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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.

120



NKO BKO DKO DKO (1)

WT

89.2

6.1

CD8

*k%

*%

*kk

: ._._ﬂ_ . .\\Onv
o, o

&

=5 o,

S

5K o,

* 1

o ww N ;...,\$

R
da#

m 0_*_0.®o+
P .oL\oo
#l- .Onv

. S

PO O

é

* ¢

o 7

0 O < N
dd %

o[%¢L° v&@
2 2 & %
dSyad #
%. [ 2
b Onv
_.l_x._AA s (o4
Olvo
NHEE. ; o,
b ] vmw i (%
* e Olwxé
X
o O O O o ki
< (3p] N ~
dSvad %

©
(=} o o o
=

*kk

dsS8do #

. _lo_|+¢ n\\o
<%

<1 B O

R

IE - OIWMv

L

*k%k

*

>
£’ >

*
T

.o_*olz\é

©

o T} o

~

dsS8dd %

121



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.

128



A CD4SP B CD8SP

A A
WT WT
NKO NKO
>< x 2
® /' DR ITPITD BKO TR ERN 2 U LT BKO
Sl — ko £ — DKO
o (@]
2 S 2 S
CD127 CD127
c CD4* D cD8*
A A :
WT WT
NKO NKO
x X
S| | Wl | e BKO sl 1 48] | e BKO
El |/~ —Dko  E — DKO
(@] (@]
= S 2 N
CD127 CD127

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.
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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.
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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.
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