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Abstract 18 

T cell self-tolerance is thought to involve peripheral tolerance and negative selection, 19 

involving apoptosis of autoreactive thymocytes. However, evidence supporting an essential role 20 

for negative selection is limited. Loss of Bim, a Bcl-2 BH3-only protein essential for thymocyte 21 

apoptosis, rarely results in autoimmunity on the C57BL/6 background.  Mice with T cell-specific 22 

over-expression of Bcl-2, that blocks multiple BH3-only proteins, are also largely normal. The 23 

nuclear receptor Nur77, also implicated in negative selection, might function redundantly to 24 

promote apoptosis by associating with Bcl-2 and exposing its potentially pro-apoptotic BH3 25 

domain. Here, we report that T cell-specific expression of a Bcl2 BH3 mutant transgene results 26 

in enhanced rescue of thymocytes from negative selection. Concomitantly, Treg development is 27 

increased. However, aged BH3 mutant mice progressively accumulate activated, autoreactive T 28 

cells, culminating in development of multi-organ autoimmunity and lethality. These data provide 29 

strong evidence that negative selection is crucial for establishing T cell tolerance. 30 

 31 

 32 

  33 
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Introduction 34 

Maintenance of T cell self-tolerance is essential for the prevention of autoimmune 35 

diseases. A series of mechanisms are thought to be involved in establishing T cell tolerance, the 36 

first of which is deletion of potentially self-reactive T cells in the thymus. During T cell 37 

development, autoreactive T cells bind self-peptide presented on major histocompatibility 38 

complex (MHC) molecules with high affinity and receive strong T cell receptor (TCR) signals 39 

that trigger apoptosis and clonal deletion. Some of these cells can also differentiate down an 40 

alternative pathway to a harmless lineage, such as T regulatory cells (Treg), or also CD8αα and 41 

invariant NK T cells (Stritesky et al., 2012). The importance of this process, termed negative 42 

selection, in establishing self-tolerance and preventing autoimmunity was best demonstrated in 43 

studies of mice deficient in the autoimmune regulator (Aire) gene. These mice develop a multi-44 

organ autoimmune disease as the result of defective deletion of auto-reactive T cells specific to 45 

tissue-restricted antigens (TRA), which would normally be expressed by medullary thymic 46 

epithelial cells under the control of AIRE (Anderson et al., 2002). Humans with loss of AIRE 47 

function develop similar disease pathology (Finnish-German, 1997; Nagamine et al., 1997). 48 

However, additional models that implicate a breakdown in negative selection as the driving force 49 

behind the development of autoimmune disease are lacking (von Boehmer and Melchers, 50 

2010). This might suggest that under most circumstances, subsequent tolerizing mechanisms in 51 

the peripheral compartments such as anergy or Treg-mediated suppression are sufficient to 52 

compensate for defective thymic deletion. Even in the case of AIRE-deficiency, impaired 53 

tolerization of CD4+ T cells in the periphery by extra-thymic AIRE expressing cells likely 54 

contributes to the development of autoimmunity (Gardner et al., 2013). This has cast doubt on 55 

the relative importance of negative selection for maintaining immunological self-tolerance.  56 

Apoptosis of thymocytes during negative selection is dependent on the mitochondrial 57 

apoptosis pathway regulated by the Bcl-2 family of proteins (Tischner et al., 2010). In particular, 58 

the pro-apoptotic, Bcl-2 homology domain 3 (BH3) only protein, Bim, which is upregulated in 59 
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response to strong TCR signals, is essential for this process. Bim and other BH3-only proteins 60 

are thought to promote apoptosis by binding and inhibiting anti-apoptotic Bcl-2 proteins (such as 61 

Bcl-2, Bcl-XL and Mcl-1) that directly suppress downstream effectors Bax and Bak, which are 62 

responsible for disrupting mitochondrial membrane integrity (Youle and Strasser, 2008). Bim-63 

deficiency has been shown to cause defective thymocyte apoptosis in several TCR transgenic 64 

(HY, OTI, OTII) models of negative selection (Bouillet et al., 2002; Moran et al., 2011; Suen and 65 

Baldwin, 2012; Zhan et al., 2011). However, this apoptotic defect does not lead to emergence of 66 

autoreactive mature T cells except in the case of negative selection to TRA (Hu et al., 2009; 67 

