immunol 5: 189-200. Reprinted by permission from Macmillan
Publishers Ltd: Nature Reviews Immunology 5: 189-200, copyright 2005.
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The events following mitochondrial membrane permeabilization are unclear and may vary
between different pathways falling under the CICD umbrella. Since internucleosomal DNA
fragmentation, chromatin condensation, mitochondrial dysfunction, plasma membrane
permeabilization, and exposure of phosphatidylserine have all been demonstrated under caspase-
independent conditions (113, 114), the activation of caspases is the strictest distinguishing factor

between classical apoptosis from other forms of programmed cell death.

Molecules induced during negative selection

Studies have attempted to characterize the molecular mechanisms of negative selection by
identifying genes that are differentially regulated during positive vs. negative selection. Many
such proteins are used as markers of TCR signaling, and some are known to function in
regulating TCR signaling. The proteins used in our analyses include the cell surface markers
CDS5, CD69, and programmed death-1 (PD-1). In brief, CD5 is a negative regulator of TCR
signaling. Since CDS5 expression correlates with TCR signal strength (57), the level of CD5

expression can be used as a gauge of low vs. high affinity TCR signaling.

CD69 is a C-type lectin that induced early after TCR stimulation (115), including on DP
thymocytes during positive and negative selection (116). Its upregulation is widely used to
demonstrate that TCR signaling is intact. Despite being a common marker of T cell activation,
little is known about its function. Some argue that it has no role in thymocyte selection, but may
play a role in thymocyte egress (117, 118). However, another study has argued that CD69

expression promotes positive and negative selection (119).
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PD-1 is a co-inhibitory receptor induced on DP thymocytes upon TCR stimulation. As with
CD69, its expression is higher during negative selection than positive selection (64). Since
maximal induction of PD-1 on DP thymocytes occurs after 48 h after TCR stimulation (64), its
expression may provide insight on the kinetics of deletion. PD-1 is not required for clonal
deletion, and the absence of this co-inhibitory receptor may enhance deletion in some models
(120, 121). Despite being dispensable for thymic deletion, a large body of work shows that PD-1
deficiency results in autoimmunity due to the involvement of this protein in peripheral T cell

tolerance (122).

In addition to the surface molecules described above, we utilize the transcription factor Helios, a
member of the Ikaros family of zinc finger proteins, to verify that thymocytes are undergoing
negative selection. Helios was originally characterized as a Treg marker; however, its role in
Treg biology remains unclear since Helios and Helios Treg appear to have equal suppressive
capability (123, 124). Recently, Helios has been used as a marker that specifically distinguishes
thymocytes experiencing high affinity TCR signaling from those experiencing low affinity TCR
signaling (19). Using Helios as a marker is advantageous since other markers are induced to

lesser degrees by low affinity TCR signaling.

While the aforementioned proteins are used to characterize thymocytes undergoing negative
selection, they are not known to mediate negative selection. The work presented in this thesis
focuses on two proteins identified as upregulated during negative selection in various models

including HY** mice: Bim and Nur77 (81, 125-129). We have chosen to investigate the role of
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these two proteins in negative selection due to their role in cell death in the literature. Thus, they

are hypothesized to be key mediators of clonal deletion.

The role of Bim in clonal deletion

Bim, also known by the less common name Bod, is a pro-apoptotic BH3-only member of the
Bcl-2 family. While numerous splice variants of the Bim locus have been reported, three major
isoforms are readily detected at the protein level: Bim short (Bimg), Bim long (Bimg), and Bim
extra long Bimgr) (130). Molecular work in a number of cell types has demonstrated that
additional regions in Bimy, and Bimg;, allow them to be post-translationally regulated by MAPK
pathways (Fig. 1-6A) (131). However, in DP thymocytes stimulated with anti-CD3, neither the
subcellular localization nor the amount of Bim protein was altered (132). This suggests that Bim
regulation by TCR signaling during thymocyte selection may primarily be at the transcriptional
level. Bim expression is positively regulated by the JNK pathway (133, 134), consistent with the
importance of JNK to clonal deletion. The transcription factor forkhead box O3a (FoxO3a), a
mediator of JNK signaling, has been implicated in Bim induction in T cells during cytokine
withdrawal (135). Conversely, repression of Bim by pro-survival IL-2 signaling is thought to be
due to inactivation of FoxO3 (136). In the HY*" model, Bim induction is 3.9-fold higher in

cd4

HY*** M mice undergoing negative selection than in HY*** F mice undergoing positive selection

(81).
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Figure 1-6. Functional domains of Bim and Nur77. (A) The three major isoforms of Bim are
Bim short (Bims), Bim long (Bimg), and Bim extra long (Bimgr). All contain a BH3 domain,
which is critical for their pro-apoptotic function. Bimy and Bimg;, contain regions that subject
them to regulation by MAPKs. DLCI1, dynein light chain 1; FSF, ERK1/2 docking domain.
Figure modified from Ley et al. (2005) Cell Death and Diff 12: 1008-1014 and reprinted by
permission from Macmillan Publishers Ltd: Cell Death and Differentiation 12: 1008-1014,
copyright 2005. (B) The functional domains of Nur77 are depicted. Nor-1 and Nurrl are highly
related in homology and function. Figure © Zeng et al., 2006, originally published in J Exp Med
203(3): 719-729.
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Bim deficiency results in 2-4 fold increases in the number of myeloid and lymphoid cells (137).
Over half of Bim™ mice are reported to exhibit systemic autoimmunity after 12 months of age
(137). Pathology in Bim” mice has many characteristics of humoral mediated-autoimmunity
such as increased numbers of plasma cells, autoantibodies, and immune complex deposits in the
kidneys. Since Bim plays a role in B cell negative selection and T cell contraction after an
immune response (138, 139), it is unclear how much of the autoimmunity can be attributed to
impaired thymocyte negative selection. It has been suggested that Bim deficiency in DCs

promotes enhanced T cell responses and autoantibody production (140).

In several model systems of varying physiological representation, Bim deficiency was shown to
impair deletion of DP thymocytes (141). However, Bim is largely dispensable for deletion
against superantigens (142), indicating that it is not essential for all types of negative selection.
Prior to the work presented in the third chapter of this thesis, the role of Bim in a physiological in
vivo model of pMHC-induced clonal deletion had not been examined. We know now that the
requirement for Bim in clonal deletion against UbA vs. TRA is different (97, 143, 144),
emphasizing the importance of the context under which selection occurs. In addition to its role in
central tolerance, Bim may affect the function of mature T cells in an apoptosis-independent
manner. One study has shown a defect in global cytokine production by Bim™ T cells, and Bim
deficiency resulted in less severe disease in a model of experimental autoimmune

encephalomyelitis (145).
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The NR4A family

The nuclear receptor subfamily 4 group A (NR4A) family of nuclear receptors is comprised of
three members: Nur77 (NR4A1), Nurrl (NR4A2), and Nor-1 (NR4A3). Of the three, Nur77 has
been the most extensively studied. Nur77 is also known as NGFI-B due to studies on its role in
nerve growth factor induced signaling, as well as TR3 due to its role in thyroid hormone
signaling (146). The members of this family are closely related in structure and function (Fig. 1-
6B). All members bind an octanucleotide motif (5’-A/TAAAGGTCA) as monomers or
homodimers, as well as an everted repeat of this element as homodimers. In addition, Nur77 and
Nurrl are known to form heterodimers with certain RXR receptors during retinoid signaling
(147). In T cells polarized under Treg inducing conditions, all NR4A family members can be
detected at the forkhead box p3 (Foxp3) promoter where they exert positive regulation of Foxp3
expression (148). Given the high homology of the DNA binding domain between NR4A family
members, deletion of the transactivation domain of Nur77 creates a dominant-negative mutant

that interferes with the transcriptional activity of all NR4A family members (149).

The NR4A proteins are considered orphan receptors since they bind DNA in a ligand-
independent manner. For example, this has been demonstrated in studies where a Nur77
truncation mutant lacking most of the ligand-binding domain retained transcriptional activity
similar to WT Nur77 (150). No ligands for NR4A receptors have been identified. However,
various stimuli regulate their transcription and function. Of note, inflammatory stimuli including
lipopolysaccharide, interferon y (IFNy) and tumour necrosis factor a (TNFa) induce Nur77
expression in macrophages (151). Nur77 is associated with protection in atherosclerosis in part

due to its promotion of an anti-inflammatory phenotype in macrophages (152-154).
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The other major role ascribed to Nur77 of interest to our studies is apoptosis. The role of Nur77
in apoptosis was first identified during TCR-induced death of thymocytes and DO11.10 T cell
hybridomas (155, 156). Nur77 plays a role in the death of cancer cells in response to numerous
apoptosis-inducing agents (146). Its role appears to have clinical significance since

downregulation of Nur77 is associated with metastasis of various solid tumours in patients (157).

The mechanism of Nur77-mediated death

The mechanism by which Nur77 induces cell death is of great controversy and may differ
depending on the cell type. In support of a transcription-dependent role of Nur77 in apoptosis,
the transcriptional activity of Nur77 has been shown to correlate with its ability to induce
thymocyte death (158). Until recently, target genes of Nur77 known to possess apoptotic
function were those involved in the extrinsic apoptosis pathway, such as FasL. and TRAIL (159).
The only apoptotic protein involved in the intrinsic pathway that has shown to be regulated by
Nur77 is Bim (160). However, Bim induction following TCR stimulation is only partly

dependent on Nur77.

A transcription-independent role for Nur77 in apoptosis was first characterized in cancer cells. In
response to treatment with various apoptosis-inducing stimuli, Nur77 was found to translocate
from the nucleus to mitochondria, resulting in cytochrome c release (161). This has been
corroborated in several other types of cancers (146). Subsequent work showed that in cancer
cells, Nur77 converts Bcl-2 into a pro-apoptotic form by exposing its BH3 domain (162). This

has also been reported in TCR-stimulated thymocytes (163); however, this finding is more
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questionable since transgenic Bcl-2 overexpression was used. Previous studies have shown
Nur77 to remain in the nucleus of stimulated thymocytes, while nuclear export of Nur77 in
mature T cells is thought to protect them from apoptosis (164). In stimulated DO11.10 cells,
nuclear export of Nur77, but not interaction between Bcl-2 and Nur77, was observed (165). The
pathways responsible for regulation of Nur77 nuclear export are unclear. In DO11.10 cells,
phosphorylation of serine 354 by ribosomal S6 kinase (RSK), downstream of the ERK1/2, is
necessary for nuclear export (165). This is contested by another study that found protein kinase C
but not ERK1/2 to be required for mitochondrial translocation (166). The fact that ERK1/2 (31,
33-35) and protein kinase C (167, 168) are not required for clonal deletion adds doubt to the

significance of the transcription-independent mechanism of Nur77 to clonal deletion.

There is also little consensus on the events downstream of gene transactivation or mitochondrial
targeting that result in cell death. Studies in T cell hybridomas and other cancer cells have shown
cytochrome c release, suggesting activation of the intrinsic apoptosis (161, 162, 165). However,
z-VAD treatment only partially rescued Nur77-induced cell death in T cell hybridomas,
suggesting that Nur77 may also mediate a CICD mechanism (165). A role for Nur77 in CICD
has also been shown in other cell types (169-171). Furthermore, transgenic Nur77 expression is
not sufficient to induce cytochrome c release (159). Yet, mice that express transgenic Nur77
have severely reduced thymic cellularity and an increased frequency of thymocytes showing

DNA fragmentation (149, 172).
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The role of Nur77 in clonal deletion

Induction of Nur77 following TCR stimulation has long been established (155, 156), but the
precise mechanism leading to its expression remains unclear. The ERKS pathway has been
reported to induce Nur77 expression in thymocytes and DO11.10 cells (32, 173). This has been
called into question by others who show that ERKS5 is not required for Nur77 induction in
response to TCR stimulation (174). ERKS is also not required for T cell development in a
polyclonal repertoire, but its role in clonal deletion remains to be examined in a TCR transgenic
model. In cancer cells, p38 signaling promotes Nur77 induction via the transcription factor
MEF?2 (175). Though this has not yet been shown in thymocytes, the p38 pathway is known to be

important for negative selection.

Nur77 and Nor-1, but not Nurrl, are induced upon stimulation of thymocytes (149). Nur77 and
Nor-1 have also been found to co-localize in thymic tissue (147). In the HY** model, Nur77
induction in thymocytes undergoing negative selection is 11.3-fold higher than during positive
selection (81). The sensitivity of Nur77 expression in response to TCR signaling has led to the

generation of a Nur77-GFP reporter mouse (176).

Initial studies indicated that Nur77”" mice did not exhibit alterations in T cell development (177).
In contrast, expression of dominant-negative Nur77 partially impairs clonal deletion in some
TCR transgenic models, leading to the suggestion that Nor-1 serves redundant functions in
thymocytes (172, 178). Recently, Nur77 single deficiency has been shown to impair TRA-
mediated clonal deletion (160), emphasizing the importance of context. This also demonstrated

that Nur77 and Nor-1 are not always fully redundant.
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Tolerance mechanisms other than thymic deletion

While the majority of self-reactive T cell clones are eliminated in thymus, those that escape
clonal deletion have the potential to cause autoimmunity in the periphery (179, 180). Thus,
several other mechanisms, both intrinsic and extrinsic to the autoreactive clones, are critical to
the maintenance of self-tolerance. These tolerance mechanisms can be initiated in the thymus or
periphery. Intrinsic mechanisms include immunological ignorance, peripheral deletion, anergy,
and diversion into regulatory cells. Ignorance is the phenomenon by which autoreactive T cells
remain naive to cognate antigens expressed by tissues due to anatomical separation, immaturity
of T cells and/or APCs, or low avidity (181). In contrast, the other intrinsic tolerance
mechanisms occur as a result of high affinity antigen encounter. While self-specific T cells can
adopt regulatory functions, thereby being intrinsically removed as an autoimmune threat, the
suppressive action they exert on effector autoreactive cells comprises the extrinsic arm of
tolerance. Regulatory T cell subsets are thought to include Foxp3" CD4" Treg, regulatory DN T
cells, and CD8oo.” intraepithelial lymphocytes (IELs). In addition to the role of DCs in deletion
of autoreactive thymocytes, DCs can adopt a tolerogenic phenotype if they are exposed to
antigen in the absence of full maturation stimuli. Tolerogenic DCs are important in

downregulation of immunity, in part through inducing regulatory T cells (182).

Clonal diversion: Foxp3" Treg
A clear demonstration of the importance of tolerance mechanisms other than clonal deletion
comes from cases of Treg deficiency. Though subsets of Foxp3™ T cells with regulatory capacity

exist, expression of Foxp3 defines, and is required for the development and function of, cells of
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the “Treg” lineage. Humans with a mutation in the Foxp3 gene develop a severe multi-organ
autoimmune disease (183). Similarly, mice that lack Foxp3 expression develop lethal
autoimmunity. Prior to discovery of Foxp3 as the lineage-specifying factor, Treg were identified
as CD4'CD25" T cells. Treg that are generated during thymic selection are referred to as natural
Treg, while those that are converted from CD4" T cells in the periphery are called induced Treg.
Natural and induced Treg have been shown to contribute non-redundantly in ameliorating
inflammation (184). While natural Treg are thought to raise the activation threshold for all
immune responses, induced Treg appear to be specialized in mediating tolerance to oral and

environmental antigens (185, 186).

This thesis is concerned primarily with the selection of natural Treg in the thymus. TCR
repertoire analysis of Foxp3" Treg and conventional Foxp3” CD4" T cells indicates that the
majority of TCR usage does not overlap between the two populations, supporting differential
selection of Treg compared to conventional T cells (187-189). The repertoire overlap could in
part be explained by the presence of induced Treg, which by definition come from the
conventional CD4" pool. The first demonstration that TCR specificity determined Treg selection
showed that Treg cells only developed in the thymus of TCR transgenic mice when the cognate
antigen was also expressed (190). Subsequent experiments have shown that Treg selection in
TCR transgenic mice is actually inefficient due to a limited niche for Treg (191). Using
intrathymic injection and low frequency mixed bone marrow chimeras, it was demonstrated that
Treg selection increases as intraclonal competition decreases. Because the niche for natural Treg

is limited, it has been proposed that Treg are selected against TRA. While natural Treg specific
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for TRA have been identified, UbA-mediated Treg selection in a polyclonal repertoire has also

been demonstrated (192, 193).

Unlike anergy and clonal diversion to DN thymocytes described below, costimulation through
CD28 is important for Treg selection. Since the TCR repertoires of Treg are similar in the
presence or absence of CD28, it appears that the CD28 costimulation enhances selection
efficiency or survival rather than increasing TCR signaling strength to a threshold sufficient for
Treg selection (194, 195). Stronger TCR signaling in Treg cells than in positively selected
conventional thymocytes has recently been demonstrated using Nur77-GFP reporter mice (176).
Studies have also shown that altering the amount of cognate antigen or MHC class II expression
on mTECs can control whether Treg selection or clonal deletion occurs (71, 196). The term
‘agonist selection’ has been used to describe the selection of Treg and other lineages at a window
of TCR avidity between that of positive selection and clonal deletion (Fig. 1-7). While clonal
deletion and agonist selection may involve different degrees of TCR signal strength, there is
likely overlap between the two fates. Thus, it is conceivable that modulation of TCR signaling
could alter the selection threshold, resulting in ‘clonal diversion’ to alternative fates instead of
clonal deletion. In addition, failure to undergo clonal deletion may result in agonist selection.
This may underlie the observations of an increase in the frequency of Treg in the absence of Bim

or Nur77 (20, 160).
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Figure 1-7. The affinity model of thymocyte selection. The affinity of the TCR for self-pMHC
determines the fate of the thymocyte. Weak interactions are required for positive selection of
conventional T cells; elsewise, death by neglect results due to inability to receive survival and
differentiation signals through the TCR. Strong interactions cause negative selection by clonal
deletion. High affinity agonists can also cause clonal diversion into Treg and other lineages; this
process is termed agonist selection. The current affinity model holds that Treg selection occurs
optimally within a window between positive selection and negative selection. The demarcation
between clonal deletion and clonal diversion is plastic and subject to stochastic influences.
Figure modified from Klein et al. (2014) Nat Rev Immunol 14: 377-391. Reprinted by
permission from Macmillan Publishers Ltd: Nature Reviews Immunology 14: 377-391,

copyright 2014.
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Clonal diversion: CD8a.o.” IELS

In addition to CDS8" T cells that express the conventional CD8af heterodimer, subsets of
afTCR" and YSTCR" CD8" T cells exclusively express the CD8a.o. homodimer. CD8cwo.” IELs
are enriched in mucosal surfaces, particularly the small intestinal epithelia, where they are
proposed to mediate tolerance to gut antigens (197). While ydSTCR™ CD8acr” IELs can largely be
generated extrathymically, the number of apTCR" CD8aar” IELs is considerably reduced in
athymic mice compared to euthymic mice (198, 199). afTCR" CD8aa” cells are nearly
undetectable in the thymus, suggesting that they are derived from a thymic precursor. Using
conditional expression of a GFP reporter driven by Roryt, a transcription factor induced in DP
thymocytes during positive selection, it was found that most a TCR"™ CD8ao.” IELs expressed
GFP whereas ydTCR" CD8ao.” IELs did not (200). Since this thesis is concerned with thymic

selection, CD8ao.” IELs will refer to those expressing the apTCR from hereon.

The TCR repertoire of CD8ao” IELs have long been known to contain forbidden VP chains
specific for endogenous superantigens (201), suggesting selection based on self-reactivity. In
support of this, HY M mice contain at least 100-fold expansion of CD8ao." IELs compared to
HY F mice (202, 203). Furthermore, it was shown that a rare population of CD8cicr” DP
thymocytes isolated from HY F differentiated into CD8aa” IELs when exposed to high but not
low doses of HY antigen in vitro, and generated CD8ao.” IELs when injected into recipients in
vivo (204). In contrast, conventional DP thymocytes did not survive. The CD8co” DP
thymocytes do not express detectable surface afTCRs, suggesting early commitment to the IEL

lineage.
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Separate studies had previously identified aTCR" DN thymocytes expressing the IL-2/IL-15Rp
chain (CD122) as precursors for CD8ao.” IELs (205). In polyclonal mice, their TCR repertoires
contained overrepresentation of forbidden Vf chains, and their generation in TCR transgenic
mice depended on the presence of cognate antigen. Other studies have shown that afTCR" DN
thymocytes have high expression of CDS5, indicative of high affinity TCR selection, though CD5
is downregulated as they differentiate into CD8car” IELs (204). HY** M mice, which contain
much lower numbers of TCR" DN, do not generate as many CD8a.c.” IELs as classical HY M
mice (77). It has been proposed that CD8ac” DP and afTCR™ DN represent sequential
precursors in the same differentiation pathway, but this has not been established (206). A recent
study showed that in the absence of CD28 costimulation, strong TCR signaling diverts DP
thymocytes from clonal deletion into CD122" afTCR" DN thymocytes (207). When cultured
with IL-15 in vitro, the apTCR" DN thymocytes upregulate CD8ac. These data suggest that
generation of CD8ac.” IELs can result from high affinity selection of conventional DP
thymocytes. This model is of particular interest to this thesis because Bim™ mice are known to
contain an elevated frequency of apTCR" DN thymocytes (208), which may reflect increased

clonal diversion due to impaired clonal deletion.

As a final note, not all post-selection P TCR" DN thymocytes may be destined for the CD8aor”
IEL lineage. Emerging evidence suggests that there may be multiple DN T cell subsets with
regulatory capability. In several studies, regulatory DN T cells can be generated in the periphery
from conventional CD4" or CD8" T cells, suggesting a different lineage from regulatory
CDS8ao.” TELs (209). These other DN T cell subsets may also have a thymic origin, but since

they have not yet been described as agonist-selected, we will not elaborate on them here.
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Anergy

In general terms, anergic T cells can be defined as those that have become intrinsically
functionally unresponsive after antigen encounter. Among the most commonly reported
characteristics of functional unresponsiveness are decreased IL-2 production and proliferation
(210). Importantly, anergy is a relative state, and it is unknown to what degree an impairment in
anergy would break tolerance in a physiological setting. Historically, anergy has been induced
after TCR stimulation in the absence of CD28 costimulation (211). This type of in vitro anergy is
considered distinct from the T cell unresponsiveness that occurs in vivo, with one of the
differences being whether the T cells involved were previously activated or naive. The first
demonstration of anergy induction in TCR transgenic model involved transfer of naive HY F
mature CD8" T cells into athymic HY M recipients. Following proliferation and contraction, a
small population of T cells survives and do not proliferate when restimulated with male antigen
(212). Proliferation in these cases are likely in part lymphopenia-induced, since transfer of OT-II
T cells into lymphoreplete recipients given soluble Ova results in limited proliferation but still
cell death followed by survival of an anergic population (213). Other characteristics thought to
distinguish in vivo anergy from in vitro anergy include the requirement for persistent antigen to

maintain unresponsiveness and defective production of cytokines other than IL-2 (211).

In addition to anergy induction in the periphery, thymocytes can also be anergized during
negative selection. Early studies using bone marrow chimeras showed that anergy induction to
superantigens in the thymus is mediated by epithelial cells, whereas clonal deletion occurred
when antigen was presented by hematopoietic cells (214). Further studies established that

mTECs in particular induced anergy against alloantigen (215). Using HY TCR transgenic mice
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to study pMHC-induced tolerance, it was shown that thymocytes that escape thymic deletion
establish in the periphery but are unresponsive to male antigen (216, 217). The HY-specific T
cells show downregulation of TCR and CD8, which we also see in ex vivo mature T cells from
HY** M mice (97). Similar events have been reported in MHC class Il-restricted TCR

transgenic models (211).

The term anergy likely encompasses multiple biochemically distinct forms of unresponsiveness.
Much more is known about anergy induction in peripheral T cells than anergy induced during
thymic negative selection. The early growth response (Egr) 2 and 3 transcription factors are
important in initiating the anergy program in vivo and in vitro (218, 219). Among the targets of
Egr2 or Egr3 is the E3 ubiquitin ligase Cbl-b. Cbl-b”" mice develop spontaneous autoimmunity,
and loss of Cbl-b exacerbates collagen-induced arthritis (220, 221). Cbl-b deficiency renders T
cells resistant to anergy induction in vitro and in vivo through restoring the reduced calcium
mobilization that normally occurs in anergized cells. The co-inhibitory molecules PD-1 and
CTLA-4 are also important for peripheral anergy induction (222, 223). While upregulation of
PD-1 occurs during thymic negative selection (64), it seems to reflect high affinity TCR
signaling since it is induced on most antigen-specific thymocytes. Studies with PD-1 deficiency

report intact clonal deletion, precluding analysis of its role in thymic-induced anergy (120, 121).

One of the forms of anergy in CD4" T cells is characterized by high expression of folate receptor
4 (FR4) and CD73. Adoptive transfer of TCR transgenic CD4" T cells into lymphoreplete
recipients expressing cognate antigen resulted in the majority of cells becoming FR4"CD73",

Recovery of the TCR transgenic cells and re-introduction into antigen-expressing hosts resulted
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largely in failure to proliferate (224). Foxp3" Treg also express high levels of FR4 and CD73
gely

(225, 226), but the anergic CD4" T cells in this model were Foxp3". However, the presence of

Foxp3" Treg was required for induction of anergic FR4"CD73"™ CD4" T cells. CD73 is an ecto-
p g q

5'-nucleotidase that generates adenosine, which signals via the adenosine Aa receptor on T cells

to suppress effector functions (227, 228). FR4 mediates the transport of folic acid into T cells,

and blockade of the receptor results in depletion of Treg in vivo (226). Thus, it has been

suggested that Treg are highly dependent on this vitamin for maintenance. FR4 may serve a

similar role in maintaining non-regulatory anergic T cells.

Rationale and Objectives

1.

Given the ability of Bim and Nur77 to induce apoptosis, studies have examined the role
of these two molecules in clonal deletion in a number of TCR transgenic models of UbA-
mediated negative selection (141, 172, 178, 229). However, these studies are limited by
premature expression of the transgenic TCR. In order to characterize clonal deletion of
DP thymocytes in a physiological setting, we will utilize “on time” HY*** TCR transgenic
mice deficient in Bim, Nur77 or both genes.

In addition to UbA-mediated clonal deletion, the medulla is an exclusive site for TRA-
mediated deletion (66). Because the stage of thymocyte maturation and the surrounding
environment in which selection occurs are different between the two contexts, the
molecular mechanisms of negative selection may also differ. To study TRA-mediated
selection, we will examine the effects of Bim and/or Nur77 deficiency using OT-I TCR

transgenic bone marrow chimeras.
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3.

In addition to clonal deletion, other mechanisms make critical contributions to
maintaining self-tolerance. Many specifically involve MHC class Il-restricted
thymocytes, such as FR4"CD73" anergic CD4" T cells (224) and Foxp3" Treg (230,
231). In addition to these alternative fates for CD4SP thymocytes, post-selection TCR"
DN thymocytes are implicated as precursors of CD8ao” IELs (207), and may also
develop into other regulatory DN subsets (209). These DN thymocytes may also be MHC
class II-restricted, precluding their analysis in our TCR transgenic models. Therefore, we
will examine the role of Bim and Nur77 in clonal deletion and other forms of tolerance in

unmanipulated mice with a polyclonal TCR repertoire.

Overall Theses

1.

The molecular mechanisms of clonal deletion, specifically with respect to the role of Bim
and Nur77, differ between UbA- versus TRA-mediated negative selection.

When clonal deletion is impaired, other mechanisms are utilized to maintain self-
tolerance. However, impairment in multiple mechanisms of self-tolerance significantly

increases the risk of developing autoimmunity.
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CHAPTER 2: MATERIALS AND METHODS

Mice

C57BL/6 (B6) mice were purchased from the National Cancer Institute (Frederick, MD) or
Jackson Laboratories (Bar Harbor, ME). HY** mice (77) and Bim”" mice (141) have been
previously described. Nur77-transgenic (Nur77-FL) mice (172) were a gift from Dr. Astar
Winoto (University of California, Berkeley). Nur77”" mice (177) and Rip-mOva mice (85) were
purchased from Jackson Laboratories. OT-I mice (21) were a gift from Dr. Maureen McGargill
(St. Jude Children’s Research Hospital). Mice were interbred to generate the strains used in our
studies. As byproducts of breeding, mice that were negative for transgenes or deletions were
sometimes used as WT controls. Mice were bred and maintained in our colony at the University
of Alberta in accordance with protocols approved by the University of Alberta Animal Care and

Use Committee, and generally used between 4-12 weeks of age for experiments.

Bone marrow chimeras
To study the effect of transgenic Nur77 expression on T cell lymphopoiesis: CD45.1" WT and
CD45.2" Nur77-FLbone marrow were mixed 50:50 and transferred into lethally irradiated

CD45.1" WT recipients.

To study positive and negative selection using HY** TCR transgenic mice: HY*", HY*** Nur77"
" or HY** Bim™ F bone marrow was mixed with non-TCR transgenic (WT) F or M bone

marrow at a ratio of 40:60 and transferred into lethally irradiated WT F or M recipients (sex-
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matched based on WT donor bone marrow). For HY*™ WT and DKO mixed chimeras, we
transferred HY*** F (CD45.1°CD45.2%), HY*" Bim™™ Nur77”" F (CD45.1°CD45.2"), and WT F or
M (CD45.1°CD45.2") bone marrow in a 20:20:60 ratio into WT (CD45.1°CD45.2)) F or M

recipients.

To study positive and negative selection using OT-I TCR transgenic mice: OT-I Nur77" Bim ™,
OT-1 Nur77'/'Bim+/', OT-1 Bim” 'Nur77+/', or OT-I Nur77”Bim” bone marrow was transferred

into lethally irradiated WT or Rip-mOva recipients.

T cells were depleted from bone marrow donors by intraperitoneal administration of 100 pg of
anti-Thy1.2 (clone 30H12) 1 and 2 days prior to bone marrow harvest, and additionally on day
+1 in HY** WT and Bim”Nur77"~ mixed recipients and on days +1 and +2 in OT-I recipients.
Irradiation of recipients was achieved by two exposures to 450 rad four hours apart. Chimeras
were given water containing neomycin trisulfate (40 mg/L) and polymixin B sulfate (15 mg/L),
both purchased from Sigma-Aldrich, or water containing novo-trimel (via University of Alberta
Animal Services) for the first 4 weeks post-transplantation. Chimeras were harvested between 8-

14 weeks after reconstitution for analysis.

Blood glucose monitoring
OT-I chimeras were monitored weekly for blood glucose levels using a One-Touch UltraMini
system with OneTouch Ultra Test Strips starting from 2 weeks and up to 14 weeks after bone

marrow reconstitution. Blood samples were obtained by tail vein bleeding. If blood glucose
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exceeded 15 mmol/L, another reading would be taken 24 h later. Mice were considered diabetic

upon two consecutive readings of over 15 mmol/L.

Tissue collection

Mice were anesthetized with isoflurane and subsequently euthanized via CO, asphyxiation.
Thymus, spleen, and lymph nodes were harvested and gently ground into wire mesh screens
filled with Hank’s Balanced Salt Solution (HBSS) to achieve single cell suspensions. If samples
were needed for cell culture, cells would be collected in sterile RP10 (RPMI 1640 with 2.05 mM
L-glutamine from HyClone, 10% fetal calf serum (FCS), 5 mM HEPES, 50 mM 2-
mercaptoethanol, 50 mg/mL penicillin/streptomycin, 50 mg/mL gentamycin sulfate) instead.
Cellularity was determined by Trypan Blue exclusion in a hemocytometer (Fisher Scientific)

under a light microscope (Zeiss).

In vitro apoptosis assay

Wells were coated with functional grade anti-CD3¢ (10 pg/mL), anti-CD28 (50 pg/mL), and
anti-CD2 (10 pg/mL), all purchased from eBioscience, or with PBS overnight at 4°C. Wells were
washed three times with PBS and blocked with 2% BSA/PBS for 30 minutes at 37°C prior to
seeding with primary thymocytes freshly isolated from mice. Thymocytes were cultured for 6 h
or 24 h at 37°C and 5% CO, in RP10 cell culture media, in the presence of 50 uM Z-Val-Ala-
Asp-fluoromethylketone (z-VAD-FMK) (Promega) or an equivalent volume of dimethyl
sulfoxide (DMSO) vehicle control (Sigma). After culture, cells were labeled with 10 nM
tetramethylrhodamine ethyl ester (TMRE) (Invitrogen) in RP10 for 15 minutes at 37°C prior to
antibody staining. Annexin V (AV) (eBioscience) and cleaved caspase-3 (Cell Signaling

Technology) staining was performed as per manufacturer’s instructions.
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Stimulation of HYP splenocytes

Splenocytes were harvested from various HY strains, mixed with WT F splenocytes at a 4:1
ratio, and stimulated with various concentrations of smcy peptide (KCSRNRQYL; Prolmmune).
The cultures were harvested following 24 h of stimulation and CD69 induction was assessed by

flow cytometry.

Carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling and stimulation of OT-I
splenocytes

Stimulator splenocytes were harvested from B6 mice, washed, and treated with ammonium-
chloride-potassium (ACK) lysis buffer to lyse red blood cells. The desired number of stimulator
splenocytes were resuspended at 2 x 107 cells/mL in pure FCS and pulsed with 100 nM Ova
peptide (SIHNFEKL; gift from Dr. Hanne Ostergaard) or left unloaded for 1 h at 37°C. After Ova
peptide loading, stimulators were washed and resuspended in RP10 for culture. Effector
splenocytes from OT-I chimeras were harvested, treated with ACK lysis buffer, washed with
PBS, and labeled with 1.25 uM CFSE in PBS at 1 x 10’ cells/mL for 10 minutes at 37°C. After
CFSE labeling, effectors were quenched with RP10 and resuspended in RP10 for culture.
Effectors were mixed with stimulators at a ratio of 4:1 and cultured at 37°C. Cells were
harvested at 24 h, 48 h, and 72 h post-stimulation to be analyzed for CD69 induction and CFSE

dilution by flow cytometry.
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Cytokine assay

OT-I effectors and B6 stimulators were cultured as described above. On day 5 post-stimulation,
those wells that were originally stimulated with Ova were resuspended in 1:1000 Brefeldin A
(eBioscience) in RP10, with or without 100 nM of Ova. Cells were cultured for 4 h at 37°C and

then utilized for intracellular cytokine staining by flow cytometry.

Antibodies and flow cytometry

For each staining sample, 2 x 10° cells were aliquoted per well in 96-well plates. Prior to
antibody staining, cells were incubated with anti-Fc receptor (supernatant from 24G.2 hybridoma
cells) at a 1:200 dilution in FACS Buffer (PBS, 1% FCS, 0.02% sodium azide, | mM EDTA, pH
7.2) for 10 minutes at 4°C. Cells were stained in FACS buffer with antibodies or reagents
according to manufacturer’s instructions or empirically derived concentrations. Experiments
involving TMRE utilized FACS Buffer without sodium azide. Intracellular staining for non-
transcription factor proteins was performed using the BD Fixation/Permeabilization kit. Staining
for BH3 Bcl-2 and total Bcl-2 additionally involved incubation with 5% goat serum as
previously described (163). Intracellular staining for transcription factors was performed using
the eBioscience Foxp3 Staining Buffer Set. D%smcy pentamers were purchased from
Prolmmune and used as previously described (77). Anti-cleaved caspase 3 (Aspl75) and anti-
Bim (clone C34C5) were purchased from Cell Signaling Technology. Anti-Bel-2 (BH3 domain
specific) was purchased from Abgent. Secondary antibodies were purchased from Invitrogen and
Jackson Laboratories. CXCRS5-biotin was purchased from BioLegend. Vp8-biotin and anti-Bcl2-

PE (total Bcl-2) was purchased from BD Pharmingen. All other antibodies were purchased from
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eBioscience. Cell events were collected on a BD FACSCanto II or BD LSRFortessa and

analyzed with FlowJo software (Treestar Inc.).