Kovalovsky et al., 2010; Suen and Baldwin, 2012). Interestingly, Bim-/- mice on a mixed 129/Sv 68 

X C57BL/6 background develop a systemic lupus erythematosus (SLE)-like autoimmune 69 

disease, indicative of a breakdown in tolerance (Bouillet et al., 1999). However, loss of Bim in 70 

other immune compartments likely contributes to the disease, especially B cells, which are 71 

important mediators of SLE pathology. This phenotype was greatly ameliorated on the 72 

autoimmune-resistant C57BL/6 background and is distinct from the multi-organ, T cell dominant 73 

disease found in AIRE-deficient mice (Bouillet et al., 2001; Labi et al., 2014a).  Recently, a study 74 

showed that additional loss of Puma (Bbc3), another BH3-only protein, enhanced the Bim-/- 75 

thymic deletion defect and led to the development of immune pathology more similar to that 76 

found in AIRE-deficient mice (Gray et al., 2012). T cells from these mice were able to transfer 77 

the disease, lending support to it being T cell-driven. However, the role of non-T cells in these 78 

mice cannot be excluded due to germline deletion of Puma and Bim. In addition, T-cell specific 79 

over-expression of Bcl-2, which can inhibit both Bim and Puma (Chen et al., 2005), does not 80 

lead to autoimmunity (Linette et al., 1995; Sentman et al., 1991), suggesting that a defect in T 81 

cells alone may be insufficient to cause disease. Alternatively, redundant negative selection 82 

pathways involving Bim, Puma and the Nur77 family members (see below) may not allow Bcl-2 83 

over-expression to block all pathways leading to negative selection. 84 



 5

In addition to Bim, the Nur77 family of orphan steroid receptors, which includes Nur77, 85 

Nor-1 and Nurr1, has also been implicated in apoptosis accompanying negative selection.  86 

Nur77 expression, like that of Bim, is induced by strong TCR signals that result in negative 87 

selection. Low expression of both proteins has been correlated with defective clonal deletion in 88 

Non-obese Diabetic (NOD) mice (Liston et al., 2004; Sohn et al., 2003). Furthermore, T cell-89 

specific over-expression of Nur77, or Nor-1, results in massive apoptosis of thymocytes (Cheng 90 

et al., 1997b). Expression of a dominant negative Nur77 protein that can block all family 91 

members results in inhibition of apoptosis in the F5 and HY TCR transgenic models of negative 92 

selection (Calnan et al., 1995; Zhou et al., 1996). Deficiency in Nur77 alone (Nr4a1-/-) results in 93 

moderate inhibition of apoptosis accompanying negative selection in the OTII and BDC2.5 TCR 94 

transgenic models (Fassett et al., 2012). Interestingly, the Nur77 family has also been shown to 95 

transcriptionally regulate Foxp3 expression and deletion of all three Nur77 family members 96 

(Nr4a3-/- X Cd4-Cre+Nr4a1fl/flNr4a2fl/fl) results in impaired Treg cell production and development of 97 

a quick onset, severe autoimmune disease resembling that of Foxp3-deficient mice (Sekiya et 98 

al., 2013). Therefore, Nur77 could contribute to the maintenance of immunological tolerance 99 

both by facilitating deletion of autoreactive thymocytes and ensuring production of Treg cells. The 100 

mechanism by which Nur77 and its family members promote thymocyte apoptosis has long 101 

been under investigation. We and others showed that strong TCR signals induce the 102 

translocation of Nur77 and Nor-1 from the nucleus to the mitochondria in thymocytes, a 103 

phenomenon first reported to occur in cancer cells in response to apoptotic stimuli (Lin et al., 104 

2004; Thompson and Winoto, 2008; Wang et al., 2009). At the mitochondria, Nur77 and Nor-1 105 

bind Bcl-2 and cause exposure of Bcl-2’s BH3 domain, the “death” domain of the Bcl-2 family of 106 

proteins. Bcl-2 BH3 exposure correlates with thymocyte apoptosis in TCR-stimulated 107 

thymocytes and HY and F5 TCR transgenic thymocytes undergoing negative selection 108 

(Thompson and Winoto, 2008). BH3-exposed Bcl-2 might act similarly to BH3-only protein Bim 109 

to bind and inhibit other anti-apoptotic Bcl-2 proteins, such as Bcl-XL, as was demonstrated in 110 
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cancer cells (Kolluri et al., 2008). It is thus possible that Nur77 converts Bcl-2 to a pro-apoptotic 111 

effector during negative selection, preventing over-expression of Bcl-2 from completely blocking 112 

negative selection.   113 

Here, we generated a T cell-specific Bcl2 BH3 mutant transgenic mouse, in which Bcl-114 

2’s purported pro-apoptotic BH3 function should be abolished by changing its conserved BH3 115 

residues, GDD, to alanines (Cheng et al., 1997a). We found that over-expression of both wild-116 

type and BH3 mutant Bcl-2 efficiently rescued thymocyte apoptosis in two TCR transgenic 117 

models of negative selection. However, the BH3 mutant transgene more effectively blocked 118 

TCR-induced thymocyte apoptosis in vitro and better rescued high affinity TCR clones from 119 

deletion in polyclonal systems in vivo. Interestingly, BH3 mutant transgenic mice, in contrast to 120 

the reported wild-type Bcl2 transgenic mouse phenotype, developed multi-organ autoimmune 121 

pathology and died around one year-of-age. Thus, we provide strong evidence that a 122 

breakdown in thymocyte apoptosis during negative selection is indeed sufficient to cause 123 

autoimmune disease. 124 

 125 

Results 126 

Generation of T cell-specific Bcl2 BH3 domain mutant transgenic mice 127 

 To investigate the role of the Bcl-2 BH3 domain in thymocyte apoptosis, we created T 128 

cell-specific Bcl2 BH3 mutant transgenic mice. Three amino acid residues critical for BH3 129 

domain pro-apoptotic function were mutated to alanine (Fig. 1A) and the BH3 mutated human 130 

Bcl2 transgene (referred to as BH3) was expressed under the control of the Cd4 regulatory 131 

elements (Adlam and Siu, 2003; Xue et al.). The “BH3” transgenic mice (BH3 Tg) were 132 

generated on the C57BL/6 background and two founder lines were chosen for analysis, BH3 A 133 

and BH3 B. For evaluation, the BH3 Tg mice were compared to the T cell-specific wild-type 134 

human Bcl-2 strain, LckPr-Bcl2, also on the C57BL/6 background, referred to here as “Bcl-2 Tg” 135 

(Sentman et al., 1991). 136 
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 By intracellular staining with an antibody that detects both mouse and human Bcl-2, we 137 

observed that Bcl-2 expression was significantly increased in BH3 Tg thymocytes compared to 138 

wild-type controls (Fig. 1B). Although the transgene is expressed by the Cd4 promoter, 139 

increased Bcl-2 expression was detected in DN (CD4- CD8- double negative) thymocytes as 140 

early as CD25+ CD44- DN3 (Fig. 1B). This was very similar to the expression pattern of the Lck-141 

driven wild-type Bcl2 transgene. Additionally, the level of Bcl-2 upregulation in BH3 Tg versus 142 

Bcl-2 Tg thymocytes was very similar in DN, DP and CD4 single positive (CD4 SP) thymocytes. 143 

Only slightly higher expression of the BH3 transgene was noted in DP and CD4 SP cells. As 144 

expected, BH3 transgene expression was downregulated in CD8 single positive (CD8 SP) 145 

thymocytes due to loss of CD4 expression (Fig. 1B). Lymph node CD8 T cells further 146 

downregulated BH3 transgene expression, while both BH3 Tg and Bcl-2 Tg CD4 T cells 147 

maintained similarly high levels (Fig. 1B). Interestingly, we observed a compensatory 148 

downregulation of endogenous mouse Bcl-2 in the thymus, lymph nodes and spleen of both 149 

BH3 and Bcl-2 Tg mice (Fig. 1C). Thus, we do not have to consider a contribution of 150 

endogenous mouse Bcl-2 to the phenotype of these mice. Due to close similarity in transgene 151 

expression level and pattern in the two BH3 Tg lines, BH3 A and BH3 B, we used these mice 152 

interchangeably throughout our study (data not shown). In both BH3 Tg lines, we observed a 153 

decreased proportion of DP thymocytes and an increased proportion of SP thymocytes 154 

compared to wild-type littermate controls (Fig. 1D). However, only the absolute SP cell numbers 155 

were increased, especially for CD4 SP cells, while the DP cell number was comparable to wild-156 

type controls (Fig. 1E). This is largely similar to the thymocyte distribution found in the wild-type 157 