In gating for specific populations, refer to each figure legend for the markers used. Unless
otherwise stated, lineage markers are not excluded. For staining of DN thymocytes and T cells,

anti-CD&8a was used.

Statistical analysis
Mean, standard deviation and p-values were determined using Prism software (GraphPad
Software Inc.). P-values were calculated using a two-tailed unpaired ¢ test with 95% confidence

interval.
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CHAPTER 3: RESULTS - The role of Bim and Nur77 in MHC class I-restricted UbA-

mediated negative selection

This chapter contains content from the following sources, republished with permission:
* Hu, Q., A. Sader, J. C. Parkman, and T. A. Baldwin. 2009. Bim-mediated apoptosis isnot
necessary for thymic negative selection to ubiquitous self-antigens. J Immunol183: 7761-
7767. Copyright 2009. The American Association of Immunologists, Inc.
* Hu, Q. and T. A. Baldwin. 2015. Differential roles for Bim and Nur77 in negative
selection against ubiquitous self-antigen. J Immunol (in press). Copyright 2015. The

American Association of Immunologists, Inc.

Previous studies have examined the roles of Bim and Nur77 in negative selection using a variety
of model systems. Given that Bim and Nur77 are linked to apoptosis, studies have evaluated
deletion of DP thymocytes when characterizing their contribution to negative selection (141,
172, 178, 229). By examining thymocyte numbers, studies have demonstrated a role for Bim in
clonal deletion (141, 229). However, negative selection is intact if thymocytes bearing self-
reactive TCRs are ultimately prevented from entering the peripheral pool as mature and
functional T cells (62). By this definition, the absence of Bim does not significantly impair
negative selection, as evidenced by limited increases in the number of superantigen-reactive
CDA4SP and CDS8SP thymocytes (142). An important drawback common to these studies is that
the model systems used do not reflect pMHC-mediated negative selection at the DP stage.
Likewise, the role of Nur77 in negative selection was also evaluated using non-physiological

TCR transgenic models (172, 178). Therefore, we revisited the role of Bim and Nur77 in
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negative selection using the physiological HY** mouse model designed to correct the problem of

premature TCR expression and selection (77).

Bim is not required for UbA-mediated clonal deletion in the HY** model

Differing conclusions on the role of Bim in clonal deletion indifferent model systems (141, 142)
prompted us to examine the matter using the physiological HY** model of UbA-mediated
negative selection. While both HY** F and HY*" Bim” F mice generated antigen-specific
(T3.70") DP and CD8SP populations, HY** M and HY** Bim” M mice contained mostly DP
thymocytes and largely lacked CD8SP thymocytes (Fig. 3-1A). In either HY*“M or HY*" Bim
" M mice, the absolute number of T3.70° CD8SP was greatly reduced compared to female
counterparts (Fig. 3-1B). These data indicate that Bim is not required for UbA-mediated clonal
deletion. We also observed a reduction in the number of T3.70" DP thymocytes in HY** M

““ F control mice (Fig. 3-1C). In contrast, the number of T3.70" DP thymocytes

compared to HY
was similar between female and male Bim-deficient mice, suggesting that deletion is delayed in
the absence of Bim. Though HY** Bim” M mice contained a modest increase in the number of
T3.70" CD8SP thymocytes compared to HY*** M mice, HY*** Bim” M mice also contained a
higher number of T3.70" DP thymocytes as well. By controlling for the effect of Bim deficiency
on precursor populations, clonal deletion efficiency was ultimately similar between HY** M and
HY*“ Bim”™ M mice, as evidenced by a similar reduction in the number of T3.70° CDSSP
relative to female controls. Furthermore, the proportion of T3.70° CD8SP bearing a mature
CD24" phenotype was ultimately similar in Bim-sufficient or deficient male mice (Fig. 3-1D).

Whereas Bim deficiency had no significant effect on clonal deletion, positive selection efficiency

was increased in the absence of Bim, as evidenced by similar numbers of T3.70" DP precursors
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yet significantly higher numbers of T3.70” CD8SP in HY*** Bim™™ F compared to HY*** F mice
(Fig. 3-1B and 3-1C). Additionally, a higher proportion of T3.70" CD8SP in HY*"* Bim” F

mice were CD24"° compared to those found in HY***

F mice (Fig. 3-1D). We speculate that Bim
deficiency may extend the lifespan of DP thymocytes, thereby increasing their chance of

encountering positively-selecting ligands, but does not prevent negative selection from

occurring.
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Figure 3-1. Bim is not required for UbA-mediated clonal deletion in the HY*'* model. (A)
Representative CD8 by CD4 profiles of total (WT mice) or T3.70" (HY** mice) thymocytes
from each mouse strain. (B) The absolute number of T3.70" CD8SP and (C) T3.70" DP from
indicated strains. Data are representative of a minimum of 11 mice per strain from 11
independent experiments. (D) Expression of CD24 and T3.70 among total CD8SP thymocytes,
representative of at least 5 mice per strain from 5 independent experiments. Data is depicted as

mean + SD; ** p <0.01; n.s. not significant.
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Bim is not required for UbA-mediated clonal deletion in an oligoclonal repertoire

We sought to confirm that UbA-mediated clonal deletion remains intact in the absence of Bim by
characterizing negative selection of male-reactive thymocytes in an oligoclonal repertoire. To
this end, we utilized VB8 TCR transgenic mice that express the TCRp chain derived from the HY
TCR (henceforth referred to as HY). In female HY mice, pairing of the transgenic TCRf with
endogenous TCRa chains generates T cells with various affinities for male antigen (smcy peptide
in particular), among other specificities (180). Using pentamers of H-2D"/smcy complexes, we
also found an elevated frequency of male-reactive CD8" T cells in HYP F compared to B6, and a
reduction in this population in HYB M mice that is indicative of clonal deletion (Fig. 3-2A and

3-2B). Consistent with observations in the HY**

model, Bim deficiency did not impair
elimination of male-reactive T cells in the HY model. Since negative selection is imperfect and
low affinity clones can escape this process (179, 180), we sought to determine whether Bim
deficiency influenced the affinity of the T cell clones that escape negative selection. To address
this question, we assessed CD69 induction in response to increasing concentrations of smcy
peptide, a male-specific antigen to which VP8™ F cells respond (180). At 24 h post-stimulation in
HYPB F mice, a population of CD8SP thymocytes began to induce CD69 at a peptide
concentration of 10 M, while CD8SP thymocytes from HY M and HY Bim”™ M mice did not
begin to induce CD69 until a peptide concentration of 10° M (Fig. 3-2C). This indicates that the
CDS8SP thymocytes that escape negative selection in male mice have a 100-fold reduction in
affinity for smcy compared to female mice. Furthermore, Bim deficiency did not influence the

affinity of the escapees, supporting the conclusion that UbA-mediated negative selection does

not require Bim.
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Figure 3-2. Bim is not required for UbA-mediated clonal deletion in an oligoclonal
repertoire. (A) CD8 by D"/smcy pentamer profiles of ex vivo splenocytes from indicated strains.
(B) Compilation of percentage of pentamer-binding CDS8" splenocytes from 4 mice in 4
independent experiments. (C) CFSE-labeled thymocytes from the indicated mice were cultured
with B6 female splenocytes and the indicated concentration of smcy peptide for 24 h. The cells
were harvested and induction of CD69 on CD8SP thymocytes was measured by flow cytometry.
The percentage of CD8SP thymocytes that induced CD69 is depicted in the graph as the mean +

S.D. Data are compiled from at least 2 mice/strain in 3 independent experiments.
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4 Bim™ M mice

Accumulation of high-affinity signaled thymocytes in HY
Since T3.70" DP thymocyte numbers suggested that deletion may be delayed when Bim is absent
(Fig. 3-1C), we looked for differences in the phenotype of DP thymocytes from HY* M vs.
HY*“ Bim”™ M mice. The maximum amount of CD69 and CD5 induced on T3.70" DP
thymocytes was not different with or without Bim (Fig. 3-3A), indicating that thymocytes from
both mice experienced similar TCR signal strength. However, the frequencies of CD69" and
CD5" T3.70" DP thymocytes were modestly higher in HY* Bim” M mice, consistent with
delayed deletion of TCR-signaled thymocytes. In further support of those being longer-lived

“ Bim”™ M mice showed a higher frequency of T3.70" DP expressing PD-1

thymocytes, HY
(Fig. 3-3A), a marker that is maximally induced 48 h post-TCR stimulation (64). Because these
markers can be induced under conditions other than negative selection (176, 232, 233), we also
examined induction of Helios, a protein specifically induced by high affinity but not low affinity
TCR signaling (19). We found that the proportion of T3.70" DP that are Helios" to those that are

™ Bim™ M mice compared to 1:1 in HY*** M mice (Fig. 3-

Helios™ is approximately 2:1 in HY
3B). Similarly, a greater proportion of T3.70° CD8SP was Helios’ in the absence of Bim.
Collectively, these data indicate an accumulation of high affinity TCR-signaled DP thymocytes

in HY** Bim™ M mice, consistent with delayed clonal deletion in the absence of Bim.
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Figure 3-3. Accumulation of high affinity TCR-signaled thymocytes in the absence of Bim.
(A) Expression of CD69, CD5, and PD-1 on total (WT) or T3.70" (HY**) DP thymocytes from
indicated strains. Data are representative of 4 independent experiments. (B) Expression of Helios
and T3.70 among total DP thymocytes and (C) total CD8SP thymocytes. Data represents a

minimum of 3 mice from each strain from independent experiments.
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Caspase-3-independent cell death during Bim-independent clonal deletion in vivo

Despite evidence that Bim-independent deletion is delayed, clonal deletion still likely occurred
in HY** Bim™” M mice given the paucity of antigen-specific CD8SP thymocytes. To gain insight
into the mechanism of Bim-independent deletion, we measured various features of cell death in
DP thymocytes. As expected, we found that the frequency of T3.70" DP thymocytes with

cleaved caspase-3 was significantly higher during negative selection in HY*

M mice compared
to positive selection in HY* F mice (Fig. 3-4A and 3-4B). However, baseline and high affinity
TCR-induced caspase-3 activation were nearly abrogated in HY** Bim” F and M mice,
respectively. Despite the lack of caspase-3 activation, phosphatidylserine exposure still occurred
during negative selection in vivo, as evidenced by an increased frequency of AV' T3.70" DP in
HY** M and HY** Bim” M mice compared to female counterparts (Fig. 3-4A and 3-4C). Since
studies suggest that caspase-3 is the predominant executioner caspase in thymocytes (96, 98,
234), these data support a caspase-independent mechanism of UbA-mediated clonal deletion.
Abrogation of caspase-mediated death may account for the delayed deletion of DP thymocytes.

The modest increase in the frequency of AV T3.70" DP in HY*™ Bim™ M over HY*"* M may

also reflect accumulation of thymocytes destined to die (Fig. 3-4A and 3-4C).
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Figure 3-4. Caspase-3-independent cell death during Bim-independent clonal deletion in
vivo. (A) Representative cleaved caspase 3 (C3) by side scatter (SSC) and Annexin V (AV) by
SSC profiles of total (WT) or T3.70° (HY**) DP thymocytes from indicated mice. The
frequency of total or T3.70" DP thymocytes with cleaved caspase 3 (B) and Annexin V binding
(C) were compiled. Data are compiled from at least 6 mice per strain in 6 independent
experiments for cleaved caspase 3 and from at least 3 mice per strain in 3 independent
experiments for Annexin V. Data depicts the mean = S.D. * p < 0.05; *** p < 0.001; n.s. not

significant.
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Bim is not required for Nur77 induction upon TCR signaling
Since Nur77 is thought to be a mediator of negative selection (235) as well as caspase-
independent cell death (169-171), we investigated the potential role for Nur77 in mediating

clonal deletion in the HY**

Bim”™ M mice. Consistent with microarray data from various models
of negative selection including the HY** model (81, 125-129), we found that Nur77 protein
expression was higher in DP thymocytes from male mice undergoing negative selection than
female mice undergoing positive selection (Fig 3-5A and 3-5B). Overall, Nur77 induction

cd4

during negative selection in HY** Bim”™ M DP thymocytes was mildly, but not significantly,

lower than in HY**

M DP thymocytes (Fig 3-5B). In addition to ex vivo TCR transgenic
thymocyte analysis, we utilized plate-bound antibodies to stimulate polyclonal thymocytes in
order to synchronize the duration of TCR stimulation received by WT and Bim™ thymocytes.
Along with anti-CD3 and anti-CD28, we included anti-CD2 since it had previously been used to
enhance TCR signaling in vitro, perhaps by increasing Lck association with the TCR signaling
complex (236). Though robust induction of Nur77 is observed as early as 2 h post-stimulation
(160, 236), we chose to characterize thymocytes 6 h post-stimulation because preliminary data
suggested that this was an optimal time point for detection of TCR-specific phosphatidylserine
exposure. After 6 h of TCR stimulation, Nur77 induction was modestly, but not significantly,
lower among Bim™™ DP thymocytes compared to WT DP thymocytes (Fig. 3-5C, left). Though
Nur77 expression decreased by 24 h post-stimulation, TCR-specific Nur77 induction was still
evident, now being modestly higher among Bim” DP thymocytes (Fig. 3-5C, right).
Collectively, these data show that Bim deficiency has no significant impact on Nur77 induction.

We therefore proceeded to investigate Nur77 as a candidate for mediating Bim-independent

clonal deletion.
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Figure 3-5. Bim is not required for Nur77 induction upon TCR signaling. Thymocytes were
assessed for Nur77 protein expression by antibody staining. Ex vivo Nur77 expression in total
(WT) or T3.70" (HYCd4) DP from indicated strains is depicted as representative histograms (A) or
as fold change in MFI over that of WT (B). Data represents a minimum of 5 mice per strain from
at least 4 independent experiments. (C) In vitro Nur77 induction in DP thymocytes from non-
TCR transgenic WT or Bim” mice stimulated with plate-bound anti-CD3¢ (10 pg/mL), anti-
CD28 (50 pg/mL), and anti-CD2 (10 pg/mL), or left unstimulated in PBS for indicated durations
at 37°C. Data represents a minimum of 4 per strain from 4 independent experiments. Data is

depicted as mean + SD; n.s. not significant.
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Bim but not Nur77 is important for TCR-induced caspase-mediated and caspase-
independent death in vitro

Another advantage of the in vitro stimulation model was the ability to add the pan-caspase
inhibitor Z-VAD-FMK to the cell culture. This allowed us to evaluate the contribution of Bim
and Nur77 to TCR-induced caspase-mediated and caspase-independent thymocyte death. The
presence of Z-VAD-FMK in the cell culture was effective at abrogating basal and TCR-induced
caspase-3 activation even after 24 h (Fig. 3-6). Bim-deficient thymocytes showed no increase in
caspase-3 activation upon TCR stimulation, supporting the conclusion that Bim is required for
caspase-mediated clonal deletion in vivo. In contrast, Nur77 deficiency did not impair caspase-3
activation (Fig. 3-6). We next examined two features reported to occur during CICD: loss of
mitochondrial membrane potential and phosphatidylserine exposure on the cell surface (114,
237), as indicated by inability of cells to retain TMRE and positive labeling with AV,
respectively. Though both processes also occur during caspase-mediated apoptosis, measuring
these features in the context of pan-caspase inhibition with Z-VAD-FMK would permit
characterization of TCR-induced caspase-independent death. When caspase activity was
inhibited, we observed a modest decrease in the frequency of TMRE" WT DP after 6 h of
stimulation (Fig. 3-7A, left), though levels were equivalent to control WT DP after 24 h (Fig. 3-
7A, right). Similar trends were observed with AV labeling (Fig. 3-7B), consistent with
phosphatidylserine exposure in the absence of caspase-3 activation in vivo (Fig 3-4) and
supporting the conclusion that TCR-induced caspase-independent death is delayed. Surprisingly,
we found that abrogation of caspase activity did not impair other features of cell death to the
same degree as Bim deficiency. Specifically, while loss of mitochondrial membrane potential

and phosphatidylserine exposure occurred in Z-VAD-FMK-treated WT DP, both of these
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features were significantly reduced in Bim” DP, even when they were mediated by caspase-
independent mechanisms (compare WT with Z-VAD-FMK and Bim™ with Z-VAD-FMK) (Fig.
3-7A and 3-7B). Despite the role of Nur77 in caspase-independent death in other cell types (169-
171), we found no reduction in the frequency of TMRE" or AV DP in Nur77"" Z-VAD-FMK-
treated compared to WT Z-VAD-FMK-treated samples (Fig. 3-7A and 3-7B). These data
indicate that Bim, but not Nur77, is a critical regulator of both caspase-mediated and caspase-
independent death of thymocytes. Though reduced, increases in TMRE'™ and AV" DP were still
observed upon TCR stimulation in the absence of Bim (1.4 and 1.5-fold over unstimulated,
respectively, after 24 h), supporting the existence of a Bim- and caspase-independent cell death
mechanism following TCR stimulation. Thus, these in vitro data strengthen our conclusion that

cd4

clonal deletion in HY** Bim™ M mice was delayed but ultimately intact.
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Figure 3-6. Bim is required for TCR-induced caspase-3 activation in vitro. Non-TCR
transgenic WT, Nur77”, or Bim”™ thymocytes were stimulated in vitro with plate-bound anti-
CD3¢ (10 pg/mL), anti-CD28 (50 pg/mL), and anti-CD2 (10 pg/mL) or left unstimulated, in the
presence or absence of the pan-caspase inhibitor Z-VAD-FMK (zVAD), for the indicated
durations at 37°C. After the stimulation period, cleaved caspase 3 was measured in DP
thymocytes by flow cytometry. Data represents a minimum of 3 per strain from 3 independent

experiments. Data is depicted as mean + SD.
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Figure 3-7. Bim but not Nur77 is important for TCR-induced caspase-mediated and
caspase-independent death in vitro. Non-TCR transgenic WT, Nur77”, or Bim™ thymocytes
were stimulated in vitro with plate-bound anti-CD3¢ (10 pg/mL), anti-CD28 (50 pg/mL), and
anti-CD2 (10 pg/mL) or left unstimulated, in the presence or absence of the pan-caspase
inhibitor Z-VAD-FMK (zVAD), for the indicated durations at 37°C. After the stimulation
period, DP thymocytes were assessed by flow cytometry for tetramethylrhodamine ethyl ester
(TMRE) retention (A) and Annexin V binding (B). Graphs depict the fold change in the
frequency of TMRE'" and AV" DP thymocytes in stimulated over unstimulated samples. Data is
depicted as mean = SD and represents a minimum of 3 replicates from each condition. * p <

0.05; ** p <0.01; *** p <0.001; n.s. not significant.
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No conversion of Bel-2 during negative selection in HY* mice

While Nur77 was induced during negative selection in vivo and following TCR stimulation in
vitro (Fig. 3-5), it was not able to compensate for Bim deficiency in activating caspase-3 (Fig. 3-
4 and 3-6). Observations from the in vitro stimulation model further suggested that Nur77 is
dispensable for TCR-induced death (Fig. 3-7), though Bim expression may have precluded
revelation of Nur77’s contribution. Though long associated with mediating T cell death (155,
156), the mechanism of action of Nur77 remains controversial. Two distinct mechanisms of
Nur77-mediated thymocyte death have been proposed: induction of pro-apoptotic genes through
its role as a transcription factor in the nucleus and conversion of Bcl-2 to a pro-apoptotic form
via exposure of its Bcl-2 homology domain 3 (BH3) at mitochondria (159, 160, 163, 165).
Seeing little evidence of a role for Nur77 in UbA-mediated clonal deletion thus far, we

investigated its reported function in converting Bcl-2 in the HY®**

model. Importantly, the
conclusion that Bcl-2 is converted rested on data demonstrating that total Bcl-2 expression is
unchanged (163). While we found a modest increase in binding of the Bcl-2 BH3 domain-

““ WT and Bim™ M DP over female counterparts, we also found

specific antibody in HY
increased total Bcl-2 expression (Fig. 3-8A). This is consistent with previous studies showing
increased Bcl-2 mRNA following high affinity TCR stimulation (81, 125, 128). Therefore, in our
hands, detection of the BH3 domain of Bcl-2 correlates with increased Bcl-2 expression rather
than a bona fide ‘conversion’ event. When we calculated BH3 Bcl-2 mean fluorescence intensity
(MFI) relative to total Bcl-2 MFI (depicted as arbitrary units), there was no significant difference

between male and female DP, regardless of Bim deficiency (Fig. 3-8B). In fact, this ratio tended

to be lower in male mice, supporting the conclusion that Bcl-2 conversion did not occur during
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negative selection. These data are consistent with a lack of caspase-3 activation in HY*** Bim™"

M DP and argue against Nur77 as a mediator of Bim-independent clonal deletion.
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Figure 3-8. No conversion of Bcl-2 during negative selection in HY
specific for the BH3 domain of Bcl-2 or another part of Bcl-2 (‘total Bel2’) were used to label
thymocytes ex vivo. (A) MFI for BH3 Bcl-2 or total Bel-2 in T3.70" DP from HY®" strains is
depicted as fold change over MFI in total DP from WT mice. (B) The same data is depicted as a
ratio of the MFI for BH3 Bcl-2 to the MFI of total Bcl-2 within each mouse. Data depicts as

mean + SD and represents a minimum of 4 mice per strain from 4 independent experiments.
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Transgenic Nur77 mediates caspase-3 activation independently of Bim

We next investigated the possibility that Nur77 induction does not result in caspase-3 activation
in HY** Bim”™ M mice because Nur77 may require Bim as a downstream mediator. For
example, it was found that Bim induction was reduced in Nur77-deficient thymocytes (160),
which may speak to the transcription factor role ascribed to Nur77. To characterize the
functional relationship between Nur77 and Bim, we utilized mice expressing a full-length Nur77
transgene (Nur77-FL) on Bim-sufficient and -deficient backgrounds. In Nur77-FL mice, the
Nur77 transgene is driven by the p5610k promoter at the DN2/DN3 transition (238). By examining
the ratio of WT vs. Nur77-FL-derived cells at various stages of T cell development in mixed
bone marrow chimeras, we found that thymocytes first became sensitive to Nur77-mediated
death between the DN3 and DN4 stages (Fig. 3-9A). Consequently, Nur77-FL mice exhibited
severe reductions in the frequency and number of DP and SP thymocytes, regardless of Bim
expression (Fig. 3-9B and 3-9C). Direct examination of caspase-3 activation in DP thymocytes
showed that transgenic Nur77 expression was sufficient to activate caspase-3 independently of
Bim (Fig. 3-9D). Therefore, dependency on Bim cannot explain the lack of Nur77-mediated

cd4

caspase-3 activation during negative selection in HY*** Bim” M mice.
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Figure 3-9. Transgenic Nur77 mediates caspase-3 activation independently of Bim. (A)
Non-TCR transgenic CD45.1" WT and CD45.2" Nur77 transgenic (Nur77-FL) bone marrow
were mixed at a ratio of 50:50 and transferred into lethally irradiated WT recipients. The
contribution of WT vs. Nur77-FL bone marrow (% chimerism) in each T cell subset was
calculated by dividing the ratio of %CD45.17 cells to %CD45.2" cells by the
%CD45.17/%CD45.2" ratio from the CD19" B cell reference population. Data represent 5
chimeras generated from 2 independent donors. T, thymus; S, spleen. (B) CD8 by CD4 profiles
of thymi from Nur77-FL mice on Bim"™" or Bim™ backgrounds and their non-Nur77-transgenic
counterparts. (C) The absolute number of cells in each thymocyte subset from indicated strains.
(D) The frequency of DP thymocytes with cleaved caspase-3 from indicated strains. Data was
obtained from a minimum of 3 mice per strain from 3 independent experiments and is depicted

as mean + SD; *** p < (.001; n.s. not significant.
p g
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Transgenic Nur77-mediated caspase-3 activation is reduced in the context of TCR signaling
The ability of transgenic Nur77 to induce robust caspase-3 activation in DP thymocytes sharply
contrasts the inability of endogenous Nur77 to activate caspase-3 in HY** Bim”™ M DP
thymocytes during negative selection. One key difference between the two settings is that
transgenic Nur77 activity in Nur77-FL mice is generally not subject to regulation by TCR
signaling, since expression of the Nur77 transgene precedes that of the TCR at the DP stage, and
because many DP thymocytes do not experience productive TCR signaling in a polyclonal
repertoire. In order to determine whether TCR signaling affects the function of Nur77, we
crossed Nur77-FL mice onto the OT-I and HY** TCR transgenic backgrounds. The OT-I TCR is
expressed at the DN stage concurrent with the Nur77 transgene, whereas the HY TCR is

expressed at the DP stage in the HY***

model. Transgenic Nur77 expression in polyclonal mice
resulted in severely reduced thymic cellularity (Fig. 3-10A). Compared to polyclonal Nur77-FL
mice, thymic cellularity was modestly but significantly rescued in HY*** Nur77-FL F and M
mice and was approximately 10-fold higher in OT-I Nur77-FL mice. Consistent with increased
cellularity, we found significantly decreased frequencies of cleaved caspase-3" DP thymocytes in
TCR transgenic Nur77-FL mice compared to polyclonal Nur77-FL mice (Fig. 3-10B). The
decrease in Nur77-mediated death was not due to reduced Nur77 transgene expression, as
evidenced by similar or higher expression of Nur77 in TCR transgenic DP thymocytes compared
to polyclonal Nur77-FL DP thymocytes, while caspase-3 activation was disproportionately low.
This observation was most dramatic in OT-I Nur77-FL mice, suggesting that earlier TCR
expression, around the same time as the Nur77 transgene specifically, resulted in increased

protection from apoptosis and rescue of thymocyte numbers. Despite the significant reduction in

caspase-3 activation in OT-I Nur77-FL DP, progression to SP stages was still largely blocked by
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transgenic Nur77 expression (Fig. 3-10C). This may be due to Nur77-mediated caspase-3
activation, which was still higher than in non-Nur77-transgenic mice, and/or unknown functions
unrelated to apoptosis. Nevertheless, our data suggested that provision of productive TCR
signaling reduced the potency of Nur77-mediated apoptosis. As an internal control, we compared
apoptosis among ex vivo pre-selection (CD69") and post-selection (CD69") polyclonal Nur77-FL
DP thymocytes. Consistent with the TCR transgenic data, we found that the frequency of
caspase-3 activation was significantly lower among CD69" Nur77-FL DP thymocytes despite
having similar Nur77 expression as CD69" Nur77-FL DP thymocytes (Fig. 3-10D). Whether
through direct or indirect mechanisms, these data suggest that TCR signaling inhibits the pro-
apoptotic function of Nur77, providing a potential explanation for the lack of caspase-3

activation during Bim-independent negative selection in vivo.
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Figure 3-10. Transgenic Nur77-mediated caspase-3 activation is reduced in the context of
TCR signaling. (A) Thymic cellularity of mice from indicated strains. Data depicts a minimum
of 5 mice per strain from at least 2 independent experiments; mean + SD; * p < 0.05; ** p <
0.01; *** p <0.001. (B) The frequency of cleaved caspase-3 in total DP (non-TCR transgenic),
T3.70" DP (HYCd4), and Vo2' DP (OT-I) was overlaid on Nur77 MFI from the same populations.
Cleaved caspase-3 (but not Nur77 MFI) is significantly different between Nur77-FL and TCR
transgenic Nur77-FL strains: p < 0.01 for HY** F Nur77-FL and OT-I Nur77-FL; p < 0.001 for
HY*“ M Nur77-FL. Data depicts a minimum of 4 mice per strain from at least 2 independent
experiments. (C) Representative phenotypes of OT-I and OT-I Nur77-FL thymi. (D) The
frequency of cleaved caspase-3 in CD69" and CD69™ DP from non-TCR transgenic mice was
overlaid on Nur77 MFI from the same populations. Cleaved caspase-3 (but not Nur77 MFI) is
significantly different (p < 0.001) between CD69" and CD69” Nur77-FL DP. Data was obtained

from a minimum of 5 mice per strain from 3 independent experiments.
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Nur77 is not required for, but can modulate, negative selection against UbA

Since several lines of evidence thus far suggest that Nur77 plays a minimal role in clonal
deletion against UbA, we tested this hypothesis directly by examining Nur77 deficiency in vivo.
To this end, we transplanted HY* F or HY*™ Nur77” F bone marrow mixed with WT F or M
bone marrow into irradiated WT F or M recipients to model positive and negative selection,
respectively (64). Chimeras were established using a 40:60 ratio of HY*** F or HY** Nur77”" F
bone marrow to WT bone marrow in order to reduce the frequency of TCR transgenic
thymocytes, thereby providing a more physiological environment for selection. Nur77 deficiency
did not affect positive selection, as both HY** > F and HY*" Nur77”" > F chimeras contained a
large population of T3.70" CDSSP (Fig. 3-11A). The vast majority of T3.70" CD8SP thymocytes
were of the mature CD24" phenotype as expected (Fig. 3-11B). Negative selection was also
intact in the absence of Nur77, as evidenced by the lack of T3.70" CD8SP in HY** > M and
HY*" Nur77” 2> M chimeras. Of the very few T3.70" CD8SP thymocytes that were generated in
M recipients, a smaller proportion was mature compared to those in F recipients (Fig. 3-11B).

™ Nur77” M chimeras tended to have an even lower proportion of CD24"

Furthermore, HY
T3.70" CDSSP compared to HY** > M. Lastly, we accounted for potential differences in
precursor frequency by comparing the number of T3.70" DP to T3.70" CD8SP within each
chimera (Fig. 3-11C) as well as across all experiments (Fig. 3-11D). With both types of
analyses, we found no significant difference in positive or negative selection efficiency in the

absence of Nur77, consistent with studies performed in classical TCR transgenic models (172,

177, 178).
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Figure 3-11. Nur77 is not required for UbA-mediated clonal deletion in vivo. A 40:60
mixture of HY** F or HY*" Nur77"" F bone marrow plus B6 bone marrow was transplanted into
B6 F or M recipients. The resulting chimeras are labeled WT = F, KO - F, WT - M, KO >
M, where WT or KO refers to the Nur77 status of the HY*™* donor bone marrow. (A) CD8 by
CD4 profiles of T3.70" thymocytes from indicated chimeras. (B) CD8 by CD24 profiles of
T3.70" CD8SP thymocytes. The absolute numbers of T3.70° DP and T3.70" CDS8SP were
calculated and depicted as before-and-after (C) and scatter dot (D) plots. For WT = M chimeras,
data represent 4 chimeras derived from 2 independent donors. For all other chimeras, data
represent 5 chimeras derived from 3 independent donors. Data was collected over a minimum of

3 independent experiments. Data is depicted as mean + SD; ** p <0.01; *** p <0.001.
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Though Nur77 was not required for clonal deletion, changes in high affinity TCR signaling
markers were observed during Nur77-independent negative selection. CD69, PD-1, and Helios
are among the proteins induced during negative selection in the HY** model (Fig. 3-3). As in

native HY**

M mice, we observed Helios and PD-1 induction in T3.70" DP thymocytes from
HY* and HY*" Nur77” > M chimeras (Fig. 3-12A). Notably, the frequency of Helios" cells
and the MFI of Helios were decreased in the absence of Nur77 (Fig. 3-12A and 3-12B). We also
found that the frequency of T3.70" DP thymocytes expressing CD69 was increased in HY*
Nur77" > M compared to HY*** > M chimeras (Fig. 3-12C and 3-12D). It is worthwhile to
note that the altered TCR signaling phenotype in HY** Nur77” > M chimeras is distinct from
that of HY** Bim” M mice (Fig. 3-3). Specifically, the frequency of CD69" T3.70" DP was
largely unaffected, while the frequency of Helios™ T3.70" DP was increased in HY*** Bim”™ M

compared to HY**

M mice. While Bim is important for TCR-induced apoptosis (Fig. 3-4, 3-6,
and 3-7), Nur77 deficiency did not impair caspase-3 activation in vivo (Fig. 3-12E), consistent

with in vitro stimulation results. Therefore, the altered TCR signaling phenotype in HY " Nur77

"M chimeras suggests a role for Nur77 in negative selection that is distinct from clonal deletion.
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Figure 3-12. TCR signaling phenotype during UbA-mediated negative selection in the
absence of Nur77. Mixed bone marrow chimeras were generated as in Figure 3-11. (A) Helios
by PD-1 profiles of T3.70" DP thymocytes from indicated chimeras. (B) Helios MFI from
Helios” T3.70" DP thymocytes from indicated chimeras. (C) CD69 expression on T3.70" DP
thymocytes from indicated chimeras. (D) The frequency of CD69" T3.70" DP and (E) cleaved
caspase 3" T3.70" DP from indicated chimeras. For WT = M chimeras, data represent 4
chimeras derived from 2 independent donors. For all other chimeras, data represent 5 chimeras
derived from 3 independent donors. Data was collected over a minimum of 3 independent

experiments. Data is depicted as mean + SD; * p < 0.05; *** p <0.001; n.s. not significant.
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Combined deficiency in Bim and Nur77 results in impaired negative selection