Bcl-2 Tg mice (Sentman et al., 1991). As expected, the peripheral mature T cell compartment 158 

reflects the increased SP thymocyte numbers in both the BH3 Tg and Bcl-2 Tg mice (Fig. 1F). 159 

Relative to wild-type mice, the CD4 to CD8 T cell ratio is therefore somewhat skewed in favor of 160 

CD4 T cells in the BH3 Tg mice and CD8 T cells in the Bcl-2 Tg mice. Hence, differential 161 

expression in the CD8 compartment is one caveat to comparison of BH3 and Bcl-2 transgenic 162 
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mice. However, similar expression levels in the CD4 compartment should allow fair comparison 163 

of DP, CD4 SP and CD4 T cell phenotypes. 164 

 165 

Defective negative selection in BH3 Tg mice 166 

 A defect in thymocyte apoptosis accompanying negative selection could potentially 167 

contribute to increased SP thymocyte and mature T cell numbers in the BH3 and Bcl-2 Tg mice. 168 

However, while Bcl2 transgene expression was previously shown to safeguard thymocytes 169 

against a variety of apoptotic stimuli, thymocytes were inefficiently protected from apoptosis 170 

during negative selection (Bouillet et al., 2002; Sentman et al., 1991; Strasser et al., 1991). To 171 

test whether BH3 Tg thymocytes might be better protected, we first assessed thymocyte 172 

apoptosis in response to strong TCR stimuli that mimic negative selection in vitro. In response 173 

to anti-CD3 and anti-CD28 antibody stimulation, BH3 transgene expression substantially 174 

decreased apoptosis of thymocytes compared to wild-type controls (Fig. 2A). In addition, BH3 175 

Tg thymocytes showed significantly increased resistance to apoptosis compared to Bcl-2 Tg 176 

thymocytes.  177 

 To test whether the BH3 transgene is also better able to block apoptosis during negative 178 

selection in vivo, we examined apoptosis of F5 TCR transgenic thymocytes in BH3 Tg mice 179 

crossed to F5 mice (BH3/F5) (Mamalaki et al., 1993; Mamalaki et al., 1992). We also examined 180 

Bcl-2/F5 mice for comparison. In response to injection with the F5 TCR-specific peptide, NP, F5 181 

DP thymocytes undergo massive apoptosis (Mamalaki et al., 1992). Strikingly, however, 182 

expression of either the BH3 or Bcl2 transgene almost completely inhibited thymocyte death, 183 

with thymocyte numbers only marginally decreased compared to PBS-injected control mice after 184 

48 hours of treatment (Fig. 2B). Analysis of thymocyte proportions indicated a significant rescue 185 

of the DP thymocyte population (Fig. 2C). We sought to increase the sensitivity of the assay by 186 

using a previously described ex vivo thymic slice approach (Dzhagalov et al., 2013). This assay 187 

allows assessment of apoptosis over a more acute timeline, free of possible cytotoxic effects 188 
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inherent in the NP injection model (Mamalaki et al., 1992). In this assay, transgenic thymic lobes 189 

were embedded in agarose, cut into 500μm slices by vibratome and cultured in transwells. The 190 

slices were then briefly exposed to the relevant or an irrelevant control peptide and thymocyte 191 

apoptosis was assessed by flow cytometry at 12-hour intervals. Here, again, we saw near 192 

complete and equivalent protection of BH3 and Bcl-2 Tg thymocytes from apoptosis in response 193 

to NP peptide treatment over a 36-hour time course (Fig. 2D). Thymocytes of all genotypes 194 

were similarly activated as measured by upregulation of CD69 (Fig. 2D). We also performed an 195 

analogous thymic slice assay comparing apoptosis of thymocytes from female BH3 or Bcl-2 Tg 196 

mice crossed to HY TCR transgenic mice (BH3/HY or Bcl-2/HY, respectively) in response to the 197 

HY TCR-specific peptide, Smcy. Remarkably, just as in the F5 model, thymocytes expressing 198 

either transgene were significantly protected from apoptosis (Fig. 2E). Hence, we conclude that 199 