Given that Bim is an important mediator of TCR-induced apoptosis, Bim expression may have
precluded detection of a contribution by Nur77 to clonal deletion in the Nur77 single knockout
experiments. To examine this possibility, we established chimeras using bone marrow from a
Bim and Nur77 double-deficient donor. Specifically, we transferred a mix of CD45 congenic
bone marrow from HY*™* F, HY** Bim™ Nur77”" (DKO) F, and WT F or M donors in a ratio of
20:20:60 into WT F or M recipients. Among the four M chimeras generated, there was
variability in the frequency of T3.70" CDS8SP thymocytes; two of the chimeras are depicted in
Fig. 3-13A. In three of four M chimeras, the frequency of DKO-derived T3.70" CD8SP
thymocytes was higher than those of WT origin. To determine whether clonal deletion was
impaired in the absence of Bim and Nur77, we examined the number mature CD24" T3.70"
CDS8SP, in particular, relative to the number of T3.70" DP precursors. Despite variability in the
frequency of T3.70" CD8SP, by this more stringent criteria, we found that clonal deletion of
DKO-derived thymocytes was consistently 3-4 fold less efficient compared to clonal deletion of
WT-derived thymocytes (Fig. 3-13B). As with Bim-independent clonal deletion (Fig. 3-3B), the
proportion of T3.70" DP expressing Helios was higher among cells of HY** DKO origin
compared to HY*™ WT origin (Fig. 3-13C). However, the difference between WT and DKO
populations in these HY** mixed chimeras was less dramatic than between native HY*** M and
HY** Bim” M mice. This may be due to a lower T3.70" precursor frequency and consequently
more efficient selection in chimeras. Importantly, the relative increase in Helios T3.70" DP
thymocytes of DKO origin was observed regardless of the frequency of T3.70" DKO CD8SP
thymocytes in the chimeras, supporting the conclusion of delayed clonal deletion of DKO

thymocytes. Though these data are consistent with impaired clonal deletion in the absence of
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Bim and Nur77, the frequency of HY*** WT-derived T3.70" CD8SP in three of four HY*** WT +
DKO mixed M chimeras was also higher than what we observe in HY*# M, HY* Bim” S, or
HY*" Nur77”" M mice. This raises the possibility that thymocyte development was also affected

by thymocyte-extrinsic factors owing to Bim and Nur77 deficiency in other hematopoietic cells.
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Figure 3-13. Bim and Nur77 double deficiency mildly impairs UbA-mediated clonal
deletion. CD45 congenic HY** F (WT) and HY** Bim”Nur77”" (DKO) F bone marrow were
mixed with B6 bone marrow in a ratio of 20:20:60 and transferred into lethally irradiated B6 M
recipients. (A) CD8 by CD4 profiles of T3.70" thymocytes of each donor origin within two M
chimeras. (B) Ratio of the number of T3.70" DP to T3.70" CD8SP of each donor origin across all
M chimeras. (C) Expression of Helios and T3.70 among total DP thymocytes of HY** WT or
HY*“ DKO origin from the two M chimeras depicted in (A). Data represent 4 M chimeras

generated from 1 bone marrow donor. Data was collected over 3 independent experiments.
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We next examined the phenotype of WT vs. DKO-derived T3.70" CD8SP in M chimeras.
Similar to what was observed with native HY*** M CD&SP (Fig. 3-3C), when clonal deletion
was efficient (i.e. in M chimera #1), about half of the few remaining WT T3.70" CD8SP were
Helios" (Fig. 3-14A). However, in chimeras with a higher frequency of T3.70" CD8SP (e.g. M
chimera #2), we observed a decreased proportion of Helios” WT-derived T3.70" CDS8SP.
Similarly, we found increased downregulation of CD24 among WT-derived T3.70" CD8SP in
chimeras with a higher frequency of T3.70" CDSSP (Fig. 3-14B). These trends also extend to
thymocytes of DKO origin, as evidenced by a decreased proportion of Helios™ and an increased
proportion of CD24"° T3.70" DKO-derived CD8SP in M chimera #2 compared to M chimera #1
(Fig. 3-14A and 3-14B). These trends were also true for the other M chimeras that are not
depicted. These phenotypic variations may indicate progressive maturation of CD8SP
thymocytes when they are not deleted efficiently. Regardless of the frequency of T3.70" CD8SP
present in a given chimera, the DKO-derived CD8SP population consistently exhibited a higher
frequency of Helios downregulation than WT-derived counterparts (Fig. 3-14A). Similarly,
unlike cells of WT origin, DKO-derived T3.70" CD8SP were uniformly CD24" (Fig. 3-14B).
Therefore, though there may be thymocyte-extrinsic factors at play affecting both WT and DKO-
derived populations, these data reveal intrinsic differences in thymocytes that have undergone
negative selection in the absence of Bim and Nur77. Since there appeared to be less efficient
deletion of DKO thymocytes (Fig. 3-13), these observations may reflect progressive maturation

of accumulated CD8SP in the thymus.
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Figure 3-14. Phenotype of Bim and Nur77 double-deficient T3.70" CD8SP. Mixed bone
marrow chimeras were generated as in Figure 3-13. (A) Helios by T3.70 profiles and (B) T3.70
by CD24 profiles of total CD8SP thymocytes of HY** WT or HY** DKO origin from the two
M chimeras depicted in Fig. 3-13A.
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Combined Bim and Nur77 deficiency results in enhanced positive selection

Collectively, our data points to delayed and impaired UbA-mediated clonal deletion of HY**
Bim™ (Fig. 3-1 and Fig. 3-3) and HY*"* DKO thymocytes (Fig. 3-13), respectively. As proteins
with pro-apoptotic potential, loss of Bim and Nur77 may result in impaired mechanisms of
programmed cell death. This is more pronounced in the case of Bim deficiency than Nur77
deficiency (Fig. 3-4, 3-6, and 3-7). We also wondered if loss of Bim and/or Nur77 might affect
positive selection efficiency by extending the lifespan of DP precursors or by altering TCR

4 bone

signaling programs. To this end, we generated chimeras using F recipients and HY
marrow donors deficient in Bim and/or Nur77 as in Fig. 3-11 and Fig. 3-13. Consistent with
observations in native HY* Bim™ F mice (Fig. 3-1), HY* Bim”™ > F chimeras had an
increased frequency of T3.70° CD8SP thymocytes compared to HY*™* WT > F chimeras (Fig.
3-15A). There was also a trend towards a decreased ratio of T3.70" DP to T3.70" CDS8SP in
HY** Bim”™ > F compared to HY** WT = F chimeras (Fig. 3-15B). While HY** Nur77” > F
chimeras did not exhibit altered positive selection, the frequency of DKO-derived T3.70" CD8SP
and the number of DKO T3.70" CD8SP relative to DKO T3.70" DP precursors were dramatically

44 mice

higher compared to when only Bim was absent. Transcriptional analysis of HY
previously indicated that Nur77 is upregulated during positive selection, though to a lesser
degree than negative selection (81). These data suggest that Nur77 may normally play an
inhibitory role during positive selection, albeit a minor one since an effect was only apparent
when Bim was additionally deleted. Along with data showing differences in TCR signaling
marker expression during negative selection in the absence of Nur77 (Fig. 3-12), these

observations on positive selection may point to a general role for Nur77 in modulating TCR

signaling during thymic selection.
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Figure 3-15. Combined Bim and Nur77 deficiency results in enhanced positive selection.
HY® F (WT), HY** Nur77”" F (NKO), or HY** Bim™" F (BKO) bone marrow was mixed with
B6 bone marrow in a ratio of 40:60 and transferred into lethally irradiated B6 F recipients. DKO
chimeras were generated by transplanting a mixture of CD45 congenic HY** F (WT), HY*#
Bim” Nur77” (DKO) F bone marrow, and B6 bone marrow in a ratio of 20:20:60 into lethally
irradiated B6 F recipients. (A) CD8 by CD4 profiles of T3.70" thymocytes of indicated donor
origin. (B) Ratio of the number of T3.70" DP thymocytes to T3.70” CD8SP thymocytes of each
donor origin. For HY** WT + HY** DKO - F mixed chimeras, data depicts 4 chimeras of each
type derived from 1 BM donor. For single knockout chimeras, data depicts a minimum of 5
chimeras of each type derived from a minimum of 2 independent BM donors. Data is depicted as

mean + SD; * p <0.05; *** p <0.001.
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In summary, our investigation into the roles of Bim and Nur77 in thymocyte development in this

¢4 over classical TCR

chapter highlights the importance of using physiological models like HY
transgenic models. Reconciling previous conclusions (141, 142), we have shown that Bim is
critical for TCR-induced apoptosis in DP thymocytes, but that Bim is ultimately not required for
UbA-mediated clonal deletion. In contrast to Bim, loss of Nur77 did not result in impaired DP
apoptosis in vitro or in vivo. The lack of a role for Nur77 in apoptosis cannot wholly be
explained by redundancy by other proteins such as Nor-1, as Nur77 was induced during Bim-
independent clonal deletion in vivo but did not activate caspase-3. While we agree with the
literature that Nur77 has pro-apoptotic potential, our data suggests that this function of Nur77 is
limited during physiological negative selection. Along with changes in TCR signaling markers,
this may indicate a previously unrecognized reciprocal regulation between Nur77 and TCR
signaling pathways. While Bim deficiency had a more discernible impact than Nur77 deficiency
on positive and negative selection, studies in double knockout chimeras have revealed a
contribution by Nur77 to both processes. It is possible that the effect of Nur77 deficiency in
positive and negative selection has more to do with altering the selection threshold than
thymocyte survival as previously thought. In the case of UbA-mediated negative selection,
combined Bim and Nur77 deficiency also appeared to affect clonal deletion efficiency by

cd4

thymocyte-extrinsic means. Collectively, our studies in the HY™" model have shed light on the

complex mechanisms behind thymocyte selection and suggest that past paradigms be revisited.
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CHAPTER 4: RESULTS - The role of Bim and Nur77 in MHC class I-restricted TRA-

mediated negative selection

In addition to UbA-mediated negative selection in the cortex, multiple lines of evidence have
established the thymic medulla as a key site of self-tolerance induction (239). One important
reason is that TRA expression driven by the transcription factor Aire is exclusive to mTECs (66).
Because thymocyte migration to the medulla occurs at a later CD4'CD8™ stage following
positive selection (240-242), gene expression both within the thymocyte and its surrounding
environment are substantially different from UbA-mediated negative selection. It therefore
follows that the molecular mechanisms of negative selection may differ depending on context.
Indeed, following our finding that Bim is not required for UbA-mediated clonal deletion in the
HY*"“ model, other work from our group showed that Bim is required for TRA-mediated
deletion of CDS8SP thymocytes in the OT-I Rip-mOva model (143). Others have since
corroborated the critical role of Bim in MHC class I-restricted TRA-mediated deletion, as well as
demonstrating its importance in MHC class II-restricted TRA-mediated deletion using the OT-II
Rip-mOva model (144). In the OT-II Rip-mOva model, Nur77 was implicated as a driver of Bim
expression (160). In fact, combined Nur77 and Bim deficiency did not further impair deletion of
CD4SP thymocytes over Nur77 single deficiency. The observation that Nur77 deficiency can
impair TRA-mediated deletion of CD4SP thymocytes is a notable contrast to the minimal role of
Nur77 in UbA-mediated deletion. In light of these findings, we sought to characterize the role of
Nur77 and its relationship with Bim in TRA-mediated deletion of CD8SP thymocytes and the

consequent effects on tolerance.
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Thymocyte development in OT-I chimeras in the absence of Bim and Nur77

Since our group has previously used the well-established OT-I Rip-mOva model to study the
impact of Bim deficiency on TRA-mediated deletion, we proceeded to use this TCR transgenic
model to study the role of Nur77. In order to examine the effect of Nur77 single deficiency as
well as combined Nur77 and Bim deficiency, we generated full bone marrow chimeras from four
types of donors: OT-I Bim""Nur77"" (henceforth referred to as Het/Het), OT-I Bim " Nur77"
(NKO), OT-I Bim”Nur77"" (BKO), and OT-I Bim”Nur77"~ (DKO). Unlike in HY** mice,
expression of the transgenic OT-I TCRa chain (Va2) occurs at the DN stage. As a consequence
of premature TCR formation and signaling compared to endogenous TCRs, the majority of
thymocytes in OT-I native and chimeric mice are Vo2'. Distinct developmental stages of Va2"
thymocytes were more readily observed on CD8 by CD4 profiles than in HY*** mice (Fig. 4-1).
Though the OT-I NKO - Rip-mOva mouse depicted in this particular set of data appears to
uniquely exhibit an increased frequency of Va2" DN thymocytes, alterations in the DN subset
were not consistently associated with any specific chimera. In fact, an increased frequency of
Vo2" DN thymocytes was also occasionally observed in WT recipients, indicating that they do
not result from self-antigen-induced selection. Because this thesis is primarily concerned with
mechanisms of negative selection, we will not delve further into the nature of DN thymocytes in

the OT-I model system.

83



Va2*

Het/Het NKO BKO DKO

39.2 21.7 221

9.8

Rip-mOva

Figure 4-1. Thymocyte development in OT-I chimeras. OT-I Bim”"Nur77"" (Het/Het), OT-I
Bim""Nur77” (NKO), OT-I Bim” Nur77"" (BKO), or OT-I Bim” Nur77” (DKO) bone marrow
was transferred into lethally irradiated WT or Rip-mOva recipients. Thymocytes were analyzed
ex vivo by flow cytometry. A complete set of CD8 by CD4 profiles of Vo2 thymocytes from
one experiment is depicted here. Data is generally representative of a minimum of 7 chimeras of
each type, generated from 3 independent donors in each case, except OT-1 BKO = Rip-mOva (5
from 2 donors) and OT-I DKO - Rip-mOva (1 from 1 donor).

84



We did observe a tendency towards higher frequencies of CD4SP and CDS8SP among Vo2"
thymocytes in OT-I = WT chimeras when Bim, Nur77, or both molecules were deficient (Fig.

4-1). As in non-transgenic mice, Dpbright

thymocytes have low TCR expression and represent the
pre-selection population, while DP™"and CD4"CD8™ thymocytes represent post-TCR-signaled
stages (243, 244). In OT-I > WT chimeras, in which positive selection occurs, a portion of Vo2"

thymocytes fell into the CD4SP gate post-selection. Compared to pre-selection DP" €™

cells,
many Vo2 CD4SP thymocytes have upregulated TCR expression to levels comparable to Va2"
CDS8SP, but consistently expressed higher CD24 than Va2" CD8SP (Fig. 4-2A). This suggests
that Va2" CD4SP may not become mature SP thymocytes or are delayed in their maturation
compared to Va2" CD8SP thymocytes. Because the DP™" and CD4'CD8™ stages may become
CD4SP thymocytes, whose ultimate fate and function in the OT-I model is unclear, we

bright thymocytes to progeny Va2® CDSSP

calculated the ratio of pre-selection Va2' DP
thymocytes as a measure of positive selection efficiency. Consistent with a general increase in
the frequency of CD8SP thymocytes, selection was more efficient in OT-I NKO - WT, OT-I
BKO = WT and OT-I DKO - WT compared to OT-I - Het/Het chimeras (Fig. 4-2B). These
results are reminiscent of the increased positive selection efficiency in the absence of Bim and
Nur77 in HY** chimeras (Fig. 3-15). However, unlike in the HY** model, combined Bim and
Nur77 deficiency did not result in a substantial enhancement over either single knockout.

Another notable difference is that Nur77 deficiency was sufficient to alter positive selection in

the OT-I model, indicating that Nur77 has a greater role in this context.
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Figure 4-2. Increased positive selection is associated with Bim or Nur77 deficiency. (A)
Expression of Vo2 (top) and CD24 (bottom) among Va2" thymocytes from indicated subsets in
WT recipients. (B) Ratio of the number of Va2" DP™" thymocytes to the number of Vo2
CDS8SP thymocytes in WT recipients. Data represent a minimum of 7 chimeras of each type
generated from 3 independent donors in each case. Data is depicted as mean + SD; * p < 0.05; **

<001
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Nur77 deficiency mildly impairs TRA-mediated deletion of CD8SP thymocytes

Negative selection in the presence of Bim and Nur77 is predominantly mediated through clonal
deletion, as evidenced by a reduction in the frequency of Va2" CDSSP in OT-I Het/Het - Rip-
mOva chimeras compared to OT-I Het/Het = WT controls (Fig. 4-1). Nur77 deficiency tended
to result in a mildly elevated frequency of CD8SP, though this parameter was not significantly
different from OT-I Het/Het = Rip-mOva chimeras overall. However, examination of the
maturity of CD8SP thymocytes revealed that a greater proportion of Va2" CD8SP were CD24"
in OT-I NKO - Rip-mOva compared to OT-I Het/Het > Rip-mOva chimeras (Fig. 4-3A). This
increased frequency also translated into a higher number of mature antigen-specific CD8SP
thymocytes (Fig. 4-3B), suggesting that clonal deletion was modestly but significantly impaired
in the absence of Nur77. Therefore, unlike its minimal role in UbA-mediated deletion of DP
thymocytes, these data suggest that Nur77 plays a more important role in TRA-mediated deletion
of CD8SP, as was the case for CD4SP in OT-II Rip-mOva mice (160). As previously shown
(143), Bim deficiency nearly abrogated TRA-mediated deletion of CD8SP, as evidenced by a
similar frequency and absolute number of antigen-specific CDSSP in OT-I BKO Rip-mOva and
WT recipients (Fig. 4-1, 4-3B). We currently only have data for one OT-I DKO - Rip-mOva
chimera, but the number of Va2" CD24" CD8SP there was higher than in any OT-I BKO > Rip-
mOva, perhaps indicative of Nur77 deficiency further impairing deletion even on a Bim-

deficient background.
It is also interesting to note that CD8SP in the Vo2 CD24" quadrant did not have uniform

expression of CD24 in OT-I BKO and DKO - WT chimeras, in which there were a significant

proportion of cells expressing lower CD24 levels than in OT-I1 Het/Het or NKO - WT chimeras
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(Fig 4-3A). Furthermore, in OT-I BKO and DKO Rip-mOva chimeras, a lower proportion of
Va2" CD24"° CD8SP were of the CD24 “ultra-low” population compared to WT recipient
counterparts. Since CD24 downregulation is associated with thymocyte maturation, one possible
interpretation of these observations is that despite escaping deletion in the absence of Bim, many
antigen-specific CD8SP may have experienced some degree of non-deletional tolerance

induction in the thymus.
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Figure 4-3. Nur77 deficiency mildly impairs TRA-mediated deletion of CD8SP thymocytes.
(A) Representative Va2 by CD24 profiles of total CD8SP thymocytes from each chimera. (B)
The absolute number of Vo2'CD24'° CD8SP thymocytes from each chimera. Thymocytes were
analyzed ex vivo by flow cytometry. Data is representative of a minimum of 7 chimeras of each
type, generated from 3 independent donors in each case, except OT-I BKO = Rip-mOva (5 from
2 donors) and OT-I DKO - Rip-mOva (1 from 1 donor). Data is depicted as mean + SD; ** p <

0.01.
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Bim induction during negative selection is intact in the absence of Nur77

Though a correlation between the transactivation function and the pro-apoptotic activity of
Nur77 has been shown, target genes known to be relevant to negative selection remained elusive
(159), fueling the argument that Nur77 may function via a transcription-independent mechanism.
However, a more recent study showed that Nur77-deficient thymocytes from OT-II Rip-mOva
mice expressed a decreased amount of Bim transcripts than Nur77-sufficient counterparts, which
was one reason given for why Nur77 deficiency impaired clonal deletion in this model (160).
Given that Bim is also a key mediator of deletion in the OT-I Rip-mOva model, we examined by
flow cytometry whether decreased expression of Bim protein could be a factor in modestly
impairing deletion of CD8SP thymocytes. Compared to counterparts from WT recipients, Bim
induction was apparent in Vo2" CD8SP from OT-I Het/Het and OT-I NKO - Rip-mOva
chimeras (Fig. 4-4A). All OT-I Het/Het = Rip-mOva chimeras exhibited bimodal distribution of
Bim into Bim-expressing and non-expressing populations, whereas all of the OT-I NKO -> Rip-
mOva chimeras exhibited a whole population shift compared to OT-I NKO - WT controls.
However, the frequency of CD8SP from Rip-mOva recipients that induced Bim to a higher level
than in control CD8SP thymocytes from WT recipients was similar between OT-I Het/Het and
OT-I NKO. This suggests that high affinity-induced Bim expression was comparable in the
presence and absence of Nur77. Of the population of CD8SP expressing a high amount of Bim,
the amount of Bim protein was mildly higher in OT-I Het/Het = Rip-mOva chimeras, though
baseline Bim was higher among OT-I Het/Het > WT CDS8SP thymocytes as well (Fig. 4-4B).
These results are consistent with the approximately 1.5-fold lower expression of Bim in OT-II
NKO Rip-mOva CD4SP compared to OT-II Rip-mOva CDA4SP thymocytes (160). Our

difference of 1.2-fold in Bim MFI was even milder, which may be due to using a Bim
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heterozygous control and a different assay (Bim protein by flow cytometry in our hands as
opposed to Bim transcripts by microarray). Because the absolute amount of Bim was only mildly
lower, and fold induction over WT recipient CD8SP was similar, decreased Bim expression is

likely only a small factor in explaining the impaired clonal deletion in OT-I NKO - Rip-mOva

chimeras.
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Figure 4-4. Bim induction during negative selection is intact in the absence of Nur77. Ex
vivo thymocytes were fixed and permeabilized and stained with anti-Bim antibody. (A) Bim
expression in Va2" CD8SP thymocytes from indicated chimeras. (B) MFI of Bim in Vo2"
CDS8SP thymocytes from indicated chimeras was quantified and compiled. Thymocytes were
analyzed ex vivo by flow cytometry. Data represent a minimum of 3 chimeras from 2

independent donors. Data is depicted as mean + SD; * p <0.05; ** p <0.01.
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Induction of Helios and PD-1 in Rip-mQOva CD8SP during negative selection

In addition to Bim, we examined the expression of a variety of other proteins induced during
negative selection. Among these are Helios and PD-1, which we found in OT-I Het/Het and
NKO - Rip-mOva Vo2 CDSSP to be largely co-expressed (Fig. 4-5A). As with Bim induction,
there was a tendency for OT-I Het/Het = Rip-mOva chimeras to exhibit bimodal upregulation of
Helios and PD-1 (7 of 9) compared to OT-I NKO - Rip-mOva chimeras (2 of 7). When each
population was examined further, we found that Helios"PD-1" CDS8SP thymocytes had the
highest Vo2 expression, though the Helios'®PD-1" fraction also included CD8SP with maximal
Va2 expression (Fig. 4-5B). These results demonstrate a correlation between the amount of TCR
expression and induction of TCR-regulated proteins. Unlike UbA-mediated negative selection in
the HY** model when Nur77 was deficient (Fig. 3-12A and 3-12B), we did not find any
significant differences in the amount of Helios or PD-1 expression in CD8SP thymocytes from
OT-I NKO - Rip-mOva compared to OT-I Het/Het = Rip-mOva chimeras. While Helios
induction was normal, we noted impaired induction of PD-1 in the absence of Bim (Fig. 4-5A),

which was also different from HY*

mice (Fig. 3-3A). One possible explanation for this
difference is that Va2" CD8SP in OT-I BKO - Rip-mOva chimeras are not deleted and may be
downregulating PD-1. In contrast, T3.70" DP in HY** Bim”™ M mice are ultimately deleted,
such that the majority of DP thymocytes observed at any given time may be young. In the one
OT-1 DKO - Rip-mOva chimera we analyzed, we also observed impaired induction of PD-1,
though there may have been a partial rescue compared to OT-I BKO = Rip-mOva (Fig. 4-5A).
Though we do not know if the one OT-I DKO -> Rip-mOva chimera is an accurate

representation, it may be another subtle change in TCR signaling markers resulting from Nur77

deficiency.
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Figure 4-5. Induction of Helios and PD-1 in Rip-mOva CD8SP during negative selection.
Thymocytes were analyzed ex vivo by flow cytometry. (A) Helios by PD-1 profiles of Vo2"
CDS8SP thymocytes from all chimeras. Data was collected from a minimum of 7 chimeras
generated from 3 independent donors, except in the case of OT-I BKO = Rip-mOva (5 from 2
donors) and OT-I1 DKO - Rip-mOva (1 from 1 donor). Distinct HeliosPD-1" and Helios" PD-
1" populations were observed among Va2" CD8SP thymocytes from OT-I Het/Het > Rip-mOva
(7 of 9) and OT-I NKO - Rip-mOva (2 of 7) chimeras. (B) Va2 expression in Helios"PD-1"
and Helios°PD-1" Va2" CD8SP (from gates in A) from indicated chimeras.
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Other phenotypic changes in Rip-mOva CD8SP during negative selection

CD44 is a protein that is well established as a marker of mature T cell activation, but it is
unknown whether CD44 induction occurs in TCR-signaled thymocytes. We found that CD44
was upregulated on a fraction of Va2 CDS8SP during negative selection in OT-I Het/Het = Rip-
mOva chimeras (Fig. 4-6A). Reminiscent of the bimodal expression of Bim, Helios, and PD-1
induction in OT-I Het/Het = Rip-mOva mice, there was also a population of CD8SP that did not
upregulate CD44. The amount of CD44 expressed by this CD44 fraction was even lower than on
V2" CDSSP from OT-I Het/Het & WT mice, suggesting that CD44 is also induced to a low
degree in the course of thymocyte maturation. Similar results were observed in OT-I NKO -
Rip-mOva mice, though these chimeras tended to have a greater proportion of CD44" Va2"
CDS8SP compared to OT-I Het/Het = Rip-mOva chimeras (observed in 4 of 6 sets of paired
mice) (Fig. 4-6A). In both OT-I Het/Het and NKO > Rip-mOva chimeras, the CD44" CD8SP
had the highest Va2 expression (Fig. 4-6B), similar to what we observed with Helios and PD-1
(Fig. 4-5B). Surprisingly, the amount of CD44 induced on thymocytes during negative selection
was as high as on CD44" peripheral Va2" CD8" T cells (Fig. 4-6A). This supports the induction
of CD44 as a bona fide result of TCR signaling in thymocytes. Despite expression of CD44
equivalent to activated T cells, preliminary data indicated that the majority of CD44" Vo2"
CDS8SP thymocytes had high CD24 expression, suggesting that they were mostly immature
thymocytes and not of peripheral origin (Fig. 4-6C). In comparison, Va2" CD8SP thymocytes
from WT recipients destined to survive were mostly CD24'°CD44". Collectively, these data show
that CD44 is another marker that correlates with TCR expression and signaling strength.
Furthermore, similar to the Helios induction patterns, the higher proportion of CD44"

thymocytes in OT-I NKO = Rip-mOva chimeras may indicate altered TCR signaling in the
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absence of Nur77. Despite the higher frequency of high affinity-signaled thymocytes, clonal
deletion was not enhanced, but rather impaired in OT-I NKO = Rip-mOva compared to OT-I
Het/Het - Rip-mOva chimeras (Fig. 4-3). Thus, the phenotype of Nur77-deficient negative
selection in this model system may result from alterations in apoptosis as well as other

uncharacterized functions of Nur77.
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Figure 4-6. CD44 is induced during negative selection. Thymocytes or splenocytes were
analyzed ex vivo by flow cytometry. (A) CD44 expression on Va2  CD8SP thymocytes (T) or
CD44" Va2" CD8" splenocytes (S) from indicated chimeras. The comparison in CD44 induction
between OT-I Het/Het = Rip-mOva and OT-I NKO ->Rip-mOva chimeras is representative of 4
pairs of mice, each genotype generated from 2 independent donors. (B) Va2expression on
CD44" and CD44 Va2" CDSSP thymocytes from indicated chimeras. (C) CD44 by CD24
profiles of Vo2" CDS8SP thymocytes from indicated chimeras. Data is representative of 5 OT-I
Het/Het 2 WT (2 donors), 4 OT-1 Het/Het 2 Rip-mOva (2 donors), 3 OT-I NKO = WT (2

donors), and 2 OT-I NKO = Rip-mOva (2 donors).
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Lastly, we found that CD8SP thymocytes from Rip-mOva chimeras expressed a lower amount of
IL-7Ra (CD127) than those in WT recipients, regardless of Nur77 expression (Fig. 4-7). Since
CD127 was induced at the CD4"CD8™ stage to a higher level than that found at the CD8SP stage
in Rip-mOva mice, these data indicate that CD127 downregulation occurred during negative
selection. Given the importance of IL-7 signaling in homeostatic proliferation and survival of
peripheral T cells (245), this suggests that the small number of Vo2" CD8SP thymocytes in OT-I
Het/Het and NKO -> Rip-mOva chimeras that escaped clonal deletion may have impaired
survival in the periphery. Therefore, downregulation of CD127 in the thymus may represent an

alternative mechanism of negative selection.
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Figure 4-7. CD127 is downregulated during negative selection. CD127 expression on Vo2"
thymocytes from the indicated subsets in indicated chimeras. Thymocytes were analyzed ex vivo

by flow cytometry. Data is representative of a minimum of 3 mice of each chimera type

generated from at least 2 independent donors.
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Impaired clonal deletion results in an increased number of antigen-specific CD8" T cells in
spleen

Though most antigen-specific clones were deleted in the thymi of OT-I Het/Het and NKO —>
Rip-mOva chimeras (Fig. 4-3), we did find a small but distinct population of Va2"CDS8" cells in
their spleens (Fig. 4-8A). Consistent with an increased number of Va2" CD24"° CDSSP
thymocytes, OT-I NKO - Rip-mOva chimeras had a modest but significant increase in the
number of splenic antigen-specific T cells compared to Het/Het (Fig. 4-8B). The block in clonal
deletion due to Bim deficiency in OT-I BKO and DKO > Rip-mOva chimeras also translated
into a dramatic increase in the frequency and number of Vo2" CD8" cells compared to Bim-
sufficient Rip-mOva chimeras. The increased number of Vo2 CD24" CD8SP in the OT-I DKO
- Rip-mOva chimera compared to OT-I BKO-> Rip-mOva chimeras that we previously noted
(Fig. 4-3B) did not translate into a higher number of Vo2" CDS8" splenocytes. This may be due
the peripheral niche already being maximally occupied due to enhanced survival of cells when

Bim is deficient.
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Figure 4-8. Impaired clonal deletion results in an increased number of antigen-specific
CDS8" T cells in the spleen. (A) Representative Va2 by CD8 profiles of splenocytes from all
chimeras. (B) The absolute number of Va2" CDS8" cells in the spleens of each chimera.
Splenocytes were analyzed ex vivo by flow cytometry. Data is representative of a minimum of 7
chimeras from 3 independent donors, except in the case of OT-I BKO = Rip-mOva (5 from 2
donors) and OT-I DKO = Rip-mOva (1 from 1 donor). Data is depicted as mean + SD; * p <
0.05.
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Differences in the phenotype of peripheral antigen-specific CD8" T cells due to Nur77 or
Bim deficiency

We next examined the activation and memory phenotypes of the splenic Va2" CD8" T cells in
each chimera. We found that the frequencies of central memory (CD44+CD62Lhi) and effector
memory (CD44 CD62L") subsets were significantly higher in OT-I NKO - WT compared to
OT-I Het/Het - WT chimeras (Fig. 4-9A-C). However, the frequency of each memory subset
was not significantly different between OT-I BKO and OT-I DKO - WT mice. These data may
indicate that generation of memory T cells is increased in the absence of Nur77 but may be
opposed by Bim deficiency. Compared to their respective WT recipient controls, we observed
increased frequencies of central and effector memory Va2" CD8" T cells in OT-I Het/Het >
Rip-mOva and OT-I NKO - Rip-mOva chimeras. The only exception is the OT-I NKO - WT
and OT-I NKO - Rip-mOva pair depicted in Fig. 4-9A; these plots were chosen because this
particular experiment had the only complete set of chimeras thus far. Unlike in WT recipients, in
the context of cognate antigen expression, we did not find any significant differences in the
frequencies of memory subsets due to Nur77 deficiency. This suggests that efficient clonal
deletion in both OT-I Het/Het > Rip-mOva and OT-I NKO - Rip-mOva chimeras resulted in a
paucity of peripheral Vo2™ CD8" T cells (Fig. 4-8B), which permitted escapees to have less
competition for activation or memory signals. Conversely, in contrast to OT-I Het/Het or NKO
- Rip-mOva chimeras, a very low proportion of Va2" CD8" T cells in OT-I BKO and DKO =
Rip-mOva mice expressed CD44 (Fig. 4-9A). This is consistent with decreased opportunity for T
cells to encounter antigen due to the large number of T cells present in the spleen. Furthermore,
the high number of Va2" CD8" T cells in the periphery of OT-I BKO and DKO = Rip-mOva

mice could mean that the niche for memory cells has been filled, resulting in a low proportion of
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memory subsets. However, this is unlikely to be the sole explanation since there is also a large
number of Va2" CD8" splenocytes in OT-I BKO and DKO - WT mice, yet WT recipients
exhibit a higher proportion of CD44"CD62L" cells, which are also more distinctly CD44-
expressing than in Rip-mOva recipients (Fig. 4-8A). Another potential explanation is that Bim-

deficient T cells have an intrinsic impairment in cognate antigen-induced activation.
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Figure 4-9. Differences in the phenotype of peripheral antigen-specific CD8" T cells due to
Bim or Nur77 deficiency. (A) CD44 by CD62L profiles of Va2" CDS" splenocytes from each
chimera. (B) Compilation of the frequency of CD44'CD62L" and CD44 CD62L" cells within
the Va2" CDS8" splenocyte population in WT recipients. Splenocytes were analyzed ex vivo by
flow cytometry. Data is representative of a minimum of 7 chimeras from 3 independent donors,
except in the case of OT-I BKO = Rip-mOva (5 from 2 donors) and OT-I DKO - Rip-mOva (1
from 1 donor). Data is depicted as mean = SD; **p < 0.01; ***p < 0.001.
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We previously showed downregulation of CD127 on Va2" CD8SP thymocytes from OT-I
Het/Het and NKO - Rip-mOva chimeras relative to WT recipient counterparts (Fig. 4-7), and
speculated on whether this would impair the fitness of those T cells in the periphery. We found
that despite downregulation of CD127 on thymocytes, the majority of Va2" CD8" splenocytes
from OT-I Het/Het and NKO - Rip-mOva expressed CD127 to a similar level as Va2  CD8"
splenocytes from OT-I Het/Het and NKO - WT controls (Fig. 4-10). This suggests that the T
cells have recovered CD127 expression in the periphery or the minority of CD127" thymocytes
have outcompeted the CD127" thymocytes. Though CD127 expression on peripheral T cells from
both OT-I Het/Het and NKO -> Rip-mOva chimeras was high compared to thymocytes, we
noted that CD127 expression on Va2" CDS8" splenocytes was consistently different between OT-I
Het/Het and NKO > Rip-mOva chimeras. Specifically, while Vo2" CD8" T cells from OT-I
Het/Het = Rip-mOva chimeras recovered CD127 expression to levels equivalent to T cells from
OT-1 Het/Het > WT controls, Va2" CD8" T cells from OT-I NKO - Rip-mOva chimeras
expressed a lower amount of CD127 than those from OT-I NKO = WT controls (Fig. 4-10).
CD127 is downregulated on effector T cells but is critical for development of authentic memory
T cells (246, 247). Therefore, despite comparable generation of CD44'CD62L" and
CD44'CD62L" subsets in OT-I Het/Het and OT-I NKO - Rip-mOva chimeras, these data may
indicate that while the number of antigen-specific T cells is higher in the absence of Nur77 (and
correspondingly, the number of CD44" cells), maintenance of memory populations may be
impaired. Since CD127 is downregulated upon IL-7 signaling (248), an alternative interpretation
of the modest decrease in CD127 expression is that Vo2" CD8" T cells from OT-I NKO > Rip-
mOva chimeras have experienced more IL-7 signaling. This could have implications on their

ability to survive and proliferate.
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Figure 4-10. Decreased CD127 expression on T cells from OT-I NKO - Rip-mOva
chimeras. CD127 expression on ex vivo Va2 CDS8" splenocytes from indicated chimeras. Data

is representative of a minimum of 3 mice of each chimera type generated from at least 2

independent donors.
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Increased CD69 induction on T cells from Rip-mOva chimeras deficient in Nur77 or Bim in
response to antigen stimulation in vitro

OT-I NKO and OT-I BKO - Rip-mOva mice did not develop diabetes despite an increased
number of Va2" CD8" peripheral T cells (Table 1). This was particularly astonishing for OT-I
BKO - Rip-mOva chimeras, which contained approximately 27-fold higher numbers of
antigen-specific T cells compared to OT-I Het/Het = Rip-mOva chimeras (Fig. 4-8B). Our
group previously reported that OT-I BKO - Rip-mOva T cells showed impaired proliferation
and cytokine production in response to Ova peptide stimulation in vitro (143). Consequently, we
examined whether T cells that escaped thymic deletion in any of the other chimeras exhibited
differences in function. To this end, we stimulated bulk splenocytes from each chimera with B6
splenocytes pulsed with 100 nM of Ova for various durations. We first characterized CD69
induction after 24 h of stimulation to assess TCR signaling potential. In all WT recipients, the
vast majority of Va2 CD8" T cells upregulated CD69 to a similar degree (Fig. 4-11A). In OT-I
Het/Het = Rip-mOva chimeras, a large fraction of Vo2 CD8" T cells did not respond to
antigen. In comparison, the frequency of Va2" CD8" T cells from OT-I NKO - Rip-mOva
chimeras that upregulated CD69 upon antigen stimulation tended to be higher (Fig 4-11A and 4-
11B). Furthermore, there was a trend towards an increased amount of CD69 induced in Va2"
CD8" T cells from OT-I NKO - Rip-mOva chimeras compared to Va2 CD8" T cells from OT-
I Het/Het—> Rip-mOva chimeras (Fig. 4-11C). Though there is variability between experiments,
the increase in the frequency and magnitude of CD69 induction associated with Nur77
deficiency was observed in 5 of 6 pairs of OT-I Het/Het > Rip-mOva and OT-I NKO - Rip-

mOva mice. Since CD69 is an early T cell activation marker, it is also possible that examination
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at a time point earlier than 24 h would have showed more significant differences between OT-I

Het/Het and OT-I NKO - Rip-mOva thymocytes.

Despite the fact that OT-I BKO > Rip-mOva Va2 CDS8" cells exhibit limited proliferation and
cytokine production (143), we found that most of them, as well as those from the OT-I DKO->
Rip-mOva chimera, were able to induce CD69 to a similar degree. This indicates that some
aspects of T cell function (e.g. TCR signaling or early activation) are less affected than others.
Furthermore, these data validate the conditions of the stimulation assay since the majority of T
cells were able to interact with antigen. However, while T cells from all Rip-mOva chimeras can
respond to antigen, they did not upregulate CD69 to the same degree as in WT recipients (Fig. 4-
11A). Therefore, antigen-specific T cells from all Rip-mOva chimeras showed evidence of being

tolerized to some degree.
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Figure 4-11. T cells from Rip-mOva chimeras have reduced CD69 induction upon antigen
stimulation in vitro. Bulk chimeric splenocytes were cultured with unloaded B6 splenocytes
(unstimulated) or B6 splenocytes pulsed with 100 nM of Ova peptide at a ratio of 4:1. Cells were
analyzed after 24 h by flow cytometry. (A) CD69 expression on Va2  CD8" splenocytes. (B) The
amount of antigen-specific CD69 induction on Vo2" CDS8" cells was calculated by subtracting
the frequency of CD69" cells in unstimulated samples from the frequency of CD69" cells in Ova-
stimulated samples. (C) The MFI of CD69 within the CD69" Va2" CD8" population. Data is
representative of a minimum of 4 chimeras from at least 2 independent donors, except OT-I

DKO -> Rip-mOva (1 from 1 donor). Data is depicted as mean + SD.
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Nur77 deficiency relieves impairment in proliferation of T cells from Rip-mOva chimeras

We went on to examine the ability of T cells from each chimera to proliferate in response to Ova
by measuring dilution of CFSE. After 48 h of stimulation, Va2" CD8" cells from all WT
recipients underwent a similar degree of proliferation (Fig. 4-12A). Consistent with a low
frequency of CD69 upregulation, most OT-I Het/Het = Rip-mOva T cells did not proliferate. A
fraction of cells did proliferate to some degree but went through a fewer number of cell divisions
than most OT-1 Het/Het - WT T cells. As shown previously, proliferation of OT-I BKO = Rip-
mOva T cells was inhibited (143). We consistently found that Va2" CD8" cells from OT-I NKO
- Rip-mOva experienced a greater amount of proliferation in response to antigen than those
from OT-I Het/Het = Rip-mOva chimeras (Fig. 4-12A). Furthermore, in the one experiment
involving the OT-I DKO > Rip-mOva chimera, Va2  CDS8" cells from the OT-I DKO - Rip-
mOva mouse proliferated more than those from the OT-I BKO - Rip-mOva mouse. These
differences between the Rip-mOva chimeras were also observed after 72 h of stimulation, while
proliferation in WT recipients remained comparable (Fig. 4-12B). These data suggest that Nur77
deficiency may relieve some of the inhibition of proliferation, and are consistent with the trend
towards increased CD69 induction after 24 h (Fig. 4-11). Again, it is important to point out that
the degree of proliferation exhibited by Va2" CD8" T cells from any of Rip-mOva recipients did
not match that of WT recipient controls, even at the later time point. This provides further

evidence that antigen-specific T cells in Rip-mOva chimeras are not fully functional.
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Figure 4-12. Nur77 deficiency relieves impairment in proliferation of T cells from Rip-
mOva chimeras. Bulk splenocytes from each chimera were labeled with carboxyfluorescein
succinimidyl ester (CFSE) and then cultured with unloaded B6 splenocytes or B6 splenocytes
pulsed with 100 nM of Ova at a ratio of 4:1. Cells were collected after 48 h (A) and 72 h (B) of
culture and CFSE was measured in Va2" CDS8" cells. Comparisons between OT-I NKO > Rip-
mOva and OT-I BKO = Rip-mOva to OT-I Het/Het = Rip-mOva are representative of 6 and 3

pairs of mice, respectively.
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T cells from Rip-mOva chimeras have impaired cytokine production

The last aspect of T cell function that we assayed was production of IFNy and TNFa upon
restimulation of splenocytes with Ova after 5 days of prior stimulation. Without restimulation,
cytokine production in WT recipient T cells was not detected. Upon restimulation, Va2" CD8"
cells from all WT recipients showed a comparable degree of cytokine production, with most cells
producing both IFNy and TNFa. or just TNFo. (Fig. 4-13A). When we examined Va2" CDS§"
cells from Rip-mOva chimeras that were not restimulated, we detected some degree of cytokine
staining (Fig. 4-13B). If this is not a staining artifact, it may indicate that Ova encounter in Rip-
mOva chimeras in vivo induced a low level of cytokine production that could be detected after 5
days of in vitro culture. Upon restimulation of Rip-mOva T cells with Ova peptide in vitro, we
did not observe much increase in cytokine production. Compared to OT-I Het/Het = Rip-mOva
mice, T cells from OT-I NKO - Rip-mOva cells sometimes produced greater amounts of IFNy
and TNFa when restimulated (Fig. 4-13B); this occurred in 3 of 6 pairs of mice. This would be
in agreement with increased activation and proliferation of OT-I NKO = Rip-mOva T cells,
which were more consistently observed. However, the main point illustrated by this experiment
is that cytokine production by T cells from any of the Rip-mOva chimeras was greatly reduced
compared to WT chimeras (Fig. 4-13A). Therefore, high affinity antigen encounter in Rip-mOva

mice imposed tolerance on different aspects of T cell function to different degrees.
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Figure 4-13. T cells from Rip-mOva chimeras have impaired cytokine production. Bulk
splenocytes from each chimera were cultured with B6 splenocytes pulsed with 100 nM Ova
peptide at a ratio of 4:1. After 5 days of culture, cells were restimulated with 100 nM of Ova in
the presence of brefeldin A for 4 h or were not restimulated. Intracellular IFNy and TNFa were

measured in Va2 CD8" cells from WT (A) and Rip-mOva (B) chimeras by flow cytometry.
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High incidence of diabetes in OT-I DKO - Rip-mOva chimeras

The ultimate measure of autoimmunity in the OT-I Rip-mOva model is development of diabetes.
As per criteria given in the literature, diabetes was defined as two consecutive blood glucose
measurements of more than 15 mmol/L (~270 mg/dL) (249) taken at least one day apart. OT-I
DKO -> Rip-mOva chimeras were the only type of chimera to develop diabetes (Table 1).
Furthermore, the incidence of diabetes was high (4 of 50T-I DKO -> Rip-mOva chimeras
harvested), with each mouse exhibiting blood glucose readings well above the diagnostic
threshold. These data demonstrate that while Bim deficiency was sufficient to impair clonal
deletion and produce a large population of antigen-specific T cells (Fig. 4-3 and 4-8), additional
deficiency in Nur77 was required for autoimmunity. The effect of Nur77 deficiency may be
related to a higher propensity for the T cells to undergo activation (Fig. 4-11) and proliferation
(Fig. 4-12) compared to Nur77-sufficient T cells. It should be noted that diabetic OT-I DKO
- Rip-mOva chimeras were not included in the phenotypic and functional experiments depicted
in this chapter up to this point. However, preliminary assessment indicates no great differences in
the composition or function of the antigen-specific T cell population in diabetic mice compared
to the non-diabetic OT-I DKO = Rip-mOva chimera. This would suggest that Va2" CDS8" cells
utilize mechanisms other than secretion of IFNy and TNFa to mediate pancreatic islet
destruction. Though pathology would have ultimately been T cell-mediated, given that diabetes
only developed in the context of TCR transgenic and cognate antigen expression (i.e. not in OT-I
DKO > WT chimeras), it is possible that Bim and Nur77 deficiency in other immune cells also
contributed to autoimmunity. This would be reminiscent of the thymocyte-extrinsic factors

resulting in an increased T3.70" CD8SP population in HY** DKO > M chimeras (Fig. 3-14).
g pop
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Chimera Diabetes incidence Average terminal blood glucose
(mmol/L)

OT-1 Het/Het > WT 0/9 6.3

OT-INKO - WT 0/7 6.7

OT-I BKO > WT 0/8 9.0

OT-IDKO - WT 0/9 7.8

OT-I Het/Het > Rip-mOva 0/9 6.6

OT-I NKO - Rip-mOva 0/7 7.2

OT-1 BKO = Rip-mOva 0/5 7.9

OT-I DKO - Rip-mOva 4/5 13.1 in non-diabetic (1/5)
25.0 in diabetic (4/5)

Table 1. High incidence of diabetes in OT-I DKO - Rip-mOva chimeras.

Blood glucose was monitored on a weekly basis using commercial products starting 2 weeks and
up to 14 weeks after bone marrow reconstitution. Mice with a blood glucose reading of over 15
mmol/L would be tested again 1 day later. Mice with two consecutive blood glucose
measurements over 15 mmol/L were considered diabetic. Terminal blood glucose refers to the
last reading taken before harvesting the mice — to a maximum of 1 week prior in the case of non-
diabetic mice and 1 day prior in the case of diabetic mice. Each type of chimera was generated

from at least 2 independent bone marrow donors.
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In summary, the results presented in this chapter provide insight into the roles of Bim and Nur77
in clonal deletion and other tolerance mechanisms in a TRA model. In comparison to UbA-
mediated deletion of DP thymocytes, Nur77 and Bim play more important roles in TRA-
mediated deletion of CD8SP thymocytes. As in DP thymocytes, Bim deficiency had a greater
effect on deletion efficiency than Nur77 deficiency. Nur77 may have a minor contribution to
Bim induction in CD8SP thymocytes, which may explain why Nur77 deficiency resulted in a
modest impairment in clonal deletion. While others showed that Nur77 partly regulates Bim
induction in the OT-II Rip-mOva model as well, combined Bim and Nur77 deficiency had the
same phenotype as Nur77 single deficiency in that system (160), whereas combined Bim and
Nur77 deficiency had the same phenotype as Bim single deficiency in our OT-I Rip-mOva
model. Together, these data highlight additional differences between MHC class I and class II-
restricted negative selection, with Nur77 playing a greater role in the deletion of CD4SP
thymocytes. Despite some thymocytes surviving clonal deletion, antigen-specific T cells in the
periphery of Rip-mOva chimeras were functionally impaired compared to T cells from WT
recipients. However, some aspects of T cell function were increased in the absence of Nur77.
The effect of Nur77 deficiency was only observed in Rip-mOva recipients, in which primary
antigen encounter has already occurred, pointing to a potential role for Nur77 in anergy

induction. Along with data from the HY“

model, these results suggest that Nur77 has
previously unappreciated roles in T cell biology apart from its pro-apoptotic function. This effect

of Nur77 deficiency, combined with impaired clonal deletion due to Bim deficiency, resulted in

most OT-1 DKO - Rip-mOva chimeras developing diabetes.
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CHAPTER 5: RESULTS - The role of Bim and Nur77 in thymocyte development in a

polyclonal repertoire

In the previous chapters, we examined negative selection against UbA and TRA using MHC
class I-restricted TCR transgenic mouse models. Since MHC class II-restricted thymocytes are
thought to experience stronger and/or longer TCR signaling, resulting in a transcriptional
program distinct from that of MHC class I-restricted thymocytes (250), it is possible that they
also undergo different molecular mechanisms of negative selection. Indeed, our studies in the
OT-I Rip-mOva system show that the contributions of Bim and Nur77 in clonal deletion are
different from what others have found in the OT-II Rip-mOva model (143, 144, 160). In addition
to deletion, other forms of thymic tolerance may be particularly relevant to MHC class II-
restricted thymocytes. For example, a subset of FR4"CD73™ CD4" T cells has been identified as
anergic in an autoimmune model (224), but it is presently unclear whether this phenotype was
induced in the thymus. In a related vein, natural Treg cells are thought to result from high
affinity self-antigen encounter in the thymus and are critical for suppression of autoimmune
disease (230, 231). The niche for Treg selection is much smaller than that of conventional T
cells, and consequently, there are few thymic Treg cells in TCR transgenic mice (191, 251, 252).
In addition to these alternative fates for CD4SP thymocytes, it is thought that downregulation of
CD4 and CDS following TCR signaling can occur (253). Post-selection TCR" DN thymocytes
have recently been implicated as precursors of CD8cio.” IELs (207), and may also develop into
other regulatory DN subsets (209). In order to study the role of Bim and Nur77 in clonal deletion

and other forms of tolerance in the context of physiological TCR diversity, we transitioned from
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antigen-specific TCR transgenic models to non-TCR-transgenic mice with polyclonal

repertoires.

Altered development of thymocyte subsets in the absence of Bim and Nur77

In this chapter, we characterized non-TCR transgenic mice of the B6 background deficient for
Bim (BKO), Nur77 (NKO), or both genes (DKO). Upon examining the thymi, we found that
BKO and DKO mice exhibited altered proportions of DP to SP thymocytes compared to WT
mice (Fig. 5-1A). Specifically, BKO mice had significantly lower frequencies of DP (Fig. 5-1B)
and significantly higher frequencies of CD4SP (Fig. 5-1D) and CD8SP thymocytes (Fig. 5-1F)
compared to WT mice. Similarly, DKO mice had significant increases in the frequencies of
CDA4SP and CDS8SP thymocyte compared to NKO mice as well as WT mice. In contrast, NKO
mice did not exhibit any differences in the proportion of thymocyte subsets compared to WT
mice. Furthermore, DKO mice only differed significantly from BKO mice with respect to the
frequency of CD8SP thymocytes, and there was still overlap in the two data sets (Fig. 5-1F).
These results suggest that while Nur77 may have a minor contribution to clonal deletion and/or
positive selection in a polyclonal repertoire, the increased proportion of SP thymocytes is mainly
associated with Bim deficiency. Though we do not know how much of the increase is due to
impaired clonal deletion in non-TCR transgenic mice, we found signs of both enhanced positive
selection and impaired/delayed clonal deletion associated with Bim deficiency in HY*** and OT-
I chimeras. Compared to the lower frequency of DP thymocytes in BKO and DKO mice, the
difference in the absolute number of DP thymocytes between strains was subtle (Fig. 5-1C).
Nur77 deficiency seemed to have an effect in decreasing DP numbers, resulting in mild but
significant decreases in NKO and DKO mice compared to WT. Though Bim deficiency increases

DN thymocyte survival, Bim-deficient DN thymocytes were found to be impaired in
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proliferation, which was thought to limit the DP pool to a size comparable to WT (208). Despite
a comparable or lower number of DP thymocytes, BKO and DKO mice exhibited mildly higher
numbers of CD4SP and CD8SP thymocytes compared to WT (Fig. 5-1E and 5-1G). However,
the only significant increase was found in the CD8SP subset in BKO mice. The disparity
between dramatic differences in frequency but not absolute number of SP thymocytes in BKO
and DKO mice may indicate a limited thymic niche able to support SP cells. Nevertheless, the
altered ratio of DP to SP thymocytes suggests that deficiency in Bim, and to a lesser extent

Nur77, affects thymocyte development following TCR-mediated selection.

In addition to observing that DKO mice exhibited a skewed DP to SP ratio, we found that four of
eight DKO mice exhibited an even more extreme phenotype characterized by a severe loss in the
frequency and number of DP thymocytes compared to the other four DKO mice (Fig. 5-1A-C).
DP thymocytes are much more sensitive than SP cells to apoptosis induced by various stimuli
including TCR stimulation (254), glucocorticoids (255), and inflammatory insult (256).Given
that Bim and Nur77 participate in clonal deletion of thymocytes, and likely apoptosis of other
immune cells, we speculate that the loss of DP thymocytes in some DKO mice is a result of
excessive inflammation. On account of the putative inflammation, DKO mice that exhibit severe
DP loss will be henceforth termed DKO (I) to distinguish them from DKO mice with the
‘normal’ phenotype. As a consequence of decreased frequency of DP thymocytes in DKO (I)
mice, there were elevated frequencies of CD4SP (Fig. 5-1D) and CDS8SP (Fig. 5-1F; p = 0.06)
compared to normal DKO mice. However, absolute numbers of SP thymocytes were not higher
than in the other DKO mice (Fig. 5-1E and 5-1G), likely due to the extreme loss of DP

precursors. Though many characteristics were common to both types of DKO mice, their data
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sets were not combined and figures labeled DKO involve those mice of the normal phenotype

only.
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Figure 5-1. Altered development of thymocyte subsets in the absence of Bim and Nur77.
Thymocytes from non-TCR transgenic WT, Nur77”~ (NKO), Bim” (BKO), and Nur77” Bim™
(DKO) mice were analyzed ex vivo by flow cytometry. DKO mice that exhibited a dramatic
reduction in the DP thymocyte compartment are labeled as DKO (I) and depicted separately from
other DKO mice. (A) Representative CD8 by CD4 profiles of thymi. (B) Frequency and (C)
absolute number of DP thymocytes from indicated mice. (D) Frequency and (E) absolute number
of CD4SP thymocytes from indicated mice. (F) Frequency and (G) absolute number of CD8SP
thymocytes from indicated mice. Data represents a minimum of 4 mice of each strain from 4

independent experiments. Data is depicted as mean = SD; * p < 0.05; ** p <0.01; *** p < 0.001.
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Increase in SP thymocytes of the most mature stage in DKO mice

While transition between the DP to SP stages appeared to be enhanced in BKO mice compared
to WT or NKO mice, a similar proportion of CD4SP and CD8SP from BKO mice exhibited the
mature TCRB"CD24" phenotype as in the other strains (Fig. 5-2A). This may indicate that Bim
deficiency increases the proportion of DP thymocytes receiving a positive selection signal but is
not sufficient to promote continued SP maturation. Within the TCRB'CD24"° quadrant, SP
thymocytes show different degrees of CD24 downregulation, with the most mature SPs
expressing the lowest levels of CD24 (henceforth termed CD24" ™" and depicted as the smaller
square gate on Fig. 5-2A). Not only was the frequency of TCRB+CD2410 CD4SP or CDS8SP
highest in DKO mice, the proportion of CD24""™!° SP thymocytes was significantly higher in
DKO mice than in WT mice and either single knockout strain (Fig. 5-2B and 5-2C). Although
not previously quantified, these data are consistent with observations in HY# (Fig. 3-14) and
OT-I (Fig. 4-3) chimeras. The difference between DKO and the single knockouts suggests that a
combination of Bim and Nur77 deficiency was necessary to produce an accumulation of mature
SP thymocytes. This may indicate enhanced maturation of DKO SP thymocytes, conceivably

through altered TCR signaling and increased survival.

In addition to enhanced maturation, other possible explanations for the increase in CD24""*'° Sp
thymocytes include increased retention in the thymus, impaired export, or recirculation of mature
T cells. To investigate the question of recirculation, we examined CD44 expression on SP
thymocytes since most T cells that recirculate to the thymus are CD44™ (257). By plotting CD44
against CD24, we found that only a fraction of CD24""*'° CD4SP and CD8SP thymocytes were

CD44" (Fig. 5-2D). In the CD4SP subset, a higher proportion of CD24""™ cells were CD44" in
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NKO, BKO, and DKO mice compared to WT mice. Similar trends were observed in the CD8SP
subset, except the proportion of CD44"™ CD24""™'° CD8SP thymocytes was not always different
between WT and NKO mice. These data suggest that some of the CD24""*!° SP thymocytes
were recirculating mature T cells, and that the frequency of recirculation was higher in NKO,
BKO, and DKO mice compared to WT. However, the data also show that the majority of
CD24""*' CD4SP and CD8SP thymocytes in all mice were not CD44". A sizeable fraction of
CD24""*% SP thymocytes were CD44™, consistent with our proposal of CD44 upregulation
during normal thymocyte maturation. Therefore, the accumulation of mature thymocytes in DKO
mice is partially due to Bim and Nur77 deficiency affecting mechanisms other than recirculation.
Whereas high induction of CD44 was apparent on immature CD24" thymocytes undergoing
negative selection in OT-I Rip-mOva chimeras (Fig. 4-6A), CD44" thymocytes are almost
exclusively CD24""* ™ in polyclonal mice (Fig. 5-2D). This indicates that CD44 induction is not

a suitable marker for thymocytes undergoing negative selection in polyclonal mice.
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Figure 5-2. Increase in SP thymocytes of the most mature stage in DKO mice. (A) TCRf
and CD24 expression among CD4SP and CD8SP thymocytes from each strain. Numbers in each
corner depict the frequency in the indicated quadrant. Among total CD4SP and CDS8SP
thymocytes, those that have the lowest CD24 expression (CD24""™°) were additionally gated
with a grey square. The frequency of TCRB'CD24""™* ™ cells among total CD4SP and CD8SP
thymocytes is depicted in grey to the left of the gate. (B) The frequency TCRB'CD24""°
CDA4SP thymocytes and (C) TCRP'CD24""™" CD8SP thymocytes were quantified over all
experiments. (D) CD44 by CD24 profiles of total CD4SP and CD8SP thymocytes from each
strain. Data represents a minimum of 4 mice of each strain from 4 independent experiments.

Data is depicted as mean = SD; * p <0.05; ** p <0.01; *** p <0.001.
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Bim and Nur77 deficiency results in altered CD127 expression on SP thymocytes

In the previous chapter, we reported downregulation of CD127 on OT-ICDSSP thymocytes in
chimeras undergoing negative selection, whereas CD127 expression remained high in chimeras
that did not experience negative selection (Fig. 4-7). Given the importance of IL-7 signaling in
mature T cell homeostasis, examining CD127 expression may provide further insight into the
maturation of SP thymocytes. We found that the frequency and level of CD127 expression on
polyclonal CD4SP and CD8SP were the same in WT and NKO mice, with the majority of SP
thymocytes being CD127" (Fig. 5-3A and 5-3B). In contrast, most CD4SP and CD8SP
thymocytes from BKO mice were CDI27. The frequency of CDI27° CD4SP or
CD8SPthymocytes in DKO mice was also lower than in WT and NKO mice, but the difference
was smaller in the CD8SP subset (Fig. 5-3A and 5-3B). These data suggest that while most SP
thymocytes attained the mature TCRB"CD24" in BKO and DKO mice (Fig. 5-2A), most of them
may not be as fit as SP thymocytes from WT or NKO mice. A body of literature has established
that CD127 is downregulated upon strong TCR signaling (258). Thus, one possibility for the
increased frequency of CD127" SP thymocytes is an accumulation of cells unable to be deleted in
BKO and DKO mice. Another explanation is that many thymocytes failed to upregulate CD127
following positive selection due a limited thymic niche and increased frequencies of CD4SP and
CDS8SP thymocytes in BKO and DKO mice. Despite the stark difference in the thymus, the
majority of splenic CD4" and CD8" T cells from all strains expressed a similar level of CD127,
although a small fraction of BKO and DKO T cells remained CD127 (Fig. 5-3C and Fig. 5-3D).
This suggests that BKO and DKO SP thymocytes eventually upregulated CD127 in the periphery

or that the CD127" T cells outcompeted the CD127 T cells.
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Another interesting observation is that despite DKO mice having a lower frequency of CD127"
CD4SP or CD8SP than WT or NKO mice, the proportion of DKO SP expressing CD127 was
higher than in BKO mice (Fig. 5-3A and 5-3B). This was especially exaggerated in the CD8SP
subset, in which we consistently observed a fraction of DKO CD8SP that expressed a higher
amount of CD127 than even WT and NKO CDS8SP (Fig. 5-3B). The difference between BKO
and DKO mice suggests that Nur77 deficiency played a role in increasing CD127 expression,
though the effect was only apparent in combination with Bim deficiency. Along with
exaggerated downregulation of CD24 on DKO SP (Fig. 5-2), these data support a role for Nur77

in thymocyte maturation.
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Figure 5-3. Bim and Nur77 deficiency results in altered CD127 expression on SP
thymocytes. Representative histograms depicting CD127 expression on CD4SP thymocytes (A),
CDS8SP thymocytes (B), CD4" splenic T cells (C), and CD8" splenic T cells (D) from each strain.

Data represents a minimum of 4 mice of each strain from 4 independent experiments.
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Bim and Nur77 deficiency increases the number of CD4" and CD8" T cells in the spleen

Given the results in the thymus, we next determined if any of the other thymic differences in Bim
and/or Nur77 knockout mice extended to the peripheral T cell population, or whether
homeostatic mechanisms negated them as in the case of CD127 expression. The frequency of
TCRP" cells in the spleen was not significantly different between WT, NKO, and BKO mice, but
was lower in both types of DKO mice (Fig. 5-4A). The decreased proportion of TCRB' T cells
may indicate an increase in other immune cells, perhaps owing to increased survival in the
absence of Bim and Nur77. Preliminary data suggests that the absence of Bim or Nur77 does not
alter the development of NK1.1" TCRB" T cells. Among the TCRpB" splenocytes, we found a
modest but significant increase in the frequency of DN T cells in BKO and DKO mice (Fig. 5-
4B), consistent with an increased frequency of DN thymocytes in these mice (Fig. 5-1A). The
proportion of T cells that were DN was considerably lower in the DKO spleen compared to the
DKO thymus (Fig. 5-1A). This is consistent with the idea that upon reaching the DP stage, DKO
thymocytes experience enhanced positive selection and SP maturation or survival, resulting in a

distribution of peripheral T cell subsets similar to WT.

The increased frequency of splenic DN correlated with a significant decrease in the frequency of
CD4" T cells in the spleen, more so in BKO mice compared to DKO mice (Fig. 5-4C). In fact,
the frequency of CD4" T cells in BKO mice was significantly lower than in WT or NKO mice.
Furthermore, the frequency of CD8" T cells was actually higher in BKO mice compared to WT
(Fig. 5-4E), emphasizing that the increased proportion of DN correlated with a decreased
proportion of CD4" T cells. Despite this, Bim deficiency was associated with increased cell

numbers of both CD4" (Fig. 5-4D) and CD8" (Fig. 5-4F) T cells in BKO and DKO mice
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compared to WT. These data underscore the importance of Bim in peripheral T cell survival
(137, 139, 259). Though Nur77 deficiency was insufficient to alter the number of SP thymocytes,
NKO mice had elevated numbers of CD4" and CD8" T cells, which may indicate that pro-
apoptotic role of Nur77 is greater in peripheral T cells than thymocytes. However, Bim still
appeared to have a more dominant role, since BKO and DKO mice had higher cell numbers than
NKO mice. Indeed, since the majority of BKO and DKO T cells had normal CD127 expression

(Fig. 5-3C and Fig. 5-3D), we would not have expected a survival handicap.
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Figure 5-4. Bim and Nur77 deficiency increases the number of CD4" and CD8" T cells in
the spleen. (A) Frequency of TCRP" cells in the spleen of indicated mice. (B) Representative
CDS8 by CD4 profiles of TCRB" splenocytes. (C) The frequency of CD4" cells among TCRpB"
splenocytes and (D) the absolute number of TCRB"CD4" splenocytes across all experiments. (E)
The frequency of CD8" cells among TCRP" splenocytes and (F) the absolute number of TCRB"
CDS8" splenocytes across all experiments. Data represents a minimum of 4 mice of each strain

from 4 independent experiments. Data is depicted as mean =+ SD; * p < 0.05; *** p <0.001.
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Enhanced activation of DKO T cells

We next characterized the splenic T cells for their activation phenotype by assessing CD44 and
CD62L expression (Fig. 5-5A). This is one aspect of T cell biology that varied considerably with
age, and thus we incorporated data only from mice 6 months of age or younger. We found a
modest but significant increase in the frequency of CD44 CD62L" central memory T cells from
both CD4" (Fig. 5-5B) and CDS8" (Fig. 5-5C) subsets in BKO mice. NKO mice tended to exhibit
higher frequencies of central memory T cells as well, but the differences were not significant
compared to WT. However, Nur77 deficiency did appear to have some impact, since the
frequency of CD44"CD62L" CD8" T cells was significantly higher in DKO compared to BKO
mice (Fig. 5-5C). The frequency of central memory T cells, particularly in the CD8" lineage,
was even higher in DKO (I) mice than normal DKO mice, and may reflect increased activation
in the putative inflammatory environment. For CD44"CD62L" cells, neither Bim nor Nur77
deficiency was sufficient to alter their frequency in the CD4" or CD8" lineages. However,
combined Bim and Nur77 deficiency resulted in significantly a higher frequency of
CD44'CD62L"° CD4" (Fig. 5-5D) and CD8" (Fig. 5-5E) T cells compared to either single
knockout strain. CD44 CD62L" CD4" T cells are of particular interest as Tfh cells are found
within this subset, and an accumulation of these cells is linked to excessive B cell activation and
autoimmunity (260-262). In accordance with the increase in CD44'CD62L"° CD4" T cells found
only in DKO mice, preliminary data suggests that DKO but not BKO or NKO mice have an
elevated frequency of CXCR5'PD-1" CD4" T cells. Overall, analysis of the peripheral T cell
population extended what we observed in the thymus in that enhanced selection and maturation
of SP thymocytes translated into increased numbers and activation of mature T cells in mice

deficient in Bim and Nur77. The fact that combined deficiency produced the greatest differences
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in most aspects is consistent with the unique propensity of DKO mice to develop a phenotype

suggestive of inflammation.
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Figure 5-5. Enhanced activation of DKO T cells. (A) CD44 by CD62L profiles of TCRB"
CD4" and CD8" splenocytes. The frequency of central memory T cells within the CD4" (B) and
CDS8" (C) subsets, as well as the frequency of effector memory T cells within the CD4" (D) and
CD8" (E) subsets was compiled over all experiments. Data represents a minimum of 4 mice of

each strain from 4 independent experiments. Data is depicted as mean + SD; * p < 0.05; ** p <

0.01.
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Increase in high affinity TCR-signaled thymocytes in Bim-deficient mice

The ultimate phenotype of the peripheral T cells in Bim and Nur77-deficient polyclonal
repertoires could have resulted from changes in positive or negative selection in the thymus
and/or mature T cell biology. To gain insight on the role of Bim and Nur77 in negative selection
in particular, we assessed induction of Helios and PD-1 in DP and SP thymocytes. We
specifically looked at Foxp3™ populations to exclude Treg cells, though this does not exclude any
other high affinity antigen-selected fates such as anergy induction. Most DP thymocytes undergo
death by neglect in a polyclonal repertoire and not negative selection. This was reflected by very
low frequencies of Helios PD-1" cells in the DP, CD4SP, and CD8SP subsets in WT mice (Fig.
5-6A). There were no significant changes in the frequencies of these populations in NKO mice,
consistent with Nur77 deficiency having limited impact on negative selection. In contrast, BKO
and DKO mice had significantly higher frequencies of Helios PD-1" DP and CD4SP (Fig. 5-6A,
5-6B, and 5-6C). There was considerable variability within the CD8SP subset, but in BKO and
DKO mice, the Helios PD-1" fraction contained CD8SP that expressed higher amounts of Helios
and PD-1 than those found in WT or NKO mice (Fig. 5-6A). These results are in accordance
with the original report in polyclonal BKO mice showing an accumulation of Helios” CD4SP
(19), and are consistent with impaired clonal deletion due to Bim deficiency in TCR transgenic

models.
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Figure 5-6. Increase in high affinity TCR-signaled thymocytes in Bim-deficient mice. (A)
Helios and PD-1 expression among Foxp3™ DP, CD4SP, and CD8SP thymocytes. Compilation of
the frequency of Helios PD-1" cells among Foxp3™ DP thymocytes (B) and Foxp3~ CD4SP
thymocytes (C). Data represents a minimum of 5 mice of each strain from 4 independent
experiments, except in the case of DKO mice representing 2 mice from 2 independent

experiments. Data is depicted as mean + SD; *** p <0.001.
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Increase in Treg cells in the absence of Bim and Nur77

We continued to investigate whether a deficiency in Bim and/or Nur77 resulted in an increase in
self-reactive T cells by assessing Foxp3' Treg cells in the thymus and spleen. Selection of Treg
cells in the thymus has been shown to result from higher self-reactivity. While recent studies
found a correlation between the affinity of the TCR for self-antigen and the efficiency of Treg
generation, it has become apparent that the range of antigen affinity for Treg selection is broad
(263, 264). Theoretically, Treg selection efficiency could be increased by preventing high
affinity-signaled thymocytes from undergoing clonal deletion or by lowering the TCR signaling
threshold. Deficiency in Bim or Nur77 has the potential to meet these criteria, and in fact, other
groups have reported that Bim (20) or Nur77 (148, 160) deficiency results in increased Treg cells
in the thymus. In our hands, we also found that Bim or Nur77 single deficiency was sufficient to
increase the frequency of Foxp3-expressing CD4SP thymocytes over WT (Fig. 5-7A and 5-7B).
We additionally show that combined Bim and Nur77 deficiency resulted in a dramatic increase
in the frequency of Foxp3" CD4SP over either single knockout strain. Furthermore, DKO (I)
mice had a significantly higher frequency of thymic Treg compared to normal DKO. This may
be due to the decreased DP pool, resulting in less intraclonal competition and increased
efficiency of Treg selection (191, 252). Although BKO and NKO thymi contained an elevated
frequency of Foxp3™ CD4SP over WT, this difference was abrogated in the spleen (Fig. 5-7A
and 5-7D). Only DKO mice continued to exhibit a significant increase in the proportion of
Foxp3" CD4" splenic T cells. However, DKO (I) mice no longer had a dramatic increase
compared to normal DKO mice. This may reflect a limited niche that can support Treg cells in
the periphery. In terms of cell numbers, Bim deficiency was associated with increasing Treg cells

in the thymi (Fig. 5-7C) and spleen (Fig. 5-7E) of BKO and DKO mice. In the spleen, Nur77
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deficiency also had a minor effect on increasing Treg numbers, since DKO mice showed a

significant increase over BKO mice.
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Figure 5-7. Increase in Treg cells in the absence of Bim and Nur77. (A) Representative plots
showing the frequency of Foxp3" cells among CD4SP thymocytes and CD4" splenocytes from
each strain. Compiled frequencies and absolute numbers of Foxp3™ cells among CD4SP
thymocytes (B, C) and CD4" splenocytes (D, E). Data represents a minimum of 4 mice of each
strain from 4 independent experiments. Data is depicted as mean + SD; * p < 0.05; ** p < 0.01;

5% 1 <0.001.
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Increase in anergic phenotype CD4" T cells in the absence of Bim and Nur77

In addition to selection of Treg, induction of anergy is another non-deletional form of tolerance.
In fact, the two mechanisms cooperate as Treg were found to be critical for generation of a
subset of peripheral anergic CD4" T cells marked by high expression of FR4 and CD73 (224).
Using the Nur77-GFP reporter to gauge TCR signal strength, FR4"CD73" CD4" T cells were
found to have GFP expression as high as Treg, suggesting they are also more self-reactive than
conventional T cells (20). However, neither study examined whether FR4"CD73" CD4" T cells
could be generated in the thymus as an alternative to clonal deletion. Among Foxp3~ CD4SP
thymocytes, we found a mildly elevated frequency of FR4"CD73" cells in NKO and BKO mice
compared to WT (Fig. 5-8A and 5-8B). The number of FR4"CD73" Foxp3  CDA4SP thymocytes
was also elevated in NKO and BKO mice, with Bim deficiency having a greater impact (Fig. 5-
8C). As in numerous other instances, combined deficiency of both proteins produced a much
more dramatic phenotype such that the frequency and number of FR4"CD73" CD4SP were
higher in DKO mice than either single knockout. Again, as with Treg selection, DKO (I) mice
exhibited a dramatically increased frequency of anergic phenotype CD4SP thymocytes compared
to normal DKO mice, while the absolute number was not much higher (Fig. 5-8B and 5-8C). In
the periphery, we also found elevated an elevated frequency of FR4"CD73" Foxp3 CD4" T cells
in BKO mice (Fig. 5-8D), which has been reported previously (20). While Nur77 deficiency was
not sufficient to render a difference in the frequency or number of FR4"CD73" Foxp3  CD4"
splenic T cells from WT mice, Nur77 does play a role in their generation as evidenced by a
higher frequency and number of anergic phenotype cells in DKO compared to BKO mice (Fig.
5-8D and 5-8E). While these data do not prove that FR4"CD73™ CD4" T cells can originate in

the thymus, their increased frequency in BKO, NKO, and especially DKO thymi supports the
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idea that this is an alternative mechanism of negative selection when clonal deletion is impaired.