Bcl-2 over-expression very efficiently inhibits thymocyte apoptosis accompanying negative 200 

selection in these models and this potent blockade could not be enhanced by expression of a 201 

BH3 mutant form of Bcl-2. 202 

 203 

BH3 transgene enhances rescue of high affinity TCR clones in a polyclonal system  204 

  We next sought to test whether over-expression of Bcl-2 is sufficient to block negative 205 

selection in a normal, polyclonal system and if in this context, the BH3 transgene might exhibit 206 

enhanced anti-apoptotic activity. To investigate this, we employed the Nur77GFP BAC transgenic 207 

reporter mouse system, in which GFP is inserted into the start site of the Nr4a1 (Nur77) 208 

transgene (Moran et al., 2011). Studies of these mice have clearly demonstrated that the level 209 

of Nur77 expression in T cells directly correlates with the intensity of the TCR signals received 210 

(Moran et al., 2011). During thymocyte selection, cells receiving strong TCR signals are 211 

destined to die by negative selection while cells receiving very weak to no signal die by neglect. 212 

Hence, the post-selection thymocyte pool is largely comprised of cells expressing an 213 

intermediate level of GFP, reflecting their receipt of moderate, positively selecting TCR signals. 214 
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In Bim-/- X Nur77GFP mice, however, a significant number of post-selection thymocytes express 215 

high levels of GFP, indicating that high affinity TCR clones are rescued from negative selection 216 

in the absence of Bim (Stritesky et al., 2013). This rescue was also reflected by an increase in 217 

the total number of post-selection DP and SP thymocytes. When we assessed GFP expression 218 

of post-selection thymocytes in BH3/Nur77GFP and Bcl-2/Nur77GFP mice, we observed a 219 

strikingly similar phenotype. A large population of GFP-high post-selection DP thymocytes was 220 

rescued with the expression of either transgene (Fig. 3A). As in Bim-/-/Nur77GFP mice, the 221 

proportion of post-selection DP thymocytes was consequently increased compared to wild-type 222 

mice, reflecting the rescue of these cells from deletion (Fig. 3A).  223 

To quantify this effect, we defined GFP-high (GFPhi) cells as those expressing GFP at a 224 

level greater than the mean fluorescence intensity (M.F.I.) of wild-type post-selection DP cells; 225 

this definition allowed for the most consistent gating across independent experiments (Fig. 3A). 226 

The percent increase in GFPhi cells over wild-type is indicative of the proportion of cells rescued 227 

from negative selection by transgene expression. Interestingly, a significantly greater increase in 228 

the percentage of GFPhi post-selection DP cells was observed in BH3/Nur77GFP versus Bcl-229 

2/Nur77GFP mice, suggesting that the BH3 transgene might indeed have an enhanced ability 230 

over wild-type Bcl2 to rescue high affinity TCR clones from apoptosis (Fig. 3B). No increase was 231 

observed in GFP-intermediate (GFPint) cells, indicating that the GFPhi population encompasses 232 

all rescued cells and that BH3 and Bcl2 transgene expression, similar to Bim-deficiency, only 233 

rescues high affinity clones and therefore does not seem to enhance positive selection (Fig. 3A 234 

and 3B) (Stritesky et al., 2013). BH3 and Bcl2 transgene expression also rescued GFPhi CD4 235 

and CD8 SP thymocytes from apoptosis. This likely indicates rescue of high affinity clones from 236 

deletion in response to self-antigens presented in the medulla and possibly rescue of DP cells 237 

that have differentiated into SP thymocytes. Confirming what has been shown in Nur77GFP mice 238 

(Moran et al., 2011), GFP expression in BH3 and Bcl-2 Nur77GFP double transgenic mice was 239 

also TCR-dependent, as BH3/Nur77GFP and Bcl-2/Nur77GFP SP thymocytes removed from MHC 240 
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in culture down-regulated GFP similarly to WT/Nur77GFP cells (Figure 3 – figure supplement 1). 241 

A greater percentage of GFPhi CD4 SP cells were rescued in BH3 Tg versus Bcl-2 Tg mice 242 

(Fig. 3C). Consistent with the BH3 transgene being downregulated in CD8 SP cells, BH3 243 

expression rescued a smaller percentage of GFPhi CD8 SP thymocytes compared to CD4 SP 244 