Bim and Nur77 may continue to affect their generation in the periphery as well.
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Figure 5-8. Increase in anergic phenotype CD4" T cells in the absence of Bim and Nur77.
(A) Representative plots of FR4 and CD73 expression among Foxp3™ CD4SP thymocytes and
Foxp3™ CD4" splenocytes from each strain. Compiled frequencies and absolute numbers of
Foxp3” FR4"CD73" cells among CD4SP thymocytes (B, C) and CD4" splenocytes (D, E). Data
represents a minimum of 4 mice of each strain from 4 independent experiments. Data is depicted

as mean £ SD; * p <0.05; ** p <0.01; *** p <0.001.
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Increase in DN thymocytes in BKO and DKO mice

In addition to altered development of SP thymocytes and T cells, we also observed a higher
proportion of DN thymocytes (Fig. 5-1A) and splenic TCRB" DN cells (Fig. 5-4B) in BKO and
DKO mice. In the thymus, the frequency of DN cells was significantly higher in BKO and DKO
mice compared to WT and NKO mice (Fig. 5-9A), suggesting that the increase is associated with
Bim deficiency. Of the four normal DKO mice, two had a higher frequency of DN than in any of
the BKO mice. In terms of the absolute number of DN thymocytes, there was no difference
between BKO and DKO mice, with both strains having significantly higher numbers than WT or
NKO mice (Fig. 5-9B). The increase in DN thymocytes is consistent with what others have
reported in polyclonal BKO mice (265), though the authors did not speculate on their origins or
subsequent fate. We examined the distribution of TCRB™ DN thymocytes among the DN1-DN4
stages to determine if BKO and DKO mice exhibited enhanced f-selection. WT mice typically
have a ratio DN3 to DN4 thymocytes where the frequency of DN3 is higher than DN4 (Fig. 5-
9C). Compared to WT mice, 6 of 11 NKO mice exhibited a ratio of DN3 to DN4 thymocytes
that was close to 1:1 or was skewed towards the DN4 subset. BKO and DKO mice consistently
showed a low ratio of DN3 to DN4 TCRf" thymocytes, indicative of enhanced 3-selection. This
is consistent with previous reports where Bim was shown to be important for survival of DN3
thymocytes, suggesting that it is important for progression through the B-selection checkpoint
(266). DKO mice had a more highly skewed DN3:DN4 ratio than BKO mice; this may in part be
due to an effect of Nur77 deficiency during B-selection, given that many of the NKO mice also
showed an altered ratio. However, the increase in TCR™ DNI1 thymocytes, which appeared

unique to BKO mice, is also a factor. The DN1 subset is heterogeneous and may include NK

cells, B cells, and DCs (267).
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Figure 5-9. Increase in DN thymocytes in BKO and DKO mice. (A) The frequency and (B)
absolute number of total DN thymocytes from each strain were quantified. (C) CD44 by CD25
profiles of total TCRB™ DN thymocytes. Data represents a minimum of 4 mice of each strain

from 4 independent experiments. Data is depicted as mean + SD; * p < 0.05; ** p < 0.01; *** p
<0.001.
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Increase in post-selection TCRB " DN4 thymocytes in BKO mice

Because the fate of thymocytes post-TCR selection is of particular interest to this thesis, we went
on to examine TCRB" DN thymocytes in particular. Specifically, we examined the DN4 subset
since they were the most mature DN stage and thus likely to contain post-selection thymocytes.
Whereas only a fraction of WT or NKO total DN4 thymocytes expressed TCRf, the majority of
DN were TCRB" in BKO mice (Fig. 5-10A). The accumulation of TCRB" DN4 thymocytes in
BKO mice is consistent with previous reports (208). We additionally showed that while -
selection was enhanced in DKO mice as well, most DKO DN4 cells did not express TCRp as in
BKO mice. The dramatic increase in TCRf"” DN4 thymocytes in BKO mice could be due to
accumulation of immature DN4 (for example, due to a block in transitioning to the DP stage) or
an increase in a post-TCR-signaled population. To investigate their origin, we measured the
amount of TCRBexpression on TCRB" DN4 thymocytes. We found that in all strains of mice, the
TCRB" DN4 thymocytes expressed increased levels of TCRBthan DP thymocytes (Fig. 5-10B).
Since TCR upregulation occurs following positive selection, this suggests that the TCRf" DN4
are at a post-DP rather than pre-DP stage. In comparison to CD4SP thymocytes, however, they
expressed a lower amount of TCRp. The difference in TCRP expression between TCRB" DN4
and CD4SP appeared to be smaller in BKO and DKO mice. This may be due to a CD4°CDS§"
population that falls within both CD4SP and DN gates, which is always prominent in BKO mice,

and is seen in DKO mice to a lesser extent (Fig. 5-1A).
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Figure 5-10. Increase in post-selection TCRBf" DN4 thymocytes in BKO mice. Total DN
thymocytes were divided into developmental stages on the basis of CD44 and CD25 expression.
(A) Representative frequency of TCRB" cells among total DN4 thymocytes from each strain. (B)
The amount of TCRB on DP thymocytes, CD4SP thymocytes, and TCRB" DN4 thymocytes is
depicted as histogram overlays. Data represents a minimum of 4 mice of each strain from 4

independent experiments.
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TCRP " DN4 thymocytes express high affinity TCR signaling markers

In order to further investigate whether the TCRP™ DN4 thymocytes represent a post-selection
stage, we assessed expression of Helios and PD-1. We found that TCRB" DN4 thymocytes from
all strains were Helios PD-1" (Fig. 5-11A), consistent with the cells recently having undergone
TCR-mediated selection. In comparison to BKO mice, TCRB" DN4 from DKO mice exhibited
lower PD-1 expression, as evidenced by lower expression of PD-1 by cells within the
Helios PD-1" population and an increase in Helios PD-1" cells. We also examined Helios and
PD-1 expression among total DN4 thymocytes and found that Helios PD-1" cells only formed a
majority of the population in BKO mice (Fig. 5-11B), consistent with BKO mice being the only

strain to have a majority of DN that express TCRp (Fig. 5-10A).

Based on our data, we speculate that both BKO and DKO mice have enhanced B-selection
efficiency (Fig. 5-9C) due to the critical role of Bim in thymocyte survival during this process
(266). The high frequency of TCRB" and Helios PD-1" DN4 in BKO mice indicates that most of
the DN4 compartment is occupied by post-selection thymocytes. The relative lack of TCRB" and
Helios PD-1" DN4 in DKO mice raises the possibility that additional Nur77 deficiency inhibited

most thymocytes from adopting this fate and/or promoted alternative fates.
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Figure 5-11. TCRB" DN4 thymocytes express high affinity TCR signaling markers.
Representative plots depicting Helios and PD-1 expression among TCRB" DN4 thymocytes (A)
and total DN4 thymocytes (B) from each strain. Data represents a minimum of 4 mice of each

strain from 4 independent experiments.
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Possible fates of TCRB " DN thymocytes

Post-selection DN thymocytes have been reported to be CD8co.” IEL precursors. As such, they
expressed CD122, the IL-2/IL-15 receptor B chain, and induced CD8aain response to IL-15 in
vitro (207). We found that among total DN thymocytes, the proportion of TCRB'CD122" to
TCRP'CD122" cells was similar in all strains (Fig. 5-12A). Therefore, though BKO mice have a
dramatically higher frequency of TCRB" DN, DN thymocytes which do express TCRP have a

similar phenotype as in other mouse strains, and may be destined for the same fates.

Development into regulatory DN T cells is another potential fate for the TCRf" DN thymocytes.
While some groups have reported that regulatory DN T cells do not express Foxp3 (reviewed in
(209)), others did find Foxp3 expression in DN T cells under various contexts (268-270). We
found that few TCRB" DN4 thymocytes expressed Foxp3 in WT or NKO mice (Fig. 5-12B).
Therefore, unlike the CD4SP subset in which Nur77 deficiency results in increased Foxp3
expression (160), Nur77 may not have the same role in post-selection DN thymocytes. Though
the frequency of Foxp3 expression was higher in BKO and DKO mice, Foxp3" cells still
comprised a relatively small proportion of all TCRB" DN4. Overall, the frequency of Foxp3"
TCRP" DN4 was similar between BKO and DKO mice. Liu et al. recently reported that the
highest frequency of Foxp3 expression in DN thymocytes is found in the TCRE'CD25" fraction
(270). When we gated on total Foxp3"™ DNs, we found the same results in WT and NKO mice,
with the other substantial Foxp3-expressing fraction being TCR'CD25" (Fig. 5-12C). However,
the highest Foxp3-expressing populations in BKO and DKO mice remained in the TCRB"
fractions. As with the putative CD8aiar” IEL precursors, the increase in TCRB" Foxp3™ DN in

BKO and DKO mice may indicate increased lineage diversion when clonal deletion is impaired.
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While it is not currently known whether any of the Foxp3™ DN populations have regulatory
function, it is possible that there are several subsets of regulatory DN with different origins.
Since we are interested in fates following TCR-mediated selection, we are concerned only with
TCRB" DN, which we have shown to have a similar phenotype in all strains with respect to
TCRp, Helios, PD-1, CD122, and Foxp3. Therefore, we suggest that Bim and Nur77 deficiency

is mostly altering the proportion of thymocytes that develop into these subsets.
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Figure 5-12. Possible fates of TCRB™ DN thymocytes. (A) TCRB and CD122 expression
among total DN thymocytes from each strain. (B) Foxp3 expression among TCRB™ DN4
thymocytes from each strain. (C) TCRP and CD25 expression of total Foxp3™ DN thymocytes
from each strain. Data represents a minimum of 8 mice of each strain from 8 independent
experiments, except in the case of DKO mice representing 2 mice from 2 independent

experiments.
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Increase in high affinity signaled DN T cells in the periphery of BKO and DKO mice

Lastly, we examined TCRB" DN cells in the spleen to determine whether they were similar to
TCRB" DN thymocytes. Over all experiments, there was a significant increase in the frequency
of TCRB" DN splenocytes in BKO and DKO mice compared to WT and NKO mice (Fig. 5-
13A). As mentioned previously, the increased proportion of DN correlated with a decreased
proportion of CD4" T cells (Fig. 5-4). We also found a modest but significant decrease in the
frequency of DN splenocytes in NKO compared to WT mice, as well as a non-significant
decrease in DKO compared to BKO mice (Fig. 5-13A). This is consistent with a lower
proportion of TCRB" DN4 thymocytes in NKO and DKO mice compared to WT and BKO,
respectively (Fig. 5-10A), and indicates a role for Nur77 in promoting this fate. In terms of
absolute numbers of DN T cells in the spleen, it is Bim deficiency that is associated with an
increase (Fig. 5-13B), similar to what we have seen with SP T cells. As in the thymus, BKO and
DKO mice had an increased frequency of Foxp3™ DN T cells in the spleen compared to WT and
NKO mice (Fig. 5-13C). Both Foxp3" TCRB" DN in the thymus (Fig. 5-12B) and spleen (Fig. 5-
13C) had relatively low expression of Foxp3 compared to CD4" counterparts (Fig. 5-7). While
Foxp3" cells comprised a minority of the splenic DN T cells, we nevertheless found that a
considerable fraction of total DN T cells expressed Helios in all strains (Fig. 5-13D). In contrast,
WT CD4" T cells in the spleen are mostly Helios™ despite having a higher frequency of Foxp3"
cells. Along with the fact that WT and NKO spleens barely have any Foxp3" DN, this suggests
that Helios expression in most DN T cells is uncoupled from Foxp3 expression. We also found
that BKO and DKO mice showed a considerably higher frequency of Helios PD-1" DN T cells

compared to WT or NKO mice (Fig. 5-13D). Though it is presently unclear what this means,
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increased expression of the co-inhibitory molecule PD-1 may reflect an increase in anergic or

regulatory DN T cells in the absence of Bim.
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Figure 5-13. Increase in high affinity signaled DN T cells in the periphery of BKO and
DKO mice. (A) Frequency of DN cells among TCRpB" splenocytes and (B) absolute number of
TCRB" DN splenocytes from each strain. (C) Foxp3 expression among TCRB" DN splenocytes.
Data represents a minimum of 4 mice of each strain from 4 independent experiments. (D) Helios
and PD-1 expression among TCRB" DN splenocytes from each strain (the four plots under the
DN header) and among TCRB" CD4" splenocytes from WT mice as a control. Data represents a
minimum of 8 mice of each strain from 8§ independent experiments, except in the case of DKO

mice representing 2 mice from 2 independent experiments.
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In summary, we explored T cell development in a polyclonal repertoire in this chapter and found
evidence to support the conclusions we made in our TCR transgenic models. For example, the
increase in high affinity TCR-signaled DP and particularly SP thymocytes in Bim-deficient mice
is consistent with the role of Bim in UbA- and TRA-mediated clonal deletion. The increase in
CD4SP and CDSSP thymocytes in BKO and DKO mice could also reflect increased positive
selection, which we saw in TCR transgenic bone marrow chimeras. Analysis of non-TCR
transgenic mice also allowed us to expand our investigation of non-deletional mechanisms of
negative selection. Treg selection, CD4 anergy, and DN diversion all appeared to be promoted in
mice in which clonal deletion was impaired. Since it is mostly Bim deficiency that is associated
with impaired clonal deletion, yet significant increases in these alternative fates were found in
DKO mice compared to BKO mice, we speculate that Nur77 deficiency may be promoting these
fates through other mechanisms. Though selected through high affinity TCR-pMHC interactions,
cells that adopt these alternative fates are supposed to be self-tolerant. Therefore, it is unclear
why DKO mice tended to exhibit a phenotype reminiscent of inflammation despite having a
higher ratio of tolerant to effector T cells. Whether DKO (I) mice show more direct markers of
inflammation and whether this putative inflammation is caused by an increase in self-reactive T

cells are key questions of interest that we are beginning to investigate.

157



CHAPTER 6: DISCUSSION

I. Summary on the roles of Bim and Nur77 in UbA-mediated negative selection

The work presented in this thesis examined thymocyte development, particularly outcomes that
occur following high affinity TCR signaling, in multiple model systems. Though TCR transgenic
mice have been instrumental to understanding antigen-specific negative selection, premature
TCR expression and signaling in some mouse models limits the study of physiological selection
(77, 79). Thus, previous findings in classical HY mice that concluded that Bim is critical for
clonal deletion (141) are more representative of the role of Bim in DN and pre-TCR-signaled DP
thymocytes. Indeed, a body of literature supports Bim as a key mediator of apoptosis during f3-
selection of DN thymocytes and death by neglect in DP thymocytes (137, 265, 266, 271). We

4 model

investigated the role of Bim in UbA-mediated clonal deletion by utilizing the HY
designed to correct for premature TCR expression. Along with in vitro TCR stimulation
experiments, we concluded that Bim is essential for TCR-induced caspase-mediated apoptosis
and is important for TCR-induced CICD in DP thymocytes. However, Bim was ultimately not

required for clonal deletion in the HY**

model. Since publishing this finding (97), another study
using an alternative ‘on-time’ TCR transgenic model has supported the conclusion that Bim is
not necessary for UbA-mediated clonal deletion (272). While Bim was dispensable for clonal

cd4

deletion, we observed that HY** Bim” M mice contained a higher proportion of DP thymocytes

expressing the high affinity TCR-induced protein Helios, as well as higher numbers of T3.70"
DP thymocytes. These data suggest that Bim deficiency did delay clonal deletion in the HY***

model and is consistent with a critical role for Bim in caspase-mediated and caspase-independent

cell death. Nur77 deficiency, on the other hand, was insufficient to impair DP thymocyte
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deletion in vivo and apoptosis in vitro. However, double deficiency in Bim and Nur77 resulted in
a notably increased T3.70" CD8SP population in two of four chimeras. Though this experiment
was limited by a low number of chimeras, such an increase in T3.70" CDS8SP thymocytes was
very rarely observed in HY** Bim™™ M or HY** Nur77”" M mice, suggesting that deficiency in

these two molecules increases the propensity for impaired deletion.

I-a. How are T3.70" thymocytes eliminated in the absence of Bim?

One of the questions that remain concerns the mechanism that ultimately produces a lack of
T3.70" CD8SP thymocytes in HY** Bim”™ M mice. During negative selection in the presence of
Bim, caspase-3 activation marks T3.70" DP thymocytes undergoing deletion in vivo. Activation
of caspase-3 has been demonstrated in other models of negative selection as well (96, 234, 273).
It has been shown that deletion of the caspase-3 gene largely abrogates thymocyte apoptosis
uponanti-CD3 stimulation in vitro, with caspase-7 playing a relatively minor role (99).
Moreover, others have shown that peptide stimulation of TCR transgenic thymocytes results in
caspase-3 activation while the active forms of caspase-6 and caspase-7 were not detected (98).
Though these studies were conducted in various model systems, the literature collectively
indicates that caspase-3 is the predominant executioner caspase that functions during negative
selection. Since we have shown that Bim is required for caspase-3 activation in T3.70"
thymocytes (97), we speculate that the lack of T3.70° CDS8SP thymocytes in HY** Bim”™ M
mice results from a caspase-independent mechanism of clonal deletion. Though it has been
contested, caspase-independent clonal deletion is supported by studies involving deletion of

caspase-3 or transgenic expression of a viral pan-caspase inhibitor on TCR transgenic
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backgrounds (100-102). However, all of these studies are limited by the use of TCR transgenic

models with premature TCR expression.

T3.70° DP thymocytes from HY’* Bim”™ M mice exhibited phosphatidylserine exposure

comparable to HY**

M mice despite abrogation of caspase-3 activation, providing more direct
evidence that clonal deletion is occurring. Caspase-independent phosphatidylserine exposure has
been demonstrated in mature T cells and non-T cell lines (114, 274, 275), but to our knowledge,
our observations in thymocytes undergoing negative selection constitute a novel finding. Though
we do not think that residual caspase-3 activity (which was nearly zero) or other executioner

™ Bim” M DP thymocytes,

caspases were responsible for phosphatidylserine exposure in HY'
we also examined cell death upon plate-bound TCR stimulation in vitro in the presence of the
pan-caspase inhibitor z-VAD-FMK to address this possibility. Consistent with ex vivo
observations, the frequency of AV' DP thymocytes was clearly increased over unstimulated
control even when stimulated in the presence of z-VAD-FMK. In another in vitro model
involving peptide stimulation of TCR transgenic thymocytes in thymic slices, Dzhagalov ef al.
found little increase in caspase-independent phosphatidylserine exposure in DP thymocytes
(273). One factor that may account for the discrepancy is the duration of stimulation. Dzhagalov
et al. examined thymocytes only up to 4 h post-stimulation; in our hands, we did observe clear
induction of phosphatidylserine exposure after 4 h in the presence of z-VAD-FMK, but maximal

death over unstimulated controls occurred after 6 h. Another reason for the lack of AV' DP

thymocytes may be due to phagocytosis in the thymic slice model.
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Mitochondrial dysfunction is a widely cited feature common to both caspase-mediated and
caspase-independent cell death (114, 237, 274), which we also observed during TCR-induced
death in the presence of z-VAD-FMK. For both phosphatidylserine exposure and mitochondrial
dysfunction, Bim deficiency resulted in a more severe impairment than abrogation of caspase
activity. This is consistent with the Bcl-2 family acting as gatekeepers of mitochondrial integrity,
thereby controlling caspase-mediated and caspase-independent cell death. In fact, Bim and other
Bcl-2 proteins are known to interact with components of the mitochondrial permeability
transition pore, thought to be involved in mediating CICD (274, 276). As with
phosphatidylserine exposure, this has not been previously examined in the context of TCR-
induced thymocyte death. We know that the frequency of ex vivo TMRE" T3.70" DP thymocytes

cd4

in HY** Bim™ M mice is at least comparable to HY** M mice, but we chose not to include

these data due to an assay concern that we are working to address definitively.

The signs of cell death that we observed suggest that the ultimate lack of T3.70" CD8SP

““ Bim”™ M mice is in part the result of clonal deletion. An additional

thymocytes in HY
mechanism that could account for the lack of T3.70" CD8SP thymocytes is inhibition of positive
selection. While it is possible that factors necessary for positive selection are only induced by
low affinity TCR signaling, we do not favour this idea since T3.70" DP thymocytes should
encounter both the positively selecting and the negatively selecting ligand in male mice, yet
negative selection is the dominant outcome. T3.70" DP thymocytes removed from male mice
continue to develop into CD8SP thymocytes in vitro, despite already showing signs of co-

receptor downregulation, suggesting that negative selection requires an active program induced

by high affinity TCR signaling (272). For example, it is possible that high affinity TCR signaling
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induces both an active death program as well as a block in positive selection pathways. We
showed that expression of 1d3 and Runx3, both involved in CDS lineage development, is similar

““ Bim” F and M DP thymocytes (97). It remains possible that these or other

between HY
factors are negatively regulated by high affinity TCR signaling by post-transcriptional

mechanisms.

I-b. What other proteins mediate UbA-mediated clonal deletion?

Failure to receive survival and differentiation cues associated with positive selection could result
in DP thymocytes undergoing an inefficient form of cell death — that is to say, a pro-apoptotic
mediator other than Bim may not be necessary for T3.70" thymocytes to be eliminated.
However, Bcl-2 protein expression appears to correlate with TCR signaling strength since both
HY*“ M and HY** Bim”™ M DP thymocytes express higher Bcl-2 than female counterparts.
Overexpression of Bcl-2, as well as of Mcl-1, has been shown to impair clonal deletion in
classical HY mice and promote diversion into post-selection DN fates in polyclonal mice (207,
277, 278). These data suggest that other pro-apoptotic proteins may be important for
counteracting pro-survival Bcl-2 proteins when Bim is deficient. Among the BH3-only proteins
expressed in mice and humans, only additional deficiency in Puma appreciably perturbed the
ratio of DP to SP thymocytes in Bim-deficient polyclonal mice (144). Their data also showed
that Puma and Bim cooperate in TRA-mediated deletion but did not examine antigen-specific
deletion in a UbA-mediated model. The relatively minor role of Puma in thymocyte apoptosis
cd4

compared to Bim could account for the delayed deletion of DP thymocytes we observe in HY

Bim” M mice.
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Nur77 initially stood out as a promising candidate for mediating Bim-independent clonal
deletion since it is upregulated in numerous models of negative selection (81, 125-129), and
along with family member Nor-1, Nur77 has been shown to be important for clonal deletion in
classical TCR transgenic models (172, 178). We were particularly keen on investigating the role

of Nur77 in negative selection in the HY#

model since Nur77 has been implicated in CICD in
other cell types (169-171). Though Nur77 deficiency alone was insufficient to result in impaired
deletion, consistent with older literature (177), results from HY** DKO M chimeras revealed a
contribution of Nur77 to clonal deletion when Bim was additionally absent. This was in part a
thymocyte-intrinsic effect since the frequency of T3.70" CD8SP thymocytes of DKO origin was
higher than those of WT origin in 3 of 4 mixed chimeras. While more repeats are needed to
confirm impaired deletion in DKO chimeras, the unusual and striking increase in T3.70" CD8SP
thymocytes suggests that Nur77 is involved in UbA-mediated clonal deletion, albeit in a minor
role compared to Bim. These results also suggest that Nor-1 did not compensate for the absence
of Nur77, since we know that Nor-1 transcripts are induced in HY** M and HY** Bim”™™ M DP
thymocytes over female counterparts. The conclusion that Nor-1 is redundant for Nur77 is based
on studies in which Nur77 deficiency had no phenotype yet inhibition of Nur77 and Nor-1
impaired clonal deletion (172, 177, 178). An alternative interpretation is that Nur77 deficiency
had no phenotype because Bim, the most prominent mediator of apoptosis in thymocytes, was

still expressed. However, deletion of two relatively minor apoptotic proteins, Nur77 and Nor-1,

could still result in a phenotype — whether functioning redundantly or not.
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I-c. Does Nur77 mediate apoptosis during UbA-mediated clonal deletion?
Our data shows that neither Nur77 nor Nor-1 compensated for Bim deficiency in activating

““ Bim”™ M mice. Furthermore, the ability of

caspase-3 during negative selection in HY
transgenic Nur77 to activate caspase-3 was reduced in the context of TCR signaling. While it is
possible that Nur77 and Nor-1 contribute to caspase-independent clonal deletion, we raise the
possibility that the main role of the NR4A family during UbA-mediated negative selection is not
to mediate apoptosis. Regarding its role as a transcription factor, Nur77-regulated genes known
to be involved in apoptosis are scarce. Fassett et al. reported that Bim induction in DP
thymocytes is partly dependent on Nur77 in the context of MHC class Il-restricted antigen
stimulation in vitro as well as following plate-bound antibody stimulation (160). While Bim is
the most plausible target gene for transcriptional regulation of apoptosis by Nur77 to date,
neither stimulation condition represents MHC class I-restricted UbA-mediated selection in vivo.
In fact, our preliminary data indicates that Bim expression is not impaired in HY*** Nur77"™ M

DP thymocytes compared to DP from HY***

M mice, consistent with unimpaired deletion in the
absence of Nur77. The only other known Nur77-dependent genes implicated in cell death are

those that function via the external apoptosis pathway, which does not play a significant role in

negative selection (87, 159, 229, 279).

In addition to being a transcriptional regulator, TCR signaling reportedly induces nuclear export
of Nur77 to mitochondria, where it converts Bcl-2 into a pro-apoptotic form (163). However, we
found no evidence of Bcl-2 conversion during UbA-mediated negative selection. In DO11.10 T
cell hybridomas, forced nuclear export of Nur77 promotes apoptosis but no interaction with Bcl-

2 was observed (165). Though this does not reflect Nur77 function in the context of TCR
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signaling, it is possible that Nur77 has an extra-nuclear apoptotic function that is independent of
Bcl-2. Even upon PMA and ionomycin stimulation of DO11.10 cells, the majority of Nur77 was
localized in the nucleus, followed by the cytoplasmic fraction, with the mitochondrial fraction
having the least amount of Nur77 (165). In another study using DO11.10 cells, it was found that
TCR-induced Nur77 inhibited dexamethasone-induced apoptosis. Since Nur77 inhibited
activation of the glucocorticoid response element, it was suggested that Nur77 and
glucocorticoid receptor inhibit each other by binding to a shared co-activator (280). This study
provides further evidence that TCR-induced Nur77 at least partly remains in the nucleus and
does not necessarily promote apoptosis. TCR-induced export of Nur77 has been demonstrated in
primary peripheral T cells, although this was argued to be an anti-apoptotic mechanism that does
not occur in DP thymocytes (164). Though we are still working to overcome technical challenges
associated with determining the localization of Nur77, its localization during negative selection

could be argued for and against a role in apoptosis.

A key piece of data that leads us to speculate that Nur77 is minimally involved in UbA-mediated
clonal deletion is the observation that a reduction in transgenic Nur77-mediated apoptosis was
associated with contexts of TCR signaling. As described above, regulation of Nur77 by TCR
signaling is well documented (163-165). Though studies to date have focused on regulation of
Nur77 localization, which may be linked to its function, it is also possible that TCR signaling
pathways directly regulate Nur77 function by modulating its ability to transactivate genes or
interact with other proteins. An alternative interpretation is that transgenic Nur77-mediated
apoptosis was inhibited due to upregulation of anti-apoptotic proteins by TCR signaling. While

we showed that Bcl-2 expression, for example, correlates with TCR signaling strength, we do not
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favour this interpretation because TCR signaling — high affinity at least —should induce both pro-
and anti-apoptotic proteins. Yet caspase-3 activation was disproportionately low compared to
Nur77 expression even in T3.70" DP thymocytes from HY*** M Nur77-FL mice. Induction of
anti-apoptotic proteins remains a possible factor in HY*** F Nur77-FL and OT-I Nur77-FL mice,

as well as in polyclonal CD69" DP thymocytes, which may include positively selected cells.

I-d. Conclusion

Though UbA-mediated clonal deletion of DP thymocytes is delayed by Bim deficiency, antigen-
specific thymocytes are ultimately lacking. Since our data and that of others suggest that Nur77
and Puma have only minor contributions to UbA-mediated deletion, we hypothesize that a block
in positive selection signals by high affinity TCR signaling is a major reason for the ultimate
absence of T3.70" CD8SP thymocytes. Rather than functioning as a major mediator of apoptosis,
the role of Nur77 in this context may involve regulation of TCR signaling. A combination of
delayed DP thymocyte apoptosis and altered TCR signaling may underlie the increase in T3.70"

CD8SP thymocytes in both F and M chimeras containing HY** DKO-derived cells.

I1. Summary of the roles of Bim and Nur77 in TRA-mediated negative selection

In the second chapter of this thesis, we examined the contributions of Bim and Nur77 to TRA-
mediated negative selection, which differed from their roles in UbA-mediated negative selection.
In contrast to its non-essential role in UbA-mediated clonal deletion, Bim deficiency results in
severely impaired clonal deletion in the OT-I and OT-II Rip-mOva models (143, 144, 160).
Furthermore, our data and that of others indicate that Nur77 also plays a greater role in TRA-

mediated deletion compared to UbA-mediated deletion (97, 160). However, the difference in
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importance of Bim vs. Nur77 to clonal deletion in the OT-I and OT-II Rip-mOva models
suggests additional differences in the mechanism of MHC class I vs. MHC class Il-restricted
negative selection. Whereas double deficiency of Bim and Nur77 resulted in an increase in
T3.70" CDSSP thymocytes compared to single knockout mice, the frequency of Va2™ CD8SP
thymocytes in OT-I DKO = Rip-mOva chimeras was not higher than in OT-I BKO - Rip-
mOva chimeras, owing to the total block in clonal deletion caused by Bim deficiency alone.
However, OT-I DKO - Rip-mOva chimeras were the only situation in which diabetes
developed, indicating that both Bim and Nur77 had important contributions to tolerance. In
addition to the modest impairment in clonal deletion in the absence of Nur77, Nur77 deficiency

may have promoted autoimmunity by increasing the function of T cells.

IT-a. Differential contributions to clonal deletion against UbA vs. TRA by Bim and Nur77
Both Bim and Nur77 play larger roles in clonal deletion in the OT-I Rip-mOva model than in the

¥ model, but

HY*" model. Neither Bim nor Nur77 are required for clonal deletion in the HY
Bim deficiency delayed deletion of T3.70" DP thymocytes, and Nur77 deficiency contributed to
the increase in T3.70" CD8SP thymocytes in HY** DKO chimeras. In contrast, Bim deficiency
completely blocked deletion of Va2" CD8SP thymocytes, while Nur77 deficiency was sufficient
to render a modest but significant impairment in deletion compared to OT-I Het/Het = Rip-
mOva controls. One potential difference between the two model systems that could affect the
mechanism of deletion is the affinities of the transgenic TCRs for cognate antigen and
consequently the strength of TCR signaling. Though studies have been performed to determine

the TCR/pMHC affinity of each TCR, the reported K4 values differ considerably from study to

study (22, 23, 281). To our knowledge, no one has directly compared the affinity of the HY TCR
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¥ model, Bim was

and OT-I TCR for cognate antigen in the same study. However, as in the HY
also not required for deletion of OT-I thymocytes when Ova expression was ubiquitously driven
by the actin promoter (143). In terms of TCR affinity for positively selecting or homeostatic
ligands, data suggests that the OT-I TCR is of a higher affinity for self-antigens than the HY
TCR (282). Our data suggested that Bim and Nur77 deficiency had a greater impact on

increasing positive selection efficiency in the HY“

model than the OT-I model. Lower affinity
of the HY TCR for positive selection ligands may mean that Bim or Nur77 deficiency has a

greater effect on altering selection efficiency.

Another factor that may account for the different requirements of UbA- vs. TRA-mediated
deletion is the stage at which the thymocytes encounter cognate antigen — at the DP stage in
HY** M mice and after commitment to the CD8 lineage in OT-I = Rip-mOva mice (64, 72).
Studies have demonstrated that DP thymocytes are more sensitive to apoptosis than SP
thymocytes (254-256). Furthermore, sensitivity to low affinity positively selecting ligands is
decreased as DP thymocytes develop into mature T cells (283, 284). Higher sensitivity of DP
thymocytes to TCR stimulation may mean that deletion can still occur when Bim or Nur77 is

absent, whereas contributions by both molecules may be required for deletion of SP thymocytes.

Lastly, different stromal composition in the thymic cortex and medulla may induce different
TCR signaling pathways during negative selection. While mTECs exclusively express TRAs,
DCs can also cross-present the TRAs. DCs on a whole are more abundant in the medulla than the
cortex, and certain subsets such as CD8a." SIRPa.” resident DCs are preferentially localized in the

medulla (76). Furthermore, clusters of a type of epithelial cells in the medulla called Hassall’s
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corpuscles are thought to activate dendritic cells, which in turn mediate selection of Treg cells
(6). This is one of the reasons why Treg selection is thought to mainly occur in the medulla.
While Hassall’s corpuscles are small and scarce in mice compared to humans, a study has
identified these structures as the expression site of the TRA pro-insulin in murine thymus (285).
In vitro studies have also shown that only CD28 provides costimulation for deletion of DP
thymocytes, whereas CD5 and CD43 can also provide costimulation for deletion of semi-mature
HSA™CD4'CD8" thymocytes (286). This may reflect receptivity to deletion by DCs in the
medulla, which bear a wider array of costimulatory molecules than epithelial cells. Although it is
difficult to reconcile the highly efficient negative selecting environment of the medulla with
stricter molecular requirements for clonal deletion (at least in terms of Bim and Nur77), it is
clear that the environments in which UbA- and TRA-mediated deletion takes place are markedly

different.