(Fig. 3D versus 3C). Collectively, these data demonstrate that Bcl-2 over-expression causes a 245 

significant defect in thymocyte negative selection even in a normal, polyclonal system and in 246 

this context, the BH3 mutant protein rescues significantly more cells from death than wild-type 247 

Bcl-2. 248 

 249 

Defective superantigen negative selection in BH3 Tg mice  250 

Endogenous superantigen negative selection is another polyclonal model of clonal 251 

deletion whereby specific Vβ TCR-expressing T cells are deleted through interaction of their 252 

specific Vβ chain with endogenously-expressed superantigen bound to class II MHC (usually I-253 

E) on antigen presenting cells (Scherer et al., 1993). Whether Bcl-2 over-expression can inhibit 254 

negative selection against endogenous superantigens is controversial. In one study, Bcl2 255 

transgene expression did not block superantigen negative selection (Sentman et al., 1991) while 256 

another group clearly saw a rescue (Siegel et al., 1992). Yet another study reported that cells 257 

were rescued from superantigen-mediated deletion in the Bcl2 transgenic thymus, but not in the 258 

transgenic lymph nodes (Strasser et al., 1991). To assess endogenous superantigen negative 259 

selection in BH3 Tg mice, we crossed them to the class II MHC I-E expressing CBA/J strain of 260 

mice. CBA/J mice express superantigens that delete T cells expressing Vβ3, 5, 6, 7, 8.1, 9 and 261 

11, but not Vβ8.2 (Scherer et al., 1993). We examined the proportions of Vβ5, Vβ6, Vβ8.1/8.2 262 

and Vβ11 expressing DP and SP thymocytes in BH3 Tg X CBA/J mice and their wild-type 263 

littermate controls as well as in Bcl-2 Tg X CBA/J mice. As shown in Figure 4, the proportions of 264 

Vβ5, Vβ6 and Vβ11, but not Vβ8.1/8.2, expressing cells decreased between the DP and SP 265 
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stage in non-transgenic mice, indicative of superantigen negative selection. In both BH3 and 266 

Bcl-2 Tg mice, however, increased proportions of Vβ5, Vβ6 and Vβ11 expressing SP 267 

thymocytes were observed, suggesting that expression of either transgene can block 268 

superantigen-mediated deletion. The BH3 transgene rescued CD8 SP thymocytes less 269 

efficiently than the wild-type Bcl2 transgene, reflective of the relative levels of transgenic protein 270 

in the CD8 compartment. CD4 SP thymocytes were rescued to a similar extent by both 271 

transgenes, however modestly better by the BH3 transgene for Vβ5+ and Vβ6+ cells. 272 

Interestingly, we observed a significant increase in Vβ5+ and Vβ6+ (but not Vβ11+) DP 273 

thymocytes in the BH3 Tg mice that was not seen in the Bcl-2 Tg mice. The pattern of rescue in 274 

this model parallels that observed in the Nur77GFP polyclonal system. Together, these data are 275 

consistent with the notion that overexpression of both wild type and BH3 mutant Bcl2 276 

transgenes leads to an enhanced rescue of thymocytes from negative selection, with the BH3 277 

mutant providing a more complete rescue. 278 

 279 

Alternative tolerizing mechanisms are increased in BH3 Tg mice 280 

Our results demonstrate that T cell-specific over-expression of wild-type Bcl-2 clearly 281 

results in a rescue of cells receiving strong TCR signals, which would normally undergo 282 

apoptosis, yet aged Bcl-2 Tg mice were not reported to develop autoimmune pathology (Linette 283 

et al., 1995). Hence, we sought to investigate the fate of the rescued, high affinity T cell clones 284 

in the Bcl-2 Tg and BH3 Tg mice. We observed that the GFP mean fluorescence intensity was 285 

higher in lymph node T cells from both BH3/Nur77GFP and Bcl-2/Nur77GFP mice (Fig. 5A). GFP 286 

expression was also dependent on TCR signaling, as removal of BH3/Nur77GFP and Bcl-287 

2/Nur77GFP mature T cells from MHC in culture resulted in downregulation of GFP at a rate 288 

similar to that observed for WT/Nur77GFP cells (Figure 5 – figure supplement 1). Hence, the 289 

increased GFP expression might be leftover from strong TCR signals received in the thymus 290 
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and/or due to tonic TCR stimulation in the periphery. Interestingly, GFP levels were higher in 291 