I1-b. Different roles for Bim and Nur77 in MHC class I and MHC class II-restricted TRA-
mediated clonal deletion

In addition to different requirements for Bim and Nur77 in clonal deletion against UbA vs. TRA,
our results on MHC class I-restricted TRA-mediated deletion highlight differences from MHC
class Il-restricted deletion. Data from the OT-II Rip-mOva model implies that Bim is restricted
to the Nur77 pathway in antigen-specific thymocytes (160). By contrast, Bim deficiency has a
much greater effect than Nur77 deficiency in the OT-I Rip-mOva model, suggesting that Nur77
would be but one of the regulators of Bim expression. Whether Nur77 even regulates Bim
expression in the context of MHC class [-mediated negative selection is uncertain. The results

presented in Chapter 4 show that baseline and high affinity-induced Bim expression is modestly
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lower in Va2" CD8SP thymocytes from OT-I NKO - Rip-mOva mice compared to OT-I
Het/Het = Rip-mOva mice. However, the fold induction of Bim between OT-I NKO ->Rip-
mOva and OT-I1 NKO =>WT recipients was not different compared to Het/Het control pairs. As
mentioned previously, preliminary data also indicates no impairment in Bim induction in DP
thymocytes from HY** NKO M compared to HY** M mice. Given the redundancy of the DNA
binding domains between NR4A family members (149), it is possible that Nor-1 may be
inducing Bim in these contexts. However, Nur77 deficiency was sufficient to cause reduced Bim
induction in the OT-II Rip-mOva model (160), suggesting some differences in the relationship

between Nur77 and Bim in DP, CD8SP, and CD4SP thymocytes undergoing negative selection.

It has been previously shown that APCs and mTECs were needed to delete OT-II thymocytes,
whereas mTECs could directly delete OT-I thymocytes (72). Professional APCs are thought to
deliver a stronger deletion signal due to their superior array of costimulatory and adhesion
molecules. Yet, Lck binds with higher affinity to the CD4 coreceptor, and the subsequent
stronger TCR signal is thought to underlie commitment to the CD4 lineage (51). However, it is
possible that the OT-II TCR has weaker affinity than the OT-I TCR for cognate antigen,
resulting in a weaker TCR signal despite being CD4-committed. Other possibilities that have
been raised include differences in antigen presentation efficiency (MHC class I/endogenous vs.
MHC class II/exogenous pathways) and stability of the peptide-MHC complexes (72). Therefore,
the outcome of this study may be particular to the TCRs involved. Nevertheless, differences in
TCR signaling, antigen presentation, and gene expression all support the possibility of different

molecular mechanisms used to delete CD4SP vs. CD8SP thymocytes.
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In addition to differential involvement in clonal deletion, the apparent greater role of Nur77 in
the OT-II Rip-mOva model may reflect other roles for Nur77 in CD4SP thymocytes (143, 144,
160). All members of the NR4A family have the ability to transactivate Foxp3 expression (148).
Yet, our data and that of others show that Nur77 single deficiency results in an increased
frequency of Foxp3™ CD4SP thymocytes (160). This not only implies that Nor-1 fulfills the
redundant function of driving Foxp3 expression in thymocytes, but also suggests that Nur77
deficiency promoted Treg selection — perhaps by lowering the requisite TCR signaling threshold.
Since Foxp3™ cells were not gated out of their analysis, the increase in OT-II CD4SP thymocytes
in OT-II NKO Rip-mOva mice could be partly due to increased selection of Treg rather than
Nur77 deficiency impairing deletion (160). In other words, the functions of Nur77 during
negative selection include promoting Treg selection and mediating clonal deletion. It is possible
that Nur77 is involved in both of those mechanisms in CD4SP thymocytes, whereas Nur77 is

more involved in clonal deletion in CD8SP thymocytes.

IT-c. A role for Nur77 in anergy induction and implications for autoimmunity

Neither Bim nor Nur77 single deficiency resulted in the development of diabetes in Rip-mOva
recipients; deletion of both molecules was necessary to produce autoimmunity. Given that Bim
deficiency already causes a near complete block in clonal deletion, it is unlikely that additional
Nur77 deficiency promoted diabetes as a result of a further impairment in thymic deletion.
Rather, we found evidence to suggest that Nur77 plays a role in inducing T cell anergy. All Vo2"
CD8" T cells from Rip-mOva recipients show decreased function compared to WT recipients.
However, Vo2'CD8" T cells from OT-I NKO = Rip-mOva chimeras showed increased CD69

induction and proliferation compared to other Rip-mOva recipients. Nur77 enforced T cell non-
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responsiveness specifically after high affinity antigen encounter since no differences in function
were observed between OT-I NKO - WT mice and other WT recipients. Thus, subsequent
stimulation of OT-I NKO-> Rip-mOva T cells with Ova in vitro resulted in an enhanced
response. Furthermore, Va2" CD8" T cells from OT-I DKO - Rip-mOva chimeras appeared to
have enhanced proliferation compared to T cells from OT-I BKO = Rip-mOva chimeras. We
propose that the combination of blocked thymic deletion due to Bim deficiency and impaired
anergy induction due to Nur77 deficiency is what allowed autoimmune disease to develop.
Clonal deletion in the thymus is imperfect (179), requiring additional mechanisms to control
autoreactive clones that escape deletion. It follows that impairment in more than one tolerance

mechanism would be necessary for autoimmunity to occur.

Though Puma serves a modest but non-redundant role to Bim in TRA-mediated deletion of OT-I
CDS8SP thymocytes (144), Bim and Nur77 deficiency is the only combination known to result in
autoimmune diabetes in this model to date. Adoptive transfer of polyclonal Puma and Bim
double KO T cells into RAG KO recipients resulted in pancreatitis (144). However, since RAG
KO recipients are lymphopenic, it is unclear to what extent this reflects increased T cell numbers
due to lymphopenic proliferation combined with decreased apoptosis rather than an increase in
autoreactive clones in the T cell repertoire. Regardless of increased clonal deletion escapees in
OT-I Puma/Bim double KO Rip-mOva mice, the fact that they did not develop diabetes whereas
OT-I Bim/Nur77 DKO mice did provides further argument that Nur77 deficiency impacted a
non-deletional arm of tolerance. Another interesting contrast to our OT-I results is that OT-II
Bim/Nur77 DKO Rip-mOva chimeras did not develop diabetes (160). One explanation could be

that the Nur77 deficiency also resulted in increased numbers of Treg cells in this MHC class II-
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restricted system. Furthermore, CD8" T cells play a fundamental role in the development of
diabetes (287), and there would be few antigen-specific CD8" T cells in an OT-II system.
Another possible explanation is that Nur77 is important for anergy induction in CD8" T cells but
not CD4" T cells. Indeed, our data from polyclonal mice shows that Nur77 deficiency resulted in

higher frequencies of anergic phenotype CD4" T cells.

II-d. Conclusion

The requirement for Bim or Nur77 during negative selection, and the relationship between the
two molecules, is different between DP, CD8SP, and CD4SP thymocytes. The different
molecular mechanisms likely reflect differences in both thymocytes and their environment. As in
the HY** chimeras, the combined deletion of Bim and Nur77 resulted in an increased frequency
of antigen-specific CD8SP thymocytes compared to single deficiency in Bim or Nur77. In the
case of positive selection, the effect of combined Bim and Nur77 deficiency was not as

cd4

pronounced as in the HY™™" model. For negative selection, combined Bim and Nur77 deficiency

resulted in a similar or more severe impairment than in the HY*"

model. The impairment in
negative selection in OT-I DKO - Rip-mOva chimeras includes a complete block in clonal
deletion, and perhaps defective anergy induction as well. It is currently not clear whether the
impaired anergy induction stems from thymic negative selection or peripheral cognate antigen
encounter. However, impairment in two mechanisms of tolerance is likely to account for the high

incidence of autoimmune diabetes among OT-I DKO = Rip-mOva chimeras. These data provide

further evidence of novel roles for Nur77 in T cells aside from mediating apoptosis.
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ITI. Summary of the roles of Bim and Nur77 in a polyclonal T cell repertoire

In the third chapter of this thesis, we investigated the effects of Bim and/or Nur77 deficiency on
T cell development in a polyclonal repertoire. One of the strongest phenotypes associated with
Bim deficiency in BKO and DKO mice was an increase in the proportion of CD4SP and CD8SP
thymocytes. By using the high affinity TCR signaling markers Helios and PD-1, we were able to
conclude that at least part of the increase was due to impaired clonal deletion. Given our results
with BKO and DKO chimeras in HY*** F and OT-I &> WT models, it is likely that part of the
increased frequency of SP thymocytes in polyclonal mice is due to enhanced positive selection as
well. In addition, Bim deficiency resulted in an accumulation of Helios PD-1" DP thymocytes,

¥ model. In the

supporting the conclusion of delayed UbA-mediated deletion made in the HY'
periphery, homeostatic mechanisms largely evened out the proportion of CD4" and CD8" T cells
to a distribution similar to WT mice. However, BKO and DKO mice exhibited notable increases
in absolute T cell numbers compared to WT mice, reflecting the major role of Bim in T cell
apoptosis. Despite both BKO and DKO mice having higher T cell numbers, only combined
deficiency of Bim and Nur77 resulted in frequent occurrence of a phenotype suggestive of
inflammation. This is reminiscent of diabetes development in OT-I DKO - Rip-mOva
chimeras, though we have not yet examined polyclonal DKO mice for autoimmune pathology.
Curiously, DKO mice — even the ones with the putative inflammation phenotype — showed
significant increases in subsets thought to be anergic or suppressive such as Foxp3" CD4' Treg,

FR4"CD73" CD4" T cells, and DN T cells. Though indicative of diversion to alternative fates in

the face of impaired clonal deletion, it remains unclear how autoimmunity may still occur.

174



I1I-a. Autoimmunity in the absence of Bim and Nur77

Currently, our supposition of an increased propensity for DKO mice to develop inflammation is
based on a severe reduction in DP thymocytes. Preliminary analysis of sera from the various
polyclonal strains suggests that IL-6 and TNFa are elevated in BKO and DKO mice. However,
more work is required to conclude whether any cytokines are elevated in DKO mice with the
putative inflammatory phenotype compared to ‘normal’ DKO mice. The HY*** WT + HY**
DKO - M mixed bone marrow chimeras revealed that the increase in antigen-specific
thymocytes was not only a result of impaired clonal deletion, but also due to thymocyte-extrinsic
factors caused by Bim and Nur77 deficiency. This is evidenced by the observation that T3.70"

4 .
44 M mice.

CD8SP thymocytes of HY* WT origin were also increased compared to intact HY
Factors other than impaired clonal deletion may contribute to the inflammation in polyclonal
DKO mice and autoimmunity in OT-I DKO = Rip-mOva chimeras as well. One extrinsic factor
may be an enhanced inflammatory macrophage phenotype, as this has been linked to Nur77
deficiency, resulting in exacerbation of atherosclerosis in mouse models (152-154). Increased
production of IL-6 and/or TNFa by Nur77-deficient macrophages was reported in some studies
but not in all. In the future, chimeras will be generated using a bone marrow mix derived mostly
from a WT donor with a minor contribution by a DKO donor in order to determine whether
autoimmunity still arises when the majority of hematopoietic cells are WT. Non-hematopoietic
cells may also be a significant producer of inflammatory cytokines in polyclonal DKO mice,

while this is unlikely in OT-I DKO - Rip-mOva chimeras since the recipients are still capable

of Bim and Nur77 expression.
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Another factor that may contribute to heightened inflammation in polyclonal DKO mice is an
increase in Tth cells. Accumulation of Tth cells has been linked to excessive B cell activation
and autoimmunity (260-262). Preliminary data suggests that DKO mice have an increased
frequency of CXCR5'PD-1" CD4" T cells in the spleen compared to other strains. We are
working on confirming this observation by examining expression of the Tth-lineage specific

transcription factor Bcl-6 (288).

While combined deficiency in Bim and Nur77 resulted in a high incidence of diabetes in the OT-
I Rip-mOva model and putative inflammation in polyclonal mice, we did not observe any signs
of autoimmunity in HY*** WT + HY** DKO - M chimeras. HY TCR transgenic CD8" T cells
have long been known to exhibit poor proliferation, IFNy production, and cytolytic activity in
response to antigen (289-291). Nevertheless, antigen-specific T cells appear to expand in the

““ M mice since the frequency of T3.70° CD8" splenocytes is higher than the

periphery of HY
frequency T3.70" CD8SP thymocytes in male mice or in the periphery of HY* F mice (97).
Though some of this expansion may be due to less competition because of clonal deletion of

¥ mice contain a substantial

T3.70" thymocytes (i.e. not antigen-driven proliferation), HY
fraction (~30%) of non-HY TCR-transgenic thymocytes, which expand to make up the majority

of peripheral T cells. Furthermore, Vo2" CD8" T cells from OT-I DKO = Rip-mOva chimeras

a4 .
““ M mice

also exhibited poor proliferation and IFNy production. Both T3.70" CD8" from HY
and Vo2 CD8" T cells from Rip-mOva recipients showed downregulation of CD8 compared to
non-cognate antigen expressing controls, consistent with poor function. One reason why there

may not have been inflammation in the HY*™* WT + HY** DKO - M chimeras is because,

unlike OT-I DKO > Rip-mOva chimeras and polyclonal DKO mice, the HY*** mixed bone
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marrow chimeras contained both TCR transgenic WT T cells as well as B6 T cells. As discussed
earlier, we speculate that Nur77 is important for anergy induction in CD8" T cells. Thus, the
admixture of T3.70" WT and B6 T cells considerably decreases the amount of T3.70" DKO T
cells, which may otherwise be hyper-responsive and capable of mediating autoimmunity.
Secondly, the presence of B6 T cells means that these mixed bone marrow chimeras contain
more Foxp3” CD4" Treg than the full OT-I bone marrow chimeras. However, polyclonal DKO
mice also contain a high ratio of Treg (as well as anergic phenotype T cells) to effector T cells.
In the absence of any functional assays, we cannot conclude that the increased populations of
Treg or FR4"CD73" CD4" T cells in polyclonal DKO mice are fully suppressive or anergic. For
example, Treg have been shown to acquire IFNy and IL-17 production in an inflammatory

milieu, though others argue that their suppressive function remains intact (292).

III-b. Potential role for Nur77 in modulating TCR signaling and implications for
thymocyte development

As mentioned in the previous section, data from the OT-I Rip-mOva model suggests that Nur77
plays a role in the induction of anergy in CD8" T cells. We do not know whether this occurs
during high affinity antigen encounter in the thymus and/or periphery. Given the modest role of
Nur77 in TRA-mediated deletion of CD8SP thymocytes, it is tempting to speculate that
induction of Nur77 during thymic selection may serve additional functions like promoting
anergy. Egr2 is a transcription factor thought to be important in anergy induction (218, 219).
While we did not find any differences in Egr2 expression between Va2" CD8SP thymocytes or
CD8" T cells from OT-I Het/Het and OT-I NKO - Rip-mOva mice, Nur77 may regulate

expression of other anergy factors such as the related Egr3.Furthermore, the role of Nur77 in
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anergy is complicated by potentially opposing effects of Nur77 deficiency in CDS" vs. CD4" T
cells. Whereas Va2" CD8" T cells from OT-I NKO - Rip-mOva mice have increased function
compared to OT-I Het/Het = Rip-mOva, polyclonal NKO mice have an increased population of
anergic phenotype CD4SP thymocytes and CD4" T cells. Though one observation concerns
function and the other development of anergic T cells, as well as involving different model
systems, different requirements for anergy induction in CD4" vs. CD8" T cells has been

suggested (293, 294).

The most notable difference between OT-I Het/Het and OT-I NKO - Rip-mOva chimeras was a
tendency for Va2" CDSSP thymocytes to be divided into distinct TCR-signaled (Helios, PD-1,
Bim, CD44) and unsignaled populations in OT-I Het/Het = Rip-mOva mice. It is unclear if or
how this observation would reflect anergy induction. A more direct explanation would be a role
for Nur77 in modulating the synchronicity of TCR signaling. Differences in high affinity-
induced TCR signaling involving Helios and CD69 were also observed in DP thymocytes from
HY** NKO M mice compared to HY** M mice. Though the altered phenotypes associated with
Nur77 deficiency were different between the HY*** and OT-I models, together these data support

a role for Nur77 in modulating TCR signaling.

In addition to anergy, which results from high affinity antigen encounter, the putative altered
TCR signaling due to Nur77 deficiency may also underlie enhanced positive selection in HY“
DKO F and OT-I DKO - WT chimeras. Increased positive selection efficiency is likely to
account for a considerable part of the increase in CD4SP and CD8SP thymocytes in polyclonal

DKO mice as well. One finding that was observed in multiple settings is an increase in CD24"
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SP thymocytes in the absence of Bim and/or Nur77. In the OT-I > WT chimeras, there was a
dramatic increase in the proportion of Vo2" CD24""*!° CD8SP thymocytes in recipients of DKO
bone marrow compared to other recipients. This is reminiscent of the marked increase in
CD24""*% CD4SP and CD8SP thymocytes in polyclonal DKO mice. Though some of this
increase may be attributed to recirculating peripheral T cells, the majority of CD24" SP
thymocytes did not express CD44. Our data suggests that CD44 is upregulated during the course
of thymocyte maturation, though to lower levels than on high affinity signaled thymocytes or
activated T cells. We did observe an increase in CD44™ CD24"™' CD4SP thymocytes in
polyclonal DKO mice, suggesting that increased retention in the thymus is a large factor. A third
explanation for the increase in mature SP thymocytes may involve an altered TCR signaling
threshold that promotes thymocyte selection and maturation. Next to DKO mice, HY*** BKO F,
OT-I BKO > WT, and polyclonal BKO mice exhibited the greatest increases in positive
selection and thymocyte maturation, demonstrating a major role for Bim deficiency in these
processes. However, the strongest phenotype always occurred in DKO mice, indicating a role for
Nur77 as well. While Nur77 deficiency may promote thymocyte survival like Bim deficiency,
based on the limited role of Nur77 in clonal deletion, we favour a role for Nur77 in modulating
TCR signaling. This could be achieved through direct interactions between Nur77 and proteins

involved in TCR proximal signaling or as a result of Nur77-induced transcriptional changes.

In both positive and negative selection models, we found evidence of altered TCR signaling
associated with Nur77 deficiency. Furthermore, in polyclonal DKO mice, we observed dramatic
increases in the frequencies of Treg and anergic phenotype CD4SP and CD4" T cells compared

to other genotypes. One of the greatest topics of interest in the field is how agonist selection is
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distinguished from clonal deletion, since both fates result from encounter with higher affinity
antigen than positive selection. Although Treg are anergic and suppressive, constituting a critical
arm of self-tolerance like clonal deletion, one fate results in a survival and differentiation
program and the other in death. In accordance with other studies (20, 160), we found that Bim or
Nur77 deficiency promoted increased Treg selection, as well as generation of anergic phenotype
CDA4SP thymocytes. Bim plays a large role in clonal deletion of CD4SP thymocytes (144), so
loss of this important apoptotic mediator may prevent clonal deletion and divert autoreactive
clones to regulatory and anergic fates. Nur77 deficiency may act in the same way, but again, our
data did not show a large role for Nur77 in deletion. The NR4A family has been shown to drive
Foxp3 expression (148), yet Nur77 single deficiency results in increased Treg selection. This
apparent contradiction could be reconciled if Nur77 deficiency lowers the TCR signaling
threshold to allow more thymocytes to undergo agonist selection while Nor-1 drives Foxp3
expression. Bim deficiency was already sufficient to cause increased T cell numbers in the
thymus and spleen, with no further increase observed in DKO mice, implying that Nur77
deficiency had little additional affect in promoting T cell survival. However, polyclonal DKO
mice exhibited a dramatically increased frequency of Treg cells compared to BKO mice,
supporting the theory that Nur77 deficiency promoted their selection by a mechanism unrelated

to apoptosis.

I1I-c. Clonal diversion to DN T cells
In addition to clonal deletion, anergy induction, receptor editing, and Treg selection, recent data
demonstrate that clonal diversion into DN thymocytes is another fate of autoreactive thymocytes

(207). Post-selection apTCR" CD5™ DN thymocytes are thought to be precursors for CD8owr”
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¥ mice, which

IELs, which have been proposed to maintain self-tolerance in the gut (295). HY
by design have a greatly reduced T3.70" DN population compared to classical HY mice, also
exhibit reduced development of CD8cwo.” IELs (77). In addition to CD8awo.” IEL precursors, DN
T cells have been shown to possess regulatory roles in other contexts (209). In the thymus of
HY** Bim” M mice, we did not observe much increase in T3.70" DN thymocytes compared to
HY*“ M mice. Though the T3.70" DN population is considerably larger in the periphery of
HY** Bim”™ M compared to HY* M mice (97), this is unlikely to indicate increased clonal
diversion during thymic selection because there is little difference in the frequency of T3.70" DN

¥ model when Bim

thymocytes between the two strains. Since clonal deletion is intact in the HY
is absent, most antigen-specific thymocytes are likely deleted rather than become

developmentally diverted.

Overall, the frequency of Va2" DN thymocytes was not consistently increased in any particular
OT-I chimera. They are unlikely to result from high affinity TCR-mediated selection since they
have also been found to occur in WT recipients. Furthermore, if they were representative of
clonal diversion in lieu of clonal deletion, we would expect OT-I BKO = Rip-mOva and OT-I
DKO -> Rip-mOva chimeras to preferentially contain an increased frequency of Va2" DN
thymocytes, yet we commonly observe this in OT-I NKO - Rip-mOva chimeras as well. At

present, we are unsure what an increase in Va2 DN thymocytes may signify.

In contrast to the TCR transgenic models, we consistently observed an elevated frequency of
TCRB" DN thymocytes from polyclonal BKO and DKO mice compared to WT or NKO mice.

Furthermore, the TCRB" DN thymocytes that were Helios" had a high level of Helios expression
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comparable to SP thymocytes, indicative of post-high affinity TCR signaling. In the spleen,
many TCRB" DN cells maintained a level of Helios expression comparable to splenic TCRB"
CD4" cells, though Helios expression was lower than on DN thymocytes. This could mean that
the splenic DN population was derived from the thymic DN population. Alternatively, TCR
stimulation in the periphery may have induced Helios expression. Bone marrow transplantation
into thymectomized or sham-thymectomized mice reveals that DN T cells arise from both a
thymic-dependent and independent pathway (296). Extrathymic DN T cells can be derived from
downregulation of CD4 or CD8 co-receptor (296, 297). There was a modest but significant
decrease in the frequency of TCRB™ CD4" splenocytes in polyclonal BKO mice compared to
WT. This was also true in polyclonal DKO mice, except the decrease in the frequency of the
CD4" subset was not as large as in BKO mice. We do not know whether TCRB" DN splenocytes
preferentially originate from CD4" T cells in the absence of Bim; this correlation could also
reflect competition between the two T cell subsets for a similar niche. For example, in polyclonal
BKO and DKO mice, only the CD4" and DN T cell subsets contained an appreciable Foxp3"
population, and these Foxp3" populations may compete for the same niche. However, the role of
Foxp3 in regulatory DN T cell function remains unclear. One study reported that Foxp3” CD4" T
cells lost Foxp3 expression when they converted into regulatory DN T cells (297). We observed
that the level of Foxp3 expressed by splenic TCRB™ Foxp3”™ DN cells was lower than that in
splenic TCRB" Foxp3™ CD4" cells. We do not know whether this reflects a population that is
downregulating Foxp3, nor whether a stable low level of Foxp3 expression is sufficient to confer
suppressive functions. Most WT Foxp3™ DN thymocytes are TCRB (270), suggesting that they
are not of a post-TCR-mediated selection stage. In contrast, most Foxp3™ DN thymocytes in

BKO and DKO mice are TCRp", supporting the occurrence of increased clonal diversion when
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clonal deletion is impaired. An important distinction between BKO and DKO mice is that a
much larger proportion of DN thymocytes in polyclonal BKO mice are post-selection; most DN
thymocytes from DKO mice were TCRP™ Helios” PD-1". This suggests that the absence of Nur77
inhibits certain fates from being adopted and/or promotes the adoption of other fates. These data
add to the evidence arguing that Nur77 plays a role in thymocyte development apart from clonal
deletion. Preliminary data argues against NKT cells as a large contributor to the TCRB" DN
thymocytes or splenocytes, and the frequency of NK1.1” TCRB" DN cells was not different
between any of the strains. Rather, the post-selection DN thymocytes may include CD8oo IEL
precursors or other regulatory DN cells. We intend on performing functional assays in the future

to characterize these possibilities.

III-d. Conclusion

The results of this chapter extend the conclusions made from TCR transgenic models to selection
in a polyclonal TCR repertoire (Fig. 6-1). Bim is an important contributor to clonal deletion
among all thymocyte subsets, while the contribution of Nur77 is little, if any. In terms of clonal
deletion efficiency, as assessed by accumulation of high affinity-signaled thymocytes, polyclonal
DKO mice exhibited no appreciable difference compared to polyclonal BKO mice. Instead, the
impact of Nur77 deficiency was apparent in positive selection, Treg selection, and generation of
anergic CD4" T cells. Development of these fates may be promoted by Nur77 deficiency at the
expense of clonal diversion to DN thymocytes, since polyclonal DKO mice had less high
affinity-signaled DN compared to polyclonal BKO mice. These findings again highlight

previously unappreciated roles for Nur77 in T cell tolerance.
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Figure 6-1. Effects of Bim and/or Nur77 deficiency on different fates following high affinity
TCR-mediated selection. UbA-mediated clonal deletion of DP thymocytes requires neither Bim
nor Nur77, but both may contribute in different ways. Following positive selection and
development into CD4SP or CD8SP thymocytes, TRA-mediated clonal deletion can occur; the
impact of Bim or Nur77 deficiency differs between the two subsets. When clonal deletion is
inhibited, other tolerance mechanisms become more prominent. For Treg selection and
generation of anergic CD4SP thymocytes, Bim and Nur77 deficiencies have a synergistic effect.
For clonal diversion to DN thymocytes (* = inferred from DKO, not directly observed in NKO)
and anergy induction in CDS8" T cells, Bim and Nur77 may play opposing roles. Grey arrow,
TCR-independent development; green arrow, low affinity TCR signal; red arrow, high affinity
TCR signal; black up arrow, increase observed with gene deficiency; black down arrow,

decrease observed with gene deficiency; no symbol, abrogation.
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CLOSING REMARKS

The data presented in this thesis challenges traditional roles ascribed to Bim and Nur77 in T cell
development and biology. Though Bim is an important mediator of clonal deletion in multiple
settings, it is not always required for the elimination of autoreactive thymocytes. While Nur77
has historically been considered an apoptotic protein, it contributes little to clonal deletion in
some settings, and recent studies expand its role in T cells beyond a matter of life and death.
Through our findings on Bim and Nur77, we have increased our understanding of several
mechanisms used to maintain self-tolerance — namely clonal deletion, clonal diversion, and
anergy. It is the breaking of more than one tolerance mechanism that leads to autoimmunity,

highlighting the complex nature of these diseases.

185



REFERENCES CITED

Pancer, Z., and M. D. Cooper. 2006. The evolution of adaptive immunity. Annu Rev
Immunol 24: 497-518.

Diefenbach, A., M. Colonna, and S. Koyasu. 2014. Development, differentiation, and
diversity of innate lymphoid cells. Immunity 41: 354-365.

Casrouge, A., E. Beaudoing, S. Dalle, C. Pannetier, J. Kanellopoulos, and P. Kourilsky.
2000. Size estimate of the alpha beta TCR repertoire of naive mouse splenocytes. J
Immunol 164: 5782-5787.

Petrie, H. T., and P. W. Kincade. 2005. Many roads, one destination for T cell
progenitors. J Exp Med 202: 11-13.

Luc, S., T. C. Luis, H. Boukarabila, I. C. Macaulay, N. Buza-Vidas, T. Bouriez-Jones, M.
Lutteropp, P. S. Woll, S. J. Loughran, A. J. Mead, A. Hultquist, J. Brown, T. Mizukami,
S. Matsuoka, H. Ferry, K. Anderson, S. Duarte, D. Atkinson, S. Soneji, A. Domanski, A.
Farley, A. Sanjuan-Pla, C. Carella, R. Patient, M. de Bruijn, T. Enver, C. Nerlov, C.
Blackburn, 1. Godin, and S. E. Jacobsen. 2012. The earliest thymic T cell progenitors
sustain B cell and myeloid lineage potential. Nat Immunol 13: 412-419.

Takahama, Y. 2006. Journey through the thymus: stromal guides for T-cell development
and selection. Nat Rev Immunol 6: 127-135.

Rossi, F. M., S. Y. Corbel, J. S. Merzaban, D. A. Carlow, K. Gossens, J. Duenas, L. So,
L. Yi, and H. J. Ziltener. 2005. Recruitment of adult thymic progenitors is regulated by P-

selectin and its ligand PSGL-1. Nat Immunol 6: 626-634.

186



10.

11.

12.

13.

14.

Radtke, F., A. Wilson, G. Stark, M. Bauer, J. van Meerwijk, H. R. MacDonald, and M.
Aguet. 1999. Deficient T cell fate specification in mice with an induced inactivation of
Notchl. Immunity 10: 547-558.

Heinzel, K., C. Benz, V. C. Martins, I. D. Haidl, and C. C. Bleul. 2007. Bone marrow-
derived hemopoietic precursors commit to the T cell lineage only after arrival in the
thymic microenvironment. J Immunol 178: 858-868.

Peschon, J. J., P. J. Morrissey, K. H. Grabstein, F. J. Ramsdell, E. Maraskovsky, B. C.
Gliniak, L. S. Park, S. F. Ziegler, D. E. Williams, C. B. Ware, J. D. Meyer, and B. L.
Davison. 1994. Early lymphocyte expansion is severely impaired in interleukin 7
receptor-deficient mice. J Exp Med 180: 1955-1960.

Ribeiro, A. R., P. M. Rodrigues, C. Meireles, J. P. Di Santo, and N. L. Alves. 2013.
Thymocyte selection regulates the homeostasis of IL-7-expressing thymic cortical
epithelial cells in vivo. J Immunol 191: 1200-1209.

Capone, M., R. D. Hockett, Jr., and A. Zlotnik. 1998. Kinetics of T cell receptor beta,
gamma, and delta rearrangements during adult thymic development: T cell receptor
rearrangements are present in CD44(+)CD25(+) Pro-T thymocytes. Proceedings of the
National Academy of Sciences of the United States of America 95: 12522-12527.

Livak, F., M. Tourigny, D. G. Schatz, and H. T. Petrie. 1999. Characterization of TCR
gene rearrangements during adult murine T cell development. J Immunol 162: 2575-
2580.

Saint-Ruf, C., K. Ungewiss, M. Groettrup, L. Bruno, H. J. Fehling, and H. von Boehmer.
1994. Analysis and expression of a cloned pre-T cell receptor gene. Science 266: 1208-

1212.

187



15.

16.

17.

18.

19.

20.

21.

Dudley, E. C., H. T. Petrie, L. M. Shah, M. J. Owen, and A. C. Hayday. 1994. T cell
receptor beta chain gene rearrangement and selection during thymocyte development in
adult mice. Immunity 1: 83-93.

Hernandez-Munain, C., B. P. Sleckman, and M. S. Krangel. 1999. A developmental
switch from TCR delta enhancer to TCR alpha enhancer function during thymocyte
maturation. Immunity 10: 723-733.

Egerton, M., R. Scollay, and K. Shortman. 1990. Kinetics of mature T-cell development
in the thymus. Proceedings of the National Academy of Sciences of the United States of
America 87: 2579-2582.

Surh, C. D., and J. Sprent. 1994. T-cell apoptosis detected in situ during positive and
negative selection in the thymus. Nature 372: 100-103.

Daley, S. R., D. Y. Hu, and C. C. Goodnow. 2013. Helios marks strongly autoreactive
CD4+ T cells in two major waves of thymic deletion distinguished by induction of PD-1
or NF-kappaB. J Exp Med 210: 269-285.

Stritesky, G. L., Y. Xing, J. R. Erickson, L. A. Kalekar, X. Wang, D. L. Mueller, S. C.
Jameson, and K. A. Hogquist. 2013. Murine thymic selection quantified using a unique
method to capture deleted T cells. Proceedings of the National Academy of Sciences of
the United States of America 110: 4679-4684.

Hogquist, K. A., S. C. Jameson, W. R. Heath, J. L. Howard, M. J. Bevan, and F. R.
Carbone. 1994. T cell receptor antagonist peptides induce positive selection. Cell/ 76: 17-

27.

188



22.

23.

24.

25.

26.

27.

28.

Alam, S. M., P. J. Travers, J. L. Wung, W. Nasholds, S. Redpath, S. C. Jameson, and N.
R. Gascoigne. 1996. T-cell-receptor affinity and thymocyte positive selection. Nature
381: 616-620.

Daniels, M. A., E. Teixeiro, J. Gill, B. Hausmann, D. Roubaty, K. Holmberg, G. Werlen,
G. A. Hollander, N. R. Gascoigne, and E. Palmer. 2006. Thymic selection threshold
defined by compartmentalization of Ras/MAPK signalling. Nature 444: 724-729.

Staton, T. L., V. Lazarevic, D. C. Jones, A. J. Lanser, T. Takagi, S. Ishii, and L. H.
Glimcher. 2011. Dampening of death pathways by schnurri-2 is essential for T-cell
development. Nature 472: 105-109.

Fu, G., S. Vallee, V. Rybakin, M. V. McGuire, J. Ampudia, C. Brockmeyer, M. Salek, P.
R. Fallen, J. A. Hoerter, A. Munshi, Y. H. Huang, J. Hu, H. S. Fox, K. Sauer, O. Acuto,
and N. R. Gascoigne. 2009. Themis controls thymocyte selection through regulation of T
cell antigen receptor-mediated signaling. Nat Immunol 10: 848-856.

Johnson, A. L., L. Aravind, N. Shulzhenko, A. Morgun, S. Y. Choi, T. L. Crockford, T.
Lambe, H. Domaschenz, E. M. Kucharska, L. Zheng, C. G. Vinuesa, M. J. Lenardo, C. C.
Goodnow, R. J. Cornall, and R. H. Schwartz. 2009. Themis is a member of a new
metazoan gene family and is required for the completion of thymocyte positive selection.
Nat Immunol 10: 831-839.

Lesourne, R., S. Uehara, J. Lee, K. D. Song, L. Li, J. Pinkhasov, Y. Zhang, N. P. Weng,
K. F. Wildt, L. Wang, R. Bosselut, and P. E. Love. 2009. Themis, a T cell-specific
protein important for late thymocyte development. Nat Immunol 10: 840-847.

Palacios, E. H., and A. Weiss. 2004. Function of the Src-family kinases, Lck and Fyn, in

T-cell development and activation. Oncogene 23: 7990-8000.

189



29.

30.

31.

32.

33.

34.

35.

36.

Wange, R. L. 2000. LAT, the linker for activation of T cells: a bridge between T cell-
specific and general signaling pathways. Science's STKE : signal transduction knowledge
environment 2000: rel.

Rincon, M., A. Whitmarsh, D. D. Yang, L. Weiss, B. Derijard, P. Jayaraj, R. J. Davis,
and R. A. Flavell. 1998. The JNK pathway regulates the In vivo deletion of immature
CDA4(+)CDS8(+) thymocytes. The Journal of experimental medicine 188: 1817-1830.
Sugawara, T., T. Moriguchi, E. Nishida, and Y. Takahama. 1998. Differential roles of
ERK and p38 MAP kinase pathways in positive and negative selection of T lymphocytes.
Immunity 9: 565-574.

Sohn, S. J., G. M. Lewis, and A. Winoto. 2008. Non-redundant function of the MEKS5-
ERKS5 pathway in thymocyte apoptosis. The EMBO journal 27: 1896-1906.

Alberola-Ila, J., K. A. Forbush, R. Seger, E. G. Krebs, and R. M. Perlmutter. 1995.
Selective requirement for MAP kinase activation in thymocyte differentiation. Nature
373: 620-623.

Alberola-Ila, J., K. A. Hogquist, K. A. Swan, M. J. Bevan, and R. M. Perlmutter. 1996.
Positive and negative selection invoke distinct signaling pathways. The Journal of
experimental medicine 184: 9-18.

Pages, G., S. Guerin, D. Grall, F. Bonino, A. Smith, F. Anjuere, P. Auberger, and J.
Pouyssegur. 1999. Defective thymocyte maturation in p44 MAP kinase (Erk 1) knockout
mice. Science 286: 1374-1377.

Gong, Q., A. M. Cheng, A. M. Akk, J. Alberola-Ila, G. Gong, T. Pawson, and A. C.
Chan. 2001. Disruption of T cell signaling networks and development by Grb2 haploid

insufficiency. Nat Immunol 2: 29-36.

190



37.

38.

39.

40.

41.

42.

43.

Ebinu, J. O., S. L. Stang, C. Teixeira, D. A. Bottorff, J. Hooton, P. M. Blumberg, M.
Barry, R. C. Bleakley, H. L. Ostergaard, and J. C. Stone. 2000. RasGRP links T-cell
receptor signaling to Ras. Blood 95: 3199-3203.

Dower, N. A., S. L. Stang, D. A. Bottorff, J. O. Ebinu, P. Dickie, H. L. Ostergaard, and J.
C. Stone. 2000. RasGRP is essential for mouse thymocyte differentiation and TCR
signaling. Nat Immunol 1: 317-321.

Jang, 1. K., J. Zhang, Y. J. Chiang, H. K. Kole, D. G. Cronshaw, Y. Zou, and H. Gu.
2010. Grb2 functions at the top of the T-cell antigen receptor-induced tyrosine kinase
cascade to control thymic selection. Proceedings of the National Academy of Sciences of
the United States of America 107: 10620-10625.

Patrick, M. S., H. Oda, K. Hayakawa, Y. Sato, K. Eshima, T. Kirikae, S. Iemura, M.
Shirai, T. Abe, T. Natsume, T. Sasazuki, and H. Suzuki. 2009. Gasp, a Grb2-associating
protein, is critical for positive selection of thymocytes. Proceedings of the National
Academy of Sciences of the United States of America 106: 16345-16350.

McNeil, L. K., T. K. Starr, and K. A. Hogquist. 2005. A requirement for sustained ERK
signaling during thymocyte positive selection in vivo. Proceedings of the National
Academy of Sciences of the United States of America 102: 13574-13579.

Roose, J. P., M. Mollenauer, M. Ho, T. Kurosaki, and A. Weiss. 2007. Unusual interplay
of two types of Ras activators, RasGRP and SOS, establishes sensitive and robust Ras
activation in lymphocytes. Molecular and cellular biology 27: 2732-2745.

McCarty, N., S. Paust, K. Ikizawa, 1. Dan, X. Li, and H. Cantor. 2005. Signaling by the
kinase MINK is essential in the negative selection of autoreactive thymocytes. Nature

immunology 6: 65-72.

191



44,

45.

46.

47.

48.

49.

50.

51.

52.

Dzhagalov, 1., A. Dunkle, and Y. W. He. 2008. The anti-apoptotic Bcl-2 family member
Mcl-1 promotes T lymphocyte survival at multiple stages. J Immunol 181: 521-528.
Dunkle, A., I. Dzhagalov, and Y. W. He. 2010. Mcl-1 promotes survival of thymocytes
by inhibition of Bak in a pathway separate from Bcl-2. Cell death and differentiation 17:
994-1002.

Wojciechowski, S., P. Tripathi, T. Bourdeau, L. Acero, H. L. Grimes, J. D. Katz, F. D.
Finkelman, and D. A. Hildeman. 2007. Bim/Bcl-2 balance is critical for maintaining
naive and memory T cell homeostasis. The Journal of experimental medicine 204: 1665-
1675.

Linette, G. P., M. J. Grusby, S. M. Hedrick, T. H. Hansen, L. H. Glimcher, and S. J.
Korsmeyer. 1994. Bcl-2 is upregulated at the CD4+ CD8+ stage during positive selection
and promotes thymocyte differentiation at several control points. Immunity 1: 197-205.
Williams, O., T. Norton, M. Halligey, D. Kioussis, and H. J. Brady. 1998. The action of
Bax and bcl-2 on T cell selection. The Journal of experimental medicine 188: 1125-1133.
Ueno, T., F. Saito, D. H. Gray, S. Kuse, K. Hieshima, H. Nakano, T. Kakiuchi, M. Lipp,
R. L. Boyd, and Y. Takahama. 2004. CCR7 signals are essential for cortex-medulla
migration of developing thymocytes. J Exp Med 200: 493-505.

Ravichandran, K. S., and S. J. Burakoff. 1994. Evidence for differential intracellular
signaling via CD4 and CD8 molecules. J Exp Med 179: 727-732.

Hernandez-Hoyos, G., S. J. Sohn, E. V. Rothenberg, and J. Alberola-Ila. 2000. Lck
activity controls CD4/CD8 T cell lineage commitment. /mmunity 12: 313-322.

He, X., K. Park, and D. J. Kappes. 2010. The role of ThPOK in control of CD4/CD8

lineage commitment. Annu Rev Immunol 28: 295-320.

192



53.

54.

55.

56.

57.

58.

59.

Capone, M., P. Romagnoli, F. Beermann, H. R. MacDonald, and J. P. van Meerwijk.
2001. Dissociation of thymic positive and negative selection in transgenic mice
expressing major histocompatibility complex class I molecules exclusively on thymic
cortical epithelial cells. Blood 97: 1336-1342.

Laufer, T. M., J. DeKoning, J. S. Markowitz, D. Lo, and L. H. Glimcher. 1996.
Unopposed positive selection and autoreactivity in mice expressing class I MHC only on
thymic cortex. Nature 383: 81-85.

Murata, S., K. Sasaki, T. Kishimoto, S. Niwa, H. Hayashi, Y. Takahama, and K. Tanaka.
2007. Regulation of CD8+ T cell development by thymus-specific proteasomes. Science
316: 1349-1353.

Nitta, T., S. Murata, K. Sasaki, H. Fujii, A. M. Ripen, N. Ishimaru, S. Koyasu, K.
Tanaka, and Y. Takahama. 2010. Thymoproteasome shapes immunocompetent repertoire
of CD8+ T cells. Immunity 32: 29-40.

Azzam, H. S., A. Grinberg, K. Lui, H. Shen, E. W. Shores, and P. E. Love. 1998. CD5
expression is developmentally regulated by T cell receptor (TCR) signals and TCR
avidity. J Exp Med 188: 2301-2311.

Xing, Y., S. C. Jameson, and K. A. Hogquist. 2013. Thymoproteasome subunit-beta5T
generates peptide-MHC complexes specialized for positive selection. Proceedings of the
National Academy of Sciences of the United States of America 110: 6979-6984.

Honey, K., T. Nakagawa, C. Peters, and A. Rudensky. 2002. Cathepsin L regulates CD4+
T cell selection independently of its effect on invariant chain: a role in the generation of

positively selecting peptide ligands. J Exp Med 195: 1349-1358.

193



60.

61.

62.

63.

64.

65.

66.

67.

Nakagawa, T., W. Roth, P. Wong, A. Nelson, A. Farr, J. Deussing, J. A. Villadangos, H.
Ploegh, C. Peters, and A. Y. Rudensky. 1998. Cathepsin L: critical role in Ii degradation
and CD4 T cell selection in the thymus. Science 280: 450-453.

Takada, K., and Y. Takahama. 2015. Positive-selection-inducing self-peptides displayed
by cortical thymic epithelial cells. Advances in immunology 125: 87-110.

Hogquist, K. A., T. A. Baldwin, and S. C. Jameson. 2005. Central tolerance: learning
self-control in the thymus. Nat Rev Immunol 5: 772-782.

Melichar, H. J., J. O. Ross, P. Herzmark, K. A. Hogquist, and E. A. Robey. 2013. Distinct
temporal patterns of T cell receptor signaling during positive versus negative selection in
situ. Science signaling 6: ra92.

McCaughtry, T. M., T. A. Baldwin, M. S. Wilken, and K. A. Hogquist. 2008. Clonal
deletion of thymocytes can occur in the cortex with no involvement of the medulla. J Exp
Med 205: 2575-2584.

Anderson, M. S., E. S. Venanzi, Z. Chen, S. P. Berzins, C. Benoist, and D. Mathis. 2005.
The cellular mechanism of Aire control of T cell tolerance. Immunity 23: 227-239.
Anderson, M. S., E. S. Venanzi, L. Klein, Z. Chen, S. P. Berzins, S. J. Turley, H. von
Boehmer, R. Bronson, A. Dierich, C. Benoist, and D. Mathis. 2002. Projection of an
immunological self shadow within the thymus by the aire protein. Science 298: 1395-
1401.

Liston, A., D. H. Gray, S. Lesage, A. L. Fletcher, J. Wilson, K. E. Webster, H. S. Scott,
R. L. Boyd, L. Peltonen, and C. C. Goodnow. 2004. Gene dosage--limiting role of Aire in
thymic expression, clonal deletion, and organ-specific autoimmunity. J Exp Med 200:

1015-1026.

194



68.

69.

70.

71.

72.

73.

74.

75.

Liston, A., S. Lesage, J. Wilson, L. Peltonen, and C. C. Goodnow. 2003. Aire regulates
negative selection of organ-specific T cells. Nat Immunol 4: 350-354.

Betterle, C., N. A. Greggio, and M. Volpato. 1998. Clinical review 93: Autoimmune
polyglandular syndrome type 1. The Journal of clinical endocrinology and metabolism
83: 1049-1055.

Aaltonen, J., P. Bjorses, L. Sandkuijl, J. Perheentupa, and L. Peltonen. 1994. An
autosomal locus causing autoimmune disease: autoimmune polyglandular disease type I
assigned to chromosome 21. Nature genetics 8: 83-87.

Hinterberger, M., M. Aichinger, O. Prazeres da Costa, D. Voehringer, R. Hoffmann, and
L. Klein. 2010. Autonomous role of medullary thymic epithelial cells in central CD4(+)
T cell tolerance. Nat Immunol 11: 512-519.

Gallegos, A. M., and M. J. Bevan. 2004. Central tolerance to tissue-specific antigens
mediated by direct and indirect antigen presentation. J Exp Med 200: 1039-1049.

Kosaka, H., and J. Sprent. 1993. Tolerance of CD8+ T cells developing in parent-->F1
chimeras prepared with supralethal irradiation: step-wise induction of tolerance in the
intrathymic and extrathymic environments. J Exp Med 177: 367-378.

Oukka, M., E. Colucci-Guyon, P. L. Tran, M. Cohen-Tannoudji, C. Babinet, V. Lotteau,
and K. Kosmatopoulos. 1996. CD4 T cell tolerance to nuclear proteins induced by
medullary thymic epithelium. Immunity 4: 545-553.

Aschenbrenner, K., L. M. D'Cruz, E. H. Vollmann, M. Hinterberger, J. Emmerich, L. K.
Swee, A. Rolink, and L. Klein. 2007. Selection of Foxp3+ regulatory T cells specific for
self antigen expressed and presented by Aire+ medullary thymic epithelial cells. Nat

Immunol 8: 351-358.

195



76.

77.

78.

79.

80.

81.

82.

3.

Klein, L., B. Kyewski, P. M. Allen, and K. A. Hogquist. 2014. Positive and negative
selection of the T cell repertoire: what thymocytes see (and don't see). Nat Rev Immunol
14: 377-391.

Baldwin, T. A., M. M. Sandau, S. C. Jameson, and K. A. Hogquist. 2005. The timing of
TCR alpha expression critically influences T cell development and selection. J Exp Med
202: 111-121.

Lacorazza, H. D., C. Tucek-Szabo, L. V. Vasovic, K. Remus, and J. Nikolich-Zugich.
2001. Premature TCR alpha beta expression and signaling in early thymocytes impair
thymocyte expansion and partially block their development. J Immunol 166: 3184-3193.
Takahama, Y., E. W. Shores, and A. Singer. 1992. Negative selection of precursor
thymocytes before their differentiation into CD4+CD8+ cells. Science 258: 653-656.
Bluthmann, H., P. Kisielow, Y. Uematsu, M. Malissen, P. Krimpenfort, A. Berns, H. von
Boehmer, and M. Steinmetz. 1988. T-cell-specific deletion of T-cell receptor transgenes
allows functional rearrangement of endogenous alpha- and beta-genes. Nature 334: 156-
159.

Baldwin, T. A., and K. A. Hogquist. 2007. Transcriptional analysis of clonal deletion in
vivo. J Immunol 179: 837-844.

Tabrizifard, S., A. Olaru, J. Plotkin, M. Fallahi-Sichani, F. Livak, and H. T. Petrie. 2004.
Analysis of transcription factor expression during discrete stages of postnatal thymocyte
differentiation. J Immunol 173: 1094-1102.

Petrie, H. T., M. Tourigny, D. B. Burtrum, and F. Livak. 2000. Precursor thymocyte
proliferation and differentiation are controlled by signals unrelated to the pre-TCR. J

Immunol 165: 3094-3098.

196



&4.

85.

86.

87.

88.

&9.

90.

Haks, M. C., S. M. Belkowski, M. Ciofani, M. Rhodes, J. M. Lefebvre, S. Trop, P. Hugo,
J. C. Zuniga-Pflucker, and D. L. Wiest. 2003. Low activation threshold as a mechanism
for ligand-independent signaling in pre-T cells. J Immunol 170: 2853-2861.

Kurts, C., W. R. Heath, F. R. Carbone, J. Allison, J. F. Miller, and H. Kosaka. 1996.
Constitutive class I-restricted exogenous presentation of self antigens in vivo. J Exp Med
184: 923-930.

Sidman, C. L., J. D. Marshall, and H. Von Boehmer. 1992. Transgenic T cell receptor
interactions in the lymphoproliferative and autoimmune syndromes of Ipr and gld mutant
mice. European journal of immunology 22: 499-504.

Singer, G. G., and A. K. Abbas. 1994. The fas antigen is involved in peripheral but not
thymic deletion of T lymphocytes in T cell receptor transgenic mice. Immunity 1: 365-
371.

Sytwu, H. K., R. S. Liblau, and H. O. McDevitt. 1996. The roles of Fas/APO-1 (CD95)
and TNF in antigen-induced programmed cell death in T cell receptor transgenic mice.
Immunity 5: 17-30.

Simon, A. K., O. Williams, J. Mongkolsapaya, B. Jin, X. N. Xu, H. Walczak, and G. R.
Screaton. 2001. Tumor necrosis factor-related apoptosis-inducing ligand in T cell
development: sensitivity of human thymocytes. Proceedings of the National Academy of
Sciences of the United States of America 98: 5158-5163.

Cretney, E., A. P. Uldrich, F. W. McNab, D. I. Godfrey, and M. J. Smyth. 2008. No
requirement for TRAIL in intrathymic negative selection. International immunology 20:

267-276.

197



91.

92.

93.

94.

95.

96.

97.

98.

Cretney, E., A. P. Uldrich, S. P. Berzins, A. Strasser, D. I. Godfrey, and M. J. Smyth.
2003. Normal thymocyte negative selection in TRAIL-deficient mice. The Journal of
experimental medicine 198: 491-496.

Martin, S., and M. J. Bevan. 1997. Antigen-specific and nonspecific deletion of immature
cortical thymocytes caused by antigen injection. European journal of immunology 27:
2726-2736.

Walsh, C. M., B. G. Wen, A. M. Chinnaiyan, K. O'Rourke, V. M. Dixit, and S. M.
Hedrick. 1998. A role for FADD in T cell activation and development. Immunity 8: 439-
449.

Smith, K. G., A. Strasser, and D. L. Vaux. 1996. CrmA expression in T lymphocytes of
transgenic mice inhibits CD95 (Fas/APO-1)-transduced apoptosis, but does not cause
lymphadenopathy or autoimmune disease. The EMBO journal 15: 5167-5176.

Newton, K., A. W. Harris, and A. Strasser. 2000. FADD/MORTT1 regulates the pre-TCR
checkpoint and can function as a tumour suppressor. The EMBO journal 19: 931-941.
Alam, A., M. Y. Braun, F. Hartgers, S. Lesage, L. Cohen, P. Hugo, F. Denis, and R. P.
Sekaly. 1997. Specific activation of the cysteine protease CPP32 during the negative
selection of T cells in the thymus. J Exp Med 186: 1503-1512.

Hu, Q., A. Sader, J. C. Parkman, and T. A. Baldwin. 2009. Bim-mediated apoptosis is not
necessary for thymic negative selection to ubiquitous self-antigens. J Immunol 183: 7761-
7767.

Hara, H., A. Takeda, M. Takeuchi, A. C. Wakeham, A. Itic, M. Sasaki, T. W. Mak, A.

Yoshimura, K. Nomoto, and H. Yoshida. 2002. The apoptotic protease-activating factor

198



99.

100.

101.

102.

103.

104.

105.

106.

I-mediated pathway of apoptosis is dispensable for negative selection of thymocytes. J
Immunol 168: 2288-2295.

Lakhani, S. A., A. Masud, K. Kuida, G. A. Porter, Jr., C. J. Booth, W. Z. Mehal, 1. Inayat,
and R. A. Flavell. 2006. Caspases 3 and 7: key mediators of mitochondrial events of
apoptosis. Science 311: 847-851.

Murakami, K., N. Liadis, J. Sarmiento, A. R. Elford, M. Woo, L. T. Nguyen, T. W. Mak,
and P. S. Ohashi. 2010. Caspase 3 is not essential for the induction of anergy or multiple
pathways of CD8+ T-cell death. Eur J Immunol 40: 3372-3377.

Doerfler, P., K. A. Forbush, and R. M. Perlmutter. 2000. Caspase enzyme activity is not
essential for apoptosis during thymocyte development. J Immunol 164: 4071-4079.
Izquierdo, M., A. Grandien, L. M. Criado, S. Robles, E. Leonardo, J. P. Albar, G. G. de
Buitrago, and A. C. Martinez. 1999. Blocked negative selection of developing T cells in
mice expressing the baculovirus p35 caspase inhibitor. EMBO J 18: 156-166.

Tait, S. W., G. Ichim, and D. R. Green. 2014. Die another way--non-apoptotic
mechanisms of cell death. Journal of cell science 127: 2135-2144.

Bidere, N., and A. Senik. 2001. Caspase-independent apoptotic pathways in T
lymphocytes: a minireview. Apoptosis 6: 371-375.

Kelekar, A., and C. B. Thompson. 1998. Bcl-2-family proteins: the role of the BH3
domain in apoptosis. Trends in cell biology 8: 324-330.

Merino, D., M. Giam, P. D. Hughes, O. M. Siggs, K. Heger, L. A. O'Reilly, J. M. Adams,
A. Strasser, E. F. Lee, W. D. Fairlie, and P. Bouillet. 2009. The role of BH3-only protein
Bim extends beyond inhibiting Bcl-2-like prosurvival proteins. The Journal of cell

biology 186: 355-362.

199



107.

108.

109.

110.

111.

112.

113.

Wang, K., X. M. Yin, D. T. Chao, C. L. Milliman, and S. J. Korsmeyer. 1996. BID: a
novel BH3 domain-only death agonist. Genes & development 10: 2859-2869.

Marani, M., T. Tenev, D. Hancock, J. Downward, and N. R. Lemoine. 2002.
Identification of novel isoforms of the BH3 domain protein Bim which directly activate
Bax to trigger apoptosis. Molecular and cellular biology 22: 3577-3589.

Letai, A., M. C. Bassik, L. D. Walensky, M. D. Sorcinelli, S. Weiler, and S. J.
Korsmeyer. 2002. Distinct BH3 domains either sensitize or activate mitochondrial
apoptosis, serving as prototype cancer therapeutics. Cancer cell 2: 183-192.

Delettre, C., V. J. Yuste, R. S. Moubarak, M. Bras, J. C. Lesbordes-Brion, S. Petres, J.
Bellalou, and S. A. Susin. 2006. AlFsh, a novel apoptosis-inducing factor (AIF) pro-
apoptotic isoform with potential pathological relevance in human cancer. J Biol Chem
281: 6413-6427.

Li, L. Y., X. Luo, and X. Wang. 2001. Endonuclease G is an apoptotic DNase when
released from mitochondria. Nature 412: 95-99.

Lartigue, L., Y. Kushnareva, Y. Seong, H. Lin, B. Faustin, and D. D. Newmeyer. 2009.
Caspase-independent mitochondrial cell death results from loss of respiration, not
cytotoxic protein release. Molecular biology of the cell 20: 4871-4884.

Carbonari, M., A. M. Pesce, M. Cibati, A. Modica, L. Dell'Anna, G. D'Offizi, A.
Angelici, S. Uccini, A. Modesti, and M. Fiorilli. 1997. Death of bystander cells by a
novel pathway involving early mitochondrial damage in human immunodeficiency virus-

related lymphadenopathy. Blood 90: 209-216.

200



114.

115.

116.

117.

118.

119.

120.

Ferraro-Peyret, C., L. Quemeneur, M. Flacher, J. P. Revillard, and L. Genestier. 2002.
Caspase-independent phosphatidylserine exposure during apoptosis of primary T
lymphocytes. J Immunol 169: 4805-4810.

Cosulich, M. E., A. Rubartelli, A. Risso, F. Cozzolino, and A. Bargellesi. 1987.
Functional characterization of an antigen involved in an early step of T-cell activation.
Proceedings of the National Academy of Sciences of the United States of America 84:
4205-42009.

Kishimoto, H., and J. Sprent. 1997. Negative selection in the thymus includes semimature
T cells. J Exp Med 185: 263-271.

Lauzurica, P., D. Sancho, M. Torres, B. Albella, M. Marazuela, T. Merino, J. A. Bueren,
A. C. Martinez, and F. Sanchez-Madrid. 2000. Phenotypic and functional characteristics
of hematopoietic cell lineages in CD69-deficient mice. Blood 95: 2312-2320.

Feng, C., K. J. Woodside, B. A. Vance, D. El-Khoury, M. Canelles, J. Lee, R. Gress, B. J.
Fowlkes, E. W. Shores, and P. E. Love. 2002. A potential role for CD69 in thymocyte
emigration. International immunology 14: 535-544.

Nakayama, T., D. J. Kasprowicz, M. Yamashita, L. A. Schubert, G. Gillard, M. Kimura,
A. Didierlaurent, H. Koseki, and S. F. Ziegler. 2002. The generation of mature, single-
positive thymocytes in vivo is dysregulated by CD69 blockade or overexpression. J
Immunol 168: 87-94.

Blank, C., I. Brown, R. Marks, H. Nishimura, T. Honjo, and T. F. Gajewski. 2003.
Absence of programmed death receptor 1 alters thymic development and enhances
generation of CD4/CDS8 double-negative TCR-transgenic T cells. J Immunol 171: 4574-

4581.

201



121.

122.

123.

124.

125.

126.

127.

Thangavelu, G., J. C. Parkman, C. L. Ewen, R. R. Uwiera, T. A. Baldwin, and C. C.
Anderson. 2011. Programmed death-1 is required for systemic self-tolerance in newly
generated T cells during the establishment of immune homeostasis. Journal of
autoimmunity 36: 301-312.

Francisco, L. M., P. T. Sage, and A. H. Sharpe. 2010. The PD-1 pathway in tolerance and
autoimmunity. Immunological reviews 236: 219-242.

Himmel, M. E., K. G. MacDonald, R. V. Garcia, T. S. Steiner, and M. K. Levings. 2013.
Helios+ and Helios- cells coexist within the natural FOXP3+ T regulatory cell subset in
humans. J Immunol 190: 2001-2008.

Thornton, A. M., P. E. Korty, D. Q. Tran, E. A. Wohlfert, P. E. Murray, Y. Belkaid, and
E. M. Shevach. 2010. Expression of Helios, an Ikaros transcription factor family member,
differentiates thymic-derived from peripherally induced Foxp3+ T regulatory cells. J
Immunol 184: 3433-3441.

DeRyckere, D., D. L. Mann, and J. DeGregori. 2003. Characterization of transcriptional
regulation during negative selection in vivo. J Immunol 171: 802-811.

Huang, Y. H., D. Li, A. Winoto, and E. A. Robey. 2004. Distinct transcriptional
programs in thymocytes responding to T cell receptor, Notch, and positive selection
signals. Proceedings of the National Academy of Sciences of the United States of America
101: 4936-4941.

Liston, A., K. Hardy, Y. Pittelkow, S. R. Wilson, L. E. Makaroff, A. M. Fahrer, and C. C.
Goodnow. 2007. Impairment of organ-specific T cell negative selection by diabetes

susceptibility genes: genomic analysis by mRNA profiling. Genome biology 8: R12.

202



128.

129.

130.

131.

132.

133.

134.

135.

Schmitz, 1., L. K. Clayton, and E. L. Reinherz. 2003. Gene expression analysis of
thymocyte selection in vivo. International immunology 15: 1237-1248.

Zucchelli, S., P. Holler, T. Yamagata, M. Roy, C. Benoist, and D. Mathis. 2005.
Defective central tolerance induction in NOD mice: genomics and genetics. Immunity 22:
385-396.

O'Connor, L., A. Strasser, L. A. O'Reilly, G. Hausmann, J. M. Adams, S. Cory, and D. C.
Huang. 1998. Bim: a novel member of the Bcl-2 family that promotes apoptosis. Embo J
17: 384-395.

Ley, R., K. E. Ewings, K. Hadfield, and S. J. Cook. 2005. Regulatory phosphorylation of
Bim: sorting out the ERK from the INK. Cell death and differentiation 12: 1008-1014.
Bunin, A., F. W. Khwaja, and G. J. Kersh. 2005. Regulation of Bim by TCR signals in
CD4/CDS8 double-positive thymocytes. J Immunol 175: 1532-1539.

Putcha, G. V., S. Le, S. Frank, C. G. Besirli, K. Clark, B. Chu, S. Alix, R. J. Youle, A.
LaMarche, A. C. Maroney, and E. M. Johnson, Jr. 2003. JNK-mediated BIM
phosphorylation potentiates BAX-dependent apoptosis. Neuron 38: 899-914.

Whitfield, J., S. J. Neame, L. Paquet, O. Bernard, and J. Ham. 2001. Dominant-negative
c-Jun promotes neuronal survival by reducing BIM expression and inhibiting
mitochondrial cytochrome c release. Neuron 29: 629-643.

Dijkers, P. F., R. H. Medema, J. W. Lammers, L. Koenderman, and P. J. Coffer. 2000.
Expression of the pro-apoptotic Bcl-2 family member Bim is regulated by the forkhead

transcription factor FKHR-L1. Current biology : CB 10: 1201-1204.

203



136.

137.

138.

139.

140.

141.

142.

Stahl, M., P. F. Dijkers, G. J. Kops, S. M. Lens, P. J. Coffer, B. M. Burgering, and R. H.
Medema. 2002. The forkhead transcription factor FoxO regulates transcription of
p27Kipl and Bim in response to IL-2. J Immunol 168: 5024-5031.

Bouillet, P., D. Metcalf, D. C. Huang, D. M. Tarlinton, T. W. Kay, F. Kontgen, J. M.
Adams, and A. Strasser. 1999. Proapoptotic Bcl-2 relative Bim required for certain
apoptotic responses, leukocyte homeostasis, and to preclude autoimmunity. Science 286:
1735-1738.

Enders, A., P. Bouillet, H. Puthalakath, Y. Xu, D. M. Tarlinton, and A. Strasser. 2003.
Loss of the pro-apoptotic BH3-only Bcl-2 family member Bim inhibits BCR stimulation-
induced apoptosis and deletion of autoreactive B cells. J Exp Med 198: 1119-1126.
Hildeman, D. A., Y. Zhu, T. C. Mitchell, P. Bouillet, A. Strasser, J. Kappler, and P.
Marrack. 2002. Activated T cell death in vivo mediated by proapoptotic bcl-2 family
member bim. Immunity 16: 759-767.

Chen, M., L. Huang, and J. Wang. 2007. Deficiency of Bim in dendritic cells contributes
to overactivation of lymphocytes and autoimmunity. Blood 109: 4360-4367.

Bouillet, P., J. F. Purton, D. I. Godfrey, L. C. Zhang, L. Coultas, H. Puthalakath, M.
Pellegrini, S. Cory, J. M. Adams, and A. Strasser. 2002. BH3-only Bcl-2 family member
Bim is required for apoptosis of autoreactive thymocytes. Nature 415: 922-926.
Jorgensen, T. N., A. McKee, M. Wang, E. Kushnir, J. White, Y. Refaeli, J. W. Kappler,
and P. Marrack. 2007. Bim and Bcl-2 mutually affect the expression of the other in T

cells. J Immunol 179: 3417-3424.

204



143.

144.

145.

146.

147.

148.

149.

150.

Suen, A. Y., and T. A. Baldwin. 2012. Proapoptotic protein Bim is differentially required
during thymic clonal deletion to ubiquitous versus tissue-restricted antigens. Proceedings
of the National Academy of Sciences of the United States of America.

Gray, D. H., F. Kupresanin, S. P. Berzins, M. J. Herold, L. A. O'Reilly, P. Bouillet, and
A. Strasser. 2012. The BH3-only proteins Bim and Puma cooperate to impose deletional
tolerance of organ-specific antigens. Immunity 37: 451-462.

Ludwinski, M. W., J. Sun, B. Hilliard, S. Gong, F. Xue, R. J. Carmody, J. DeVirgiliis,
and Y. H. Chen. 2009. Critical roles of Bim in T cell activation and T cell-mediated
autoimmune inflammation in mice. The Journal of clinical investigation 119: 1706-1713.
Moll, U. M., N. Marchenko, and X. K. Zhang. 2006. p53 and Nur77/TR3 - transcription
factors that directly target mitochondria for cell death induction. Oncogene 25: 4725-
4743.

Zetterstrom, R. H., L. Solomin, T. Mitsiadis, L. Olson, and T. Perlmann. 1996. Retinoid
X receptor heterodimerization and developmental expression distinguish the orphan
nuclear receptors NGFI-B, Nurrl, and Norl. Mol Endocrinol 10: 1656-1666.

Sekiya, T., I. Kashiwagi, R. Yoshida, T. Fukaya, R. Morita, A. Kimura, H. Ichinose, D.
Metzger, P. Chambon, and A. Yoshimura. 2013. Nr4a receptors are essential for thymic
regulatory T cell development and immune homeostasis. Nat Immunol 14: 230-237.
Cheng, L. E., F. K. Chan, D. Cado, and A. Winoto. 1997. Functional redundancy of the
Nur77 and Nor-1 orphan steroid receptors in T-cell apoptosis. Embo J 16: 1865-1875.
Paulsen, R. E., C. A. Weaver, T. J. Fahrner, and J. Milbrandt. 1992. Domains regulating
transcriptional activity of the inducible orphan receptor NGFI-B. J Biol Chem 267:

16491-16496.

205



151.

152.

153.

154.

155.

156.

157.

158.

Maxwell, M. A., and G. E. Muscat. 2006. The NR4A subgroup: immediate early
response genes with pleiotropic physiological roles. Nuclear receptor signaling 4: ¢002.
Hu, Y. W, P. Zhang, J. Y. Yang, J. L. Huang, X. Ma, S. F. Li, J. Y. Zhao, Y. R. Hu, Y.
C. Wang, J. J. Gao, Y. H. Sha, L. Zheng, and Q. Wang. 2014. Nur77 decreases
atherosclerosis progression in apoE(-/-) mice fed a high-fat/high-cholesterol diet. PloS
one 9: e87313.

Hamers, A. A., M. Vos, F. Rassam, G. Marinkovic, K. Kurakula, P. J. van Gorp, M. P. de
Winther, M. J. Gijbels, V. de Waard, and C. J. de Vries. 2012. Bone marrow-specific
deficiency of nuclear receptor Nur77 enhances atherosclerosis. Circulation research 110:
428-438.

Hanna, R. N., L. M. Carlin, H. G. Hubbeling, D. Nackiewicz, A. M. Green, J. A. Punt, F.
Geissmann, and C. C. Hedrick. 2011. The transcription factor NR4A1 (Nur77) controls
bone marrow differentiation and the survival of Ly6C- monocytes. Nat Immunol 12: 778-
785.

Liu, Z. G., S. W. Smith, K. A. McLaughlin, L. M. Schwartz, and B. A. Osborne. 1994.
Apoptotic signals delivered through the T-cell receptor of a T-cell hybrid require the
immediate-early gene nur77. Nature 367: 281-284.

Woronicz, J. D., B. Calnan, V. Ngo, and A. Winoto. 1994. Requirement for the orphan
steroid receptor Nur77 in apoptosis of T-cell hybridomas. Nature 367: 277-281.
Ramaswamy, S., K. N. Ross, E. S. Lander, and T. R. Golub. 2003. A molecular signature
of metastasis in primary solid tumors. Nature genetics 33: 49-54.

Kuang, A. A., D. Cado, and A. Winoto. 1999. Nur77 transcription activity correlates with

its apoptotic function in vivo. Eur J Immunol 29: 3722-3728.

206



159.

160.

161.

162.

163.

164.

Rajpal, A., Y. A. Cho, B. Yelent, P. H. Koza-Taylor, D. Li, E. Chen, M. Whang, C.
Kang, T. G. Turi, and A. Winoto. 2003. Transcriptional activation of known and novel
apoptotic pathways by Nur77 orphan steroid receptor. Embo J 22: 6526-6536.

Fassett, M. S., W. Jiang, A. M. D'Alise, D. Mathis, and C. Benoist. 2012. Nuclear
receptor Nr4al modulates both regulatory T-cell (Treg) differentiation and clonal
deletion. Proceedings of the National Academy of Sciences of the United States of
America 109: 3891-3896.

Li, H., S. K. Kolluri, J. Gu, M. I. Dawson, X. Cao, P. D. Hobbs, B. Lin, G. Chen, J. Lu,
F. Lin, Z. Xie, J. A. Fontana, J. C. Reed, and X. Zhang. 2000. Cytochrome c release and
apoptosis induced by mitochondrial targeting of nuclear orphan receptor TR3. Science
289: 1159-1164.

Lin, B., S. K. Kolluri, F. Lin, W. Liu, Y. H. Han, X. Cao, M. 1. Dawson, J. C. Reed, and
X. K. Zhang. 2004. Conversion of Bcl-2 from protector to killer by interaction with
nuclear orphan receptor Nur77/TR3. Cell 116: 527-540.