Bcl-2 Tg versus BH3 Tg T cells, even for CD4+ T cells. The reason for this is unclear, but it may 292 

be due to distinct T cell repertoires in these two lines of mice that lead to differences in T cell 293 

signaling in the periphery. Treg cells have self-reactive TCRs and express a high level of GFP, 294 

however Treg cells did not account for the majority of the GFP-high CD4 T cells (data not 295 

shown). This indicates that conventional T cells with higher than normal TCR affinity are 296 

permitted to migrate into the periphery. Since presumably autoreactive T cells are found in the 297 

periphery, mechanisms must exist to keep these cells in check. One mechanism might be the 298 

production of more Treg cells to mediate suppression of the autoreactive cells (Stritesky et al., 299 

2012). Interestingly, we observed that GFP-high CD4 SP thymocytes rescued from negative 300 

selection express GFP at a very similar level to Treg cells (Fig. 5B). Since high TCR affinity 301 

contributes to Treg development (Stritesky et al., 2012), we hypothesized that more thymocytes 302 

might be directed down this pathway in BH3 and Bcl-2 Tg mice. Indeed, we found greater 303 

Foxp3+ Treg cell proportions and numbers in the both the thymus and lymph nodes of BH3 and 304 

Bcl-2 Tg mice (Fig. 5C). BH3 Tg mice had a more significant increase in peripheral Treg numbers 305 

compared to Bcl-2 Tg mice (3-fold versus 2-fold), mirroring the higher mature CD4 T cell 306 

numbers in these mice. Most of the increase in total Treg number was caused by an increase in 307 

CD25-, and not CD25+ cells. CD25- Treg cells are thought to be derived from diverted, potentially 308 

autoreactive thymocytes and are functional, but have reduced suppressive capacity compared 309 

to CD25+ Treg cells (Zhan et al., 2011). Despite the increase in total Treg number in BH3 and Bcl-310 

2 Tg mice, the ratio of CD25+ Treg cells to total CD4 T cells was similar to wild-type mice (Fig. 311 

5C). Thus, some of the rescued high affinity clones appear to be diverted down the CD25- Treg 312 

pathway, but not the CD25+ Treg pathway. Intriguingly, consistent with this, we observed that 313 

CD25- Treg cells express higher levels of GFP than CD25+ Treg cells, at a similar level to the 314 

highest GFP-expressing BH3 Tg clones (Fig. 5D). Another mechanism employed to maintain 315 

peripheral tolerance is the induction of T cell anergy upon antigen encounter. In addition to 316 
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increased Treg cells, we also observed a higher proportion of previously activated, anergic CD4 317 

T cells in BH3 and Bcl-2 Tg mice marked by upregulation of the markers FR4 and CD73 in 318 

CD44hi T cells (Fig. 5E-F) (Martinez et al., 2012). Therefore, increased diversion to the Treg 319 

lineage/Treg suppression and CD4 T cell anergy might cooperate to suppress the emergence of 320 

autoimmunity in these mice. 321 

 322 

BH3 Tg mice have a shortened lifespan and lymphoid hyperplasia 323 

 Despite similarly engaging alternative mechanisms to promote tolerance, BH3 Tg mice, 324 

unlike Bcl-2 Tg mice, have a considerably shortened life-span, with a median length of survival 325 

of about 50 weeks for both BH3 A and BH3 B lines (Fig. 6A). Most mice were sacrificed due to 326 

general deterioration of health, especially dramatic weight-loss, but some mice of the BH3 A line 327 

were sacrificed due to a severe inflammatory skin condition. No Bcl-2 Tg mice had to be 328 

sacrificed over a 60-week period. Upon examination of a large cohort of mice between 45 and 329 

60 weeks-of-age, we found that all BH3 Tg mice displayed severe splenomegaly and 330 

lymphadenopathy and had significantly increased numbers of both T cells and B cells, 331 

especially in the mesenteric lymph nodes (MLN) and spleen (Fig. 6B and 6C). In comparison, 332 

Bcl-2 Tg lymphoid organs were only mildly enlarged, but a significant increase in T cell numbers 333 

was observed. We also observed a dramatic increase in CD3- B220- Myeloid/other cells in the 334 