Thompson, J., and A. Winoto. 2008. During negative selection, Nur77 family proteins
translocate to mitochondria where they associate with Bcl-2 and expose its proapoptotic
BH3 domain. J Exp Med 205: 1029-1036.

Cunningham, N. R., S. C. Artim, C. M. Fornadel, M. C. Sellars, S. G. Edmonson, G.
Scott, F. Albino, A. Mathur, and J. A. Punt. 2006. Immature CD4+CD8+ thymocytes and
mature T cells regulate Nur77 distinctly in response to TCR stimulation. J Immunol 177:

6660-6666.

207



165.

166.

167.

168.

169.

170.

171.

Wang, A., J. Rud, C. M. Olson, Jr., J. Anguita, and B. A. Osborne. 2009. Phosphorylation
of Nur77 by the MEK-ERK-RSK cascade induces mitochondrial translocation and
apoptosis in T cells. J Immunol 183: 3268-3277.

Thompson, J., M. L. Burger, H. Whang, and A. Winoto. 2010. Protein kinase C regulates
mitochondrial targeting of Nur77 and its family member Nor-1 in thymocytes undergoing
apoptosis. European journal of immunology 40: 2041-2049.

Sun, Z., C. W. Arendt, W. Ellmeier, E. M. Schaeffer, M. J. Sunshine, L. Gandhi, J.
Annes, D. Petrzilka, A. Kupfer, P. L. Schwartzberg, and D. R. Littman. 2000. PKC-theta
is required for TCR-induced NF-kappaB activation in mature but not immature T
lymphocytes. Nature 404: 402-407.

Anderson, G., K. L. Anderson, L. A. Conroy, T. J. Hallam, N. C. Moore, J. J. Owen, and
E. J. Jenkinson. 1995. Intracellular signaling events during positive and negative
selection of CD4+CD8+ thymocytes in vitro. J Immunol 154: 3636-3643.

Kim, S. O., K. Ono, P. S. Tobias, and J. Han. 2003. Orphan nuclear receptor Nur77 is
involved in caspase-independent macrophage cell death. J Exp Med 197: 1441-1452.
Castro-Obregon, S., R. V. Rao, G. del Rio, S. F. Chen, K. S. Poksay, S. Rabizadeh, S.
Vesce, X. K. Zhang, R. A. Swanson, and D. E. Bredesen. 2004. Alternative, nonapoptotic
programmed cell death: mediation by arrestin 2, ERK2, and Nur77. J Biol Chem 279:
17543-17553.

Lucattelli, M., S. Fineschi, P. Geppetti, N. P. Gerard, and G. Lungarella. 2006.
Neurokinin-1 receptor blockade and murine lung tumorigenesis. Am J Respir Crit Care

Med 174: 674-683.

208



172.

173.

174.

175.

176.

177.

178.

Calnan, B. J., S. Szychowski, F. K. Chan, D. Cado, and A. Winoto. 1995. A role for the
orphan steroid receptor Nur77 in apoptosis accompanying antigen-induced negative
selection. Immunity 3: 273-282.

Kasler, H. G., J. Victoria, O. Duramad, and A. Winoto. 2000. ERKS is a novel type of
mitogen-activated protein kinase containing a transcriptional activation domain.
Molecular and cellular biology 20: 8382-83809.

Ananieva, O., A. Macdonald, X. Wang, C. E. McCoy, J. Mcllrath, C. Tournier, and J. S.
Arthur. 2008. ERKS regulation in naive T-cell activation and survival. European journal
of immunology 38: 2534-2547.

Holmes, W. F., D. R. Soprano, and K. J. Soprano. 2003. Early events in the induction of
apoptosis in ovarian carcinoma cells by CD437: activation of the p38 MAP kinase signal
pathway. Oncogene 22: 6377-6386.

Moran, A. E., K. L. Holzapfel, Y. Xing, N. R. Cunningham, J. S. Maltzman, J. Punt, and
K. A. Hogquist. 2011. T cell receptor signal strength in Treg and iNKT cell development
demonstrated by a novel fluorescent reporter mouse. J Exp Med 208: 1279-1289.

Lee, S. L., R. L. Wesselschmidt, G. P. Linette, O. Kanagawa, J. H. Russell, and J.
Milbrandt. 1995. Unimpaired thymic and peripheral T cell death in mice lacking the
nuclear receptor NGFI-B (Nur77). Science 269: 532-535.

Zhou, T., J. Cheng, P. Yang, Z. Wang, C. Liu, X. Su, H. Bluethmann, and J. D. Mountz.
1996. Inhibition of Nur77/Nurrl leads to inefficient clonal deletion of self-reactive T

cells. J Exp Med 183: 1879-1892.

209



179.

180.

181.

182.

183.

184.

185.

186.

Zehn, D., and M. J. Bevan. 2006. T cells with low avidity for a tissue-restricted antigen
routinely evade central and peripheral tolerance and cause autoimmunity. /mmunity 25:
261-270.

Bouneaud, C., P. Kourilsky, and P. Bousso. 2000. Impact of negative selection on the T
cell repertoire reactive to a self-peptide: a large fraction of T cell clones escapes clonal
deletion. Immunity 13: 829-840.

Bour-Jordan, H., J. H. Esensten, M. Martinez-Llordella, C. Penaranda, M. Stumpf, and J.
A. Bluestone. 2011. Intrinsic and extrinsic control of peripheral T-cell tolerance by
costimulatory molecules of the CD28/ B7 family. Immunological reviews 241: 180-205.
Steinman, R. M., D. Hawiger, and M. C. Nussenzweig. 2003. Tolerogenic dendritic cells.
Annual review of immunology 21: 685-711.

Hsieh, C. S., H. M. Lee, and C. W. Lio. 2012. Selection of regulatory T cells in the
thymus. Nature reviews. Immunology 12: 157-167.

Haribhai, D., W. Lin, B. Edwards, J. Ziegelbauer, N. H. Salzman, M. R. Carlson, S. H.
Li, P. M. Simpson, T. A. Chatila, and C. B. Williams. 2009. A central role for induced
regulatory T cells in tolerance induction in experimental colitis. J Immunol 182: 3461-
3468.

Curotto de Lafaille, M. A., and J. J. Lafaille. 2009. Natural and adaptive foxp3+
regulatory T cells: more of the same or a division of labor? Immunity 30: 626-635.
Huang, H., Y. Ma, W. Dawicki, X. Zhang, and J. R. Gordon. 2013. Comparison of
induced versus natural regulatory T cells of the same TCR specificity for induction of

tolerance to an environmental antigen. J Immunol 191: 1136-1143.

210



187.

188.

189.

190.

191.

192.

193.

Pacholczyk, R., H. Ignatowicz, P. Kraj, and L. Ignatowicz. 2006. Origin and T cell
receptor diversity of Foxp3+CD4+CD25+ T cells. Immunity 25: 249-259.

Wong, J., R. Obst, M. Correia-Neves, G. Losyev, D. Mathis, and C. Benoist. 2007.
Adaptation of TCR repertoires to self-peptides in regulatory and nonregulatory CD4+ T
cells. J Immunol 178: 7032-7041.

Hsieh, C. S., Y. Liang, A. J. Tyznik, S. G. Self, D. Liggitt, and A. Y. Rudensky. 2004.
Recognition of the peripheral self by naturally arising CD25+ CD4+ T cell receptors.
Immunity 21: 267-277.

Jordan, M. S., A. Boesteanu, A. J. Reed, A. L. Petrone, A. E. Holenbeck, M. A. Lerman,
A. Naji, and A. J. Caton. 2001. Thymic selection of CD4+CD25+ regulatory T cells
induced by an agonist self-peptide. Nat Immunol 2: 301-306.

Bautista, J. L., C. W. Lio, S. K. Lathrop, K. Forbush, Y. Liang, J. Luo, A. Y. Rudensky,
and C. S. Hsieh. 2009. Intraclonal competition limits the fate determination of regulatory
T cells in the thymus. Nat Immunol 10: 610-617.

Killebrew, J. R., N. Perdue, A. Kwan, A. M. Thornton, E. M. Shevach, and D. J.
Campbell. 2011. A self-reactive TCR drives the development of Foxp3+ regulatory T
cells that prevent autoimmune disease. J Immunol 187: 861-869.

Moon, J. J., P. Dash, T. H. Oguin, 3rd, J. L. McClaren, H. H. Chu, P. G. Thomas, and M.
K. Jenkins. 2011. Quantitative impact of thymic selection on Foxp3+ and Foxp3- subsets
of self-peptide/MHC class Il-specific CD4+ T cells. Proceedings of the National

Academy of Sciences of the United States of America 108: 14602-14607.

211



194.

195.

196.

197.

198.

199.

200.

Hinterberger, M., G. Wirnsberger, and L. Klein. 2011. B7/CD28 in central tolerance:
costimulation promotes maturation of regulatory T cell precursors and prevents their
clonal deletion. Frontiers in immunology 2: 30.

Lio, C. W., L. F. Dodson, C. M. Deppong, C. S. Hsieh, and J. M. Green. 2010. CD28
facilitates the generation of Foxp3(-) cytokine responsive regulatory T cell precursors. J
Immunol 184: 6007-6013.

Atibalentja, D. F., C. A. Byersdorfer, and E. R. Unanue. 2009. Thymus-blood protein
interactions are highly effective in negative selection and regulatory T cell induction. J
Immunol 183: 7909-7918.

Cheroutre, H., and L. Madakamutil. 2004. Acquired and natural memory T cells join
forces at the mucosal front line. Nat Rev Immunol 4: 290-300.

Guy-Grand, D., N. Cerf-Bensussan, B. Malissen, M. Malassis-Seris, C. Briottet, and P.
Vassalli. 1991. Two gut intraepithelial CD8+ lymphocyte populations with different T
cell receptors: a role for the gut epithelium in T cell differentiation. The Journal of
experimental medicine 173: 471-481.

Bandeira, A., S. Itohara, M. Bonneville, O. Burlen-Defranoux, T. Mota-Santos, A.
Coutinho, and S. Tonegawa. 1991. Extrathymic origin of intestinal intraepithelial
lymphocytes bearing T-cell antigen receptor gamma delta. Proceedings of the National
Academy of Sciences of the United States of America 88: 43-47.

Eberl, G., and D. R. Littman. 2004. Thymic origin of intestinal alphabeta T cells revealed

by fate mapping of RORgammat+ cells. Science 305: 248-251.

212



201.

202.

203.

204.

205.

206.

207.

208.

Rocha, B., P. Vassalli, and D. Guy-Grand. 1991. The V beta repertoire of mouse gut
homodimeric alpha CD8+ intraepithelial T cell receptor alpha/beta + lymphocytes reveals
a major extrathymic pathway of T cell differentiation. J Exp Med 173: 483-486.

Cruz, D., B. C. Sydora, K. Hetzel, G. Yakoub, M. Kronenberg, and H. Cheroutre. 1998.
An opposite pattern of selection of a single T cell antigen receptor in the thymus and
among intraepithelial lymphocytes. The Journal of experimental medicine 188: 255-265.
Rocha, B., H. von Boehmer, and D. Guy-Grand. 1992. Selection of intraepithelial
lymphocytes with CDS8 alpha/alpha co-receptors by self-antigen in the murine gut.
Proceedings of the National Academy of Sciences of the United States of America 89:
5336-5340.

Gangadharan, D., F. Lambolez, A. Attinger, Y. Wang-Zhu, B. A. Sullivan, and H.
Cheroutre. 2006. Identification of pre- and postselection TCRalphabeta+ intraepithelial
lymphocyte precursors in the thymus. Immunity 25: 631-641.

Hanke, T., R. Mitnacht, R. Boyd, and T. Hunig. 1994. Induction of interleukin 2 receptor
beta chain expression by self-recognition in the thymus. The Journal of experimental
medicine 180: 1629-1636.

Lambolez, F., M. Kronenberg, and H. Cheroutre. 2007. Thymic differentiation of TCR
alpha beta(+) CD8 alpha alpha(+) IELs. Immunological reviews 215: 178-188.
Pobezinsky, L. A., G. S. Angelov, X. Tai, S. Jeurling, F. Van Laethem, L. Feigenbaum, J.
H. Park, and A. Singer. 2012. Clonal deletion and the fate of autoreactive thymocytes that
survive negative selection. Nat Immunol 13: 569-578.

Hutcheson, J., and H. Perlman. 2007. Loss of Bim results in abnormal accumulation of

mature CD4-CD8-CD44-CD25- thymocytes. Immunobiology 212: 629-636.

213



209.

210.

211.

212.

213.

214.

215.

216.

217.

Juvet, S. C., and L. Zhang. 2012. Double negative regulatory T cells in transplantation
and autoimmunity: recent progress and future directions. Journal of molecular cell
biology 4: 48-58.

Macian, F., S. H. Im, F. J. Garcia-Cozar, and A. Rao. 2004. T-cell anergy. Current
opinion in immunology 16: 209-216.

Schwartz, R. H. 2003. T cell anergy. Annu Rev Immunol 21: 305-334.

Rocha, B., and H. von Boehmer. 1991. Peripheral selection of the T cell repertoire.
Science 251: 1225-1228.

Pape, K. A., R. Merica, A. Mondino, A. Khoruts, and M. K. Jenkins. 1998. Direct
evidence that functionally impaired CD4+ T cells persist in vivo following induction of
peripheral tolerance. J Immunol 160: 4719-4729.

Roberts, J. L., S. O. Sharrow, and A. Singer. 1990. Clonal deletion and clonal anergy in
the thymus induced by cellular elements with different radiation sensitivities. J Exp Med
171: 935-940.

Schonrich, G., F. Momburg, G. J. Hammerling, and B. Arnold. 1992. Anergy induced by
thymic medullary epithelium. European journal of immunology 22: 1687-1691.

Kisielow, P., H. Bluthmann, U. D. Staerz, M. Steinmetz, and H. von Boehmer. 1988.
Tolerance in T-cell-receptor transgenic mice involves deletion of nonmature CD4+8+
thymocytes. Nature 333: 742-746.

Carlow, D. A., S. J. Teh, and H. S. Teh. 1992. Altered thymocyte development resulting
from expressing a deleting ligand on selecting thymic epithelium. J Immunol 148: 2988-

2995.

214



218.

219.

220.

221.

222.

223.

224.

Safford, M., S. Collins, M. A. Lutz, A. Allen, C. T. Huang, J. Kowalski, A. Blackford, M.
R. Horton, C. Drake, R. H. Schwartz, and J. D. Powell. 2005. Egr-2 and Egr-3 are
negative regulators of T cell activation. Nat Immunol 6: 472-480.

Zheng, Y., Y. Zha, G. Driessens, F. Locke, and T. F. Gajewski. 2012. Transcriptional
regulator early growth response gene 2 (Egr2) is required for T cell anergy in vitro and in
vivo. J Exp Med 209: 2157-2163.

Bachmaier, K., C. Krawczyk, I. Kozieradzki, Y. Y. Kong, T. Sasaki, A. Oliveira-dos-
Santos, S. Mariathasan, D. Bouchard, A. Wakeham, A. Itie, J. Le, P. S. Ohashi, 1. Sarosi,
H. Nishina, S. Lipkowitz, and J. M. Penninger. 2000. Negative regulation of lymphocyte
activation and autoimmunity by the molecular adaptor Cbl-b. Nature 403: 211-216.

Jeon, M. S., A. Atfield, K. Venuprasad, C. Krawczyk, R. Sarao, C. Elly, C. Yang, S.
Arya, K. Bachmaier, L. Su, D. Bouchard, R. Jones, M. Gronski, P. Ohashi, T. Wada, D.
Bloom, C. G. Fathman, Y. C. Liu, and J. M. Penninger. 2004. Essential role of the E3
ubiquitin ligase Cbl-b in T cell anergy induction. Immunity 21: 167-177.

Probst, H. C., K. McCoy, T. Okazaki, T. Honjo, and M. van den Broek. 2005. Resting
dendritic cells induce peripheral CD8+ T cell tolerance through PD-1 and CTLA-4.
Nature immunology 6: 280-286.

Perez, V. L., L. Van Parijs, A. Biuckians, X. X. Zheng, T. B. Strom, and A. K. Abbas.
1997. Induction of peripheral T cell tolerance in vivo requires CTLA-4 engagement.
Immunity 6: 411-417.

Martinez, R. J., N. Zhang, S. R. Thomas, S. L. Nandiwada, M. K. Jenkins, B. A. Binstadt,

and D. L. Mueller. 2012. Arthritogenic self-reactive CD4+ T cells acquire an

215



225.

226.

227.

228.

229.

FR4hiCD73hi anergic state in the presence of Foxp3+ regulatory T cells. J Immunol 188:
170-181.

Kobie, J. J., P. R. Shah, L. Yang, J. A. Rebhahn, D. J. Fowell, and T. R. Mosmann. 2006.
T regulatory and primed uncommitted CD4 T cells express CD73, which suppresses
effector CD4 T cells by converting 5'-adenosine monophosphate to adenosine. J Immunol
177: 6780-6786.

Yamaguchi, T., K. Hirota, K. Nagahama, K. Ohkawa, T. Takahashi, T. Nomura, and S.
Sakaguchi. 2007. Control of immune responses by antigen-specific regulatory T cells
expressing the folate receptor. Immunity 27: 145-159.

Zarek, P. E., C. T. Huang, E. R. Lutz, J. Kowalski, M. R. Horton, J. Linden, C. G. Drake,
and J. D. Powell. 2008. A2A receptor signaling promotes peripheral tolerance by
inducing T-cell anergy and the generation of adaptive regulatory T cells. Blood 111: 251-
259.

Deaglio, S., K. M. Dwyer, W. Gao, D. Friedman, A. Usheva, A. Erat, J. F. Chen, K.
Enjyoji, J. Linden, M. Oukka, V. K. Kuchroo, T. B. Strom, and S. C. Robson. 2007.
Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory T cells
mediates immune suppression. The Journal of experimental medicine 204: 1257-1265.
Villunger, A., V. S. Marsden, Y. Zhan, M. Erlacher, A. M. Lew, P. Bouillet, S. Berzins,
D. I. Godfrey, W. R. Heath, and A. Strasser. 2004. Negative selection of semimature
CD4(+)8(-)HSA+ thymocytes requires the BH3-only protein Bim but is independent of
death receptor signaling. Proceedings of the National Academy of Sciences of the United

States of America 101: 7052-7057.

216



230.

231.

232.

233.

234.

235.

Sakaguchi, S., M. Ono, R. Setoguchi, H. Yagi, S. Hori, Z. Fehervari, J. Shimizu, T.
Takahashi, and T. Nomura. 2006. Foxp3+ CD25+ CD4+ natural regulatory T cells in
dominant self-tolerance and autoimmune disease. Immunological reviews 212: 8-27.
Haribhai, D., J. B. Williams, S. Jia, D. Nickerson, E. G. Schmitt, B. Edwards, J.
Ziegelbauer, M. Yassai, S. H. Li, L. M. Relland, P. M. Wise, A. Chen, Y. Q. Zheng, P.
M. Simpson, J. Gorski, N. H. Salzman, M. J. Hessner, T. A. Chatila, and C. B. Williams.
2011. A requisite role for induced regulatory T cells in tolerance based on expanding
antigen receptor diversity. Immunity 35: 109-122.

Mick, V. E., T. K. Starr, T. M. McCaughtry, L. K. McNeil, and K. A. Hogquist. 2004.
The regulated expression of a diverse set of genes during thymocyte positive selection in
vivo. J Immunol 173: 5434-5444.

Nishimura, H., Y. Agata, A. Kawasaki, M. Sato, S. Imamura, N. Minato, H. Yagita, T.
Nakano, and T. Honjo. 1996. Developmentally regulated expression of the PD-1 protein
on the surface of double-negative (CD4-CDS8-) thymocytes. International immunology 8:
773-780.

Suzuki, H., J. Wu, K. Hossain, T. Ohhata, J. Du, A. A. Akhand, A. Hayakawa, H.
Kimura, M. Hagiwara, and I. Nakashima. 2003. Involvement of MKK6 in
TCRalphabeta(int)CD69lo: a target population for apoptotic cell death in thymocytes.
Faseb J 17: 1538-1540.

Palmer, E. 2003. Negative selection--clearing out the bad apples from the T-cell

repertoire. Nat Rev Immunol 3: 383-391.

217



236.

237.

238.

239.

240.

241.

242.

Cho, H. J., S. G. Edmondson, A. D. Miller, M. Sellars, S. T. Alexander, S. Somersan, and
J. A. Punt. 2003. Cutting edge: identification of the targets of clonal deletion in an
unmanipulated thymus. J Immunol 170: 10-13.

Jaattela, M., and J. Tschopp. 2003. Caspase-independent cell death in T lymphocytes. Nat
Immunol 4: 416-423.

Cantrell, D. A. 2002. Transgenic analysis of thymocyte signal transduction. Nat Rev
Immunol 2: 20-27.

Kyewski, B., and L. Klein. 2006. A central role for central tolerance. Annu Rev Immunol
24: 571-606.

Landry, J. W., S. Banerjee, B. Taylor, P. D. Aplan, A. Singer, and C. Wu. 2011.
Chromatin remodeling complex NURF regulates thymocyte maturation. Genes &
development 25: 275-286.

Park, J. H., S. Adoro, T. Guinter, B. Erman, A. S. Alag, M. Catalfamo, M. Y. Kimura, Y.
Cui, P. J. Lucas, R. E. Gress, M. Kubo, L. Hennighausen, L. Feigenbaum, and A. Singer.
2010. Signaling by intrathymic cytokines, not T cell antigen receptors, specifies CDS8
lineage choice and promotes the differentiation of cytotoxic-lineage T cells. Nat Immunol
11: 257-264.

Nitta, T., S. Nitta, Y. Lei, M. Lipp, and Y. Takahama. 2009. CCR7-mediated migration
of developing thymocytes to the medulla is essential for negative selection to tissue-
restricted antigens. Proceedings of the National Academy of Sciences of the United States

of America 106: 17129-17133.

218



243.

244.

245.

246.

247.

248.

249.

Hu, Q., S. A. Nicol, A. Y. Suen, and T. A. Baldwin. 2012. Examination of thymic
positive and negative selection by flow cytometry. Journal of visualized experiments :
JoVE.

Lundberg, K., W. Heath, F. Kontgen, F. R. Carbone, and K. Shortman. 1995.
Intermediate steps in positive selection: differentiation of CD4+8int TCRint thymocytes
into CD4-8+TCRhi thymocytes. J Exp Med 181: 1643-1651.

Tan, J. T., E. Dudl, E. LeRoy, R. Murray, J. Sprent, K. I. Weinberg, and C. D. Surh.
2001. IL-7 is critical for homeostatic proliferation and survival of naive T cells.
Proceedings of the National Academy of Sciences of the United States of America 98:
8732-8737.

Paiardini, M., B. Cervasi, H. Albrecht, A. Muthukumar, R. Dunham, S. Gordon, H.
Radziewicz, G. Piedimonte, M. Magnani, M. Montroni, S. M. Kaech, A. Weintrob, J. D.
Altman, D. L. Sodora, M. B. Feinberg, and G. Silvestri. 2005. Loss of CD127 expression
defines an expansion of effector CD8+ T cells in HIV-infected individuals. J Immunol
174: 2900-2909.

Kaech, S. M., J. T. Tan, E. J. Wherry, B. T. Konieczny, C. D. Surh, and R. Ahmed. 2003.
Selective expression of the interleukin 7 receptor identifies effector CD8 T cells that give
rise to long-lived memory cells. Nat Immunol 4: 1191-1198.

Mazzucchelli, R., and S. K. Durum. 2007. Interleukin-7 receptor expression: intelligent
design. Nat Rev Immunol 7: 144-154.

Clee, S. M., and A. D. Attie. 2007. The genetic landscape of type 2 diabetes in mice.

Endocrine reviews 28: 48-83.

219



250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

Bosselut, R. 2004. CD4/CD8-lineage differentiation in the thymus: from nuclear effectors
to membrane signals. Nat Rev Immunol 4: 529-540.

Lafaille, J. J., K. Nagashima, M. Katsuki, and S. Tonegawa. 1994. High incidence of
spontaneous autoimmune encephalomyelitis in immunodeficient anti-myelin basic
protein T cell receptor transgenic mice. Cell 78: 399-408.

Leung, M. W., S. Shen, and J. J. Lafaille. 2009. TCR-dependent differentiation of thymic
Foxp3+ cells is limited to small clonal sizes. J Exp Med 206: 2121-2130.

Egerton, M., and R. Scollay. 1990. Intrathymic selection of murine TCR alpha
beta+CD4-CDS8- thymocytes. International immunology 2: 157-163.

Vasquez, N. J., L. P. Kane, and S. M. Hedrick. 1994. Intracellular signals that mediate
thymic negative selection. Immunity 1: 45-56.

Cohen, J. J. 1992. Glucocorticoid-induced apoptosis in the thymus. Seminars in
immunology 4: 363-369.

Wang, S. D., K. J. Huang, Y. S. Lin, and H. Y. Lei. 1994. Sepsis-induced apoptosis of the
thymocytes in mice. J Immunol 152: 5014-5021.

Hale, J. S., and P. J. Fink. 2009. Back to the thymus: peripheral T cells come home.
Immunology and cell biology 87: 58-64.

Surh, C. D., and J. Sprent. 2008. Homeostasis of naive and memory T cells. Immunity 29:
848-862.

Li, W. Q., T. Guszczynski, J. A. Hixon, and S. K. Durum. 2010. Interleukin-7 regulates
Bim proapoptotic activity in peripheral T-cell survival. Molecular and cellular biology

30: 590-600.

220



260.

261.

262.

263.

264.

265.

266.

Ma, C. S., and E. K. Deenick. 2014. Human T follicular helper (Tth) cells and disease.
Immunology and cell biology 92: 64-71.

Luthje, K., A. Kallies, Y. Shimohakamada, G. T. Belz, A. Light, D. M. Tarlinton, and S.
L. Nutt. 2012. The development and fate of follicular helper T cells defined by an IL-21
reporter mouse. Nat Immunol 13: 491-498.

Fazilleau, N., L. J. McHeyzer-Williams, H. Rosen, and M. G. McHeyzer-Williams. 2009.
The function of follicular helper T cells is regulated by the strength of T cell antigen
receptor binding. Nat Immunol 10: 375-384.

Lee, H. M., J. L. Bautista, J. Scott-Browne, J. F. Mohan, and C. S. Hsieh. 2012. A broad
range of self-reactivity drives thymic regulatory T cell selection to limit responses to self.
Immunity 37: 475-486.

Pacholczyk, R., J. Kern, N. Singh, M. Iwashima, P. Kraj, and L. Ignatowicz. 2007.
Nonself-antigens are the cognate specificities of Foxp3+ regulatory T cells. Immunity 27:
493-504.

Erlacher, M., V. Labi, C. Manzl, G. Bock, A. Tzankov, G. Hacker, E. Michalak, A.
Strasser, and A. Villunger. 2006. Puma cooperates with Bim, the rate-limiting BH3-only
protein in cell death during lymphocyte development, in apoptosis induction. J Exp Med
203: 2939-2951.

Mandal, M., K. M. Crusio, F. Meng, S. Liu, M. Kinsella, M. R. Clark, O. Takeuchi, and
I. Aifantis. 2008. Regulation of lymphocyte progenitor survival by the proapoptotic
activities of Bim and Bid. Proceedings of the National Academy of Sciences of the United

States of America 105: 20840-20845.

221



267.

268.

269.

270.

271.

272.

Porritt, H. E., L. L. Rumfelt, S. Tabrizifard, T. M. Schmitt, J. C. Zuniga-Pflucker, and H.
T. Petrie. 2004. Heterogeneity among DN1 prothymocytes reveals multiple progenitors
with different capacities to generate T cell and non-T cell lineages. Immunity 20: 735-
745.

Vinton, C., N. R. Klatt, L. D. Harris, J. A. Briant, B. E. Sanders-Beer, R. Herbert, R.
Woodward, G. Silvestri, I. Pandrea, C. Apetrei, V. M. Hirsch, and J. M. Brenchley. 2011.
CD4-like immunological function by CD4- T cells in multiple natural hosts of simian
immunodeficiency virus. Journal of virology 85: 8702-8708.

Lee, B. P., E. Mansfield, S. C. Hsieh, T. Hernandez-Boussard, W. Chen, C. W. Thomson,
M. S. Ford, S. E. Bosinger, S. Der, Z. X. Zhang, M. Zhang, D. J. Kelvin, M. M. Sarwal,
and L. Zhang. 2005. Expression profiling of murine double-negative regulatory T cells
suggest mechanisms for prolonged cardiac allograft survival. J Immunol 174: 4535-4544.
Liu, G., Z. Li, Y. Wei, Y. Lin, C. Yang, and T. Liu. 2014. Direct detection of FoxP3
expression in thymic double-negative CD4-CDS- cells by flow cytometry. Scientific
reports 4: 5781.

Hutcheson, J., J. C. Scatizzi, E. Bickel, N. J. Brown, P. Bouillet, A. Strasser, and H.
Perlman. 2005. Combined loss of proapoptotic genes Bak or Bax with Bim synergizes to
cause defects in hematopoiesis and in thymocyte apoptosis. J Exp Med 201: 1949-1960.
Kovalovsky, D., M. Pezzano, B. D. Ortiz, and D. B. Sant'Angelo. 2010. A novel TCR
transgenic model reveals that negative selection involves an immediate, Bim-dependent

pathway and a delayed, Bim-independent pathway. PloS one 5: e8675.

222



273.

274.

275.

276.

277.

278.

279.

Dzhagalov, I. L., K. G. Chen, P. Herzmark, and E. A. Robey. 2013. Elimination of self-
reactive T cells in the thymus: a timeline for negative selection. PLoS biology 11:
e1001566.

Donovan, M., and T. G. Cotter. 2004. Control of mitochondrial integrity by Bcl-2 family
members and caspase-independent cell death. Biochimica et biophysica acta 1644: 133-
147.

Lesage, S., A. M. Steff, F. Philippoussis, M. Page, S. Trop, V. Mateo, and P. Hugo. 1997.
CD4+ CD8+ thymocytes are preferentially induced to die following CD45 cross-linking,
through a novel apoptotic pathway. J Immunol 159: 4762-4771.

Sugiyama, T., S. Shimizu, Y. Matsuoka, Y. Yoneda, and Y. Tsujimoto. 2002. Activation
of mitochondrial voltage-dependent anion channel by apro-apoptotic BH3-only protein
Bim. Oncogene 21: 4944-4956.

Campbell, K. J., D. H. Gray, N. Anstee, A. Strasser, and S. Cory. 2012. Elevated Mcl-1
inhibits thymocyte apoptosis and alters thymic selection. Cell death and differentiation
19: 1962-1971.

Strasser, A., A. W. Harris, H. von Boehmer, and S. Cory. 1994. Positive and negative
selection of T cells in T-cell receptor transgenic mice expressing a bcl-2 transgene.
Proceedings of the National Academy of Sciences of the United States of America 91:
1376-1380.

Newton, K., A. W. Harris, M. L. Bath, K. G. Smith, and A. Strasser. 1998. A dominant
interfering mutant of FADD/MORTT1 enhances deletion of autoreactive thymocytes and

inhibits proliferation of mature T lymphocytes. Embo J 17: 706-718.

223



280.

281.

282.

283.

284.

285.

286.

287.

288.

Philips, A., M. Maira, A. Mullick, M. Chamberland, S. Lesage, P. Hugo, and J. Drouin.
1997. Antagonism between Nur77 and glucocorticoid receptor for control of
transcription. Molecular and cellular biology 17: 5952-5959.

Maile, R., C. A. Siler, S. E. Kerry, K. E. Midkiff, E. J. Collins, and J. A. Frelinger. 2005.
Peripheral "CD8 tuning" dynamically modulates the size and responsiveness of an
antigen-specific T cell pool in vivo. J Immunol 174: 619-627.

Kieper, W. C., J. T. Burghardt, and C. D. Surh. 2004. A role for TCR affinity in
regulating naive T cell homeostasis. J Immunol 172: 40-44.

Davey, G. M., S. L. Schober, B. T. Endrizzi, A. K. Dutcher, S. C. Jameson, and K. A.
Hogquist. 1998. Preselection thymocytes are more sensitive to T cell receptor stimulation
than mature T cells. J Exp Med 188: 1867-1874.

Lucas, B., I. Stefanova, K. Yasutomo, N. Dautigny, and R. N. Germain. 1999. Divergent
changes in the sensitivity of maturing T cells to structurally related ligands underlies
formation of a useful T cell repertoire. Immunity 10: 367-376.

Chentoufi, A. A., M. Palumbo, and C. Polychronakos. 2004. Proinsulin expression by
Hassall's corpuscles in the mouse thymus. Diabetes 53: 354-359.

Kishimoto, H., and J. Sprent. 1999. Several different cell surface molecules control
negative selection of medullary thymocytes. J Exp Med 190: 65-73.

Tsai, S., A. Shameli, and P. Santamaria. 2008. CD8+ T cells in type 1 diabetes. Advances
in immunology 100: 79-124.

Yu, D, S. Rao, L. M. Tsai, S. K. Lee, Y. He, E. L. Sutcliffe, M. Srivastava, M.

Linterman, L. Zheng, N. Simpson, J. I. Ellyard, I. A. Parish, C. S. Ma, Q. J. Li, C. R.

224



2809.

290.

291.

292.

293.

294.

295.

296.

Parish, C. R. Mackay, and C. G. Vinuesa. 2009. The transcriptional repressor Bcl-6
directs T follicular helper cell lineage commitment. Immunity 31: 457-468.

Teh, H. S., P. Kisielow, B. Scott, H. Kishi, Y. Uematsu, H. Bluthmann, and H. von
Boehmer. 1988. Thymic major histocompatibility complex antigens and the alpha beta T-
cell receptor determine the CD4/CDS8 phenotype of T cells. Nature 335: 229-233.
Kisielow, P., H. S. Teh, H. Bluthmann, and H. von Boehmer. 1988. Positive sclection of
antigen-specific T cells in thymus by restricting MHC molecules. Nature 335: 730-733.
von Boehmer, H., J. Kirberg, and B. Rocha. 1991. An unusual lineage of alpha/beta T
cells that contains autoreactive cells. J Exp Med 174: 1001-1008.

Zielinski, C. E., T. Zuberbier, and M. Maurer. 2012. Immunoregulation in cutaneous
allergy: prevention and control. Current opinion in allergy and clinical immunology 12:
498-503.

Dalai, S. K., S. Mirshahidi, A. Morrot, F. Zavala, and S. Sadegh-Nasseri. 2008. Anergy
in memory CD4+ T cells is induced by B cells. J Immunol 181: 3221-3231.

Tham, E. L., and M. F. Mescher. 2002. The poststimulation program of CD4 versus CDS8
T cells (death versus activation-induced nonresponsiveness). J Immunol 169: 1822-1828.
Cheroutre, H. 2004. Starting at the beginning: new perspectives on the biology of
mucosal T cells. Annu Rev Immunol 22: 217-246.

Ford, M. S., Z. X. Zhang, W. Chen, and L. Zhang. 2006. Double-negative T regulatory
cells can develop outside the thymus and do not mature from CD8+ T cell precursors. J

Immunol 177: 2803-2809.

225



297. Zhang, D., W. Yang, N. Degauque, Y. Tian, A. Mikita, and X. X. Zheng. 2007. New
differentiation pathway for double-negative regulatory T cells that regulates the

magnitude of immune responses. Blood 109: 4071-4079.

226