MLN and spleen of BH3 Tg, but not Bcl-2 Tg mice (Fig. 6D). A large proportion of these cells 335 

were Ly6Clo CD11b+ neutrophils, indicative of increased inflammation in these mice (Fig. 6E).  336 

 337 

BH3 Tg mice accumulate activated, autoreactive T cells 338 

CD4 and CD8 T cells in aged BH3 Tg mice were highly activated, as indicated by 339 

increased CD44 expression and decreased CD62L expression, reminiscent of the phenotype of 340 

the disease-promoting T cells in AIRE-deficient mice (Fig. 7A; (Anderson et al., 2002). We also 341 

observed a significant increase in CD44hi/CD62Lhi central memory CD8 T cells. An increase in 342 
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activated T cells was also sometimes observed in Bcl-2 Tg mice, but the phenotype was greatly 343 

attenuated. While we did not observe an increase in activated T cells in young mice (data not 344 

shown), starting as early as 20 weeks-of-age, there was significant accumulation of activated T 345 

cells in the peripheral blood of BH3 Tg mice (Fig. 7B). This increase became very dramatic and 346 

nearly ubiquitous in 40 to 50-week-old mice. In comparison, only a couple Bcl-2 Tg mice at 40 to 347 

50 weeks were found to have increased activated T cells. To directly test the possible 348 

autoreactivity of BH3 Tg T cells, we stimulated T cells with syngeneic or allogeneic irradiated 349 

splenocytes and measured T cell proliferation in a mixed lymphocyte reaction (MLR). All T cells 350 

were able to proliferate in response to allogeneic stimulators, although CD4 T cells proliferated 351 

less than CD8 T cells and the presence of Bcl-2 further reduced proliferation (Fig. 7C). This 352 

datum is consistent with the known inhibitory effect of Bcl-2 on cell cycle progression (Cheng et 353 

al., 2004; Linette et al., 1996). When presented with syngeneic stimulators, little proliferation 354 

was observed for all the Tg and wild-type CD4 T cells, even with Treg depletion, most likely due 355 

to a combination of the lackluster ability of CD4 T cells to proliferate in this system and the 356 

inhibitory effect of Bcl-2 on cell cycle progression. In contrast, CD8+ BH3 Tg T cells exhibited 357 

significant proliferation in response to syngeneic stimulators, suggesting that the BH3 Tg mice 358 

contain autoreactive T cells (Fig. 7C). Despite our inability to detect autoreactive CD4 T cells in 359 

BH3 Tg mice by MLR, we found that the activated CD4 T cells in aged mice appear to have 360 

increased effector function, as splenic CD4 T cells from 50-week-old mice secrete increased 361 

amounts of IFNγ (Fig. 8A). Only IFNγ and not IL-17 or IL-4 was increased, suggesting that the 362 

activated T cells are Th1 polarized (Fig. 8A). Autoimmunity manifested as significant infiltration 363 

of lymphocytes into the liver, lung and kidney of BH3, but not Bcl-2 Tg mice (Fig. 8B). In 364 

addition, autoantibodies against multiple non-lymphoid tissues (pancreas, eye, lung, liver, 365 

kidney, stomach) were detected by immunoblot of whole tissue extracts with sera from 40 to 50-366 

week-old BH3 Tg mice (Fig. 8C). Interestingly, autoantibody binding was detected for all the 367 

BH3 Tg mice examined and most if not all the mice had autoantibodies against multiple tissues. 368 
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Common banding patterns were observed amongst the BH3 Tg mice within a given tissue 369 

suggesting common autoantibody targets. Occasionally, autoantibodies were also found in 370 

some Bcl-2 Tg mice, but to a much lesser extent. An occasional band was sometimes observed 371 

in one of the wild-type controls, but these bands did not match the patterns observed in the BH3 372 

Tg mice.  A few BH3 Tg mice also exhibited a significant increase in anti-nuclear antibodies 373 

(ANA) (Fig. 8D). However, for the majority of the BH3 Tg mice, the levels were not appreciably 374 

higher than wild-type or Bcl-2 Tg mice, perhaps consistent with the autoimmune pathology in 375 

these mice being more predominantly T cell- rather than B cell-driven. In a few mice with high 376 

levels of ANA, significant disruption of kidney morphology was observed, reminiscent of 377 

glomerulonephritis (Fig. 8B). Aged BH3 Tg mice also had significantly increased numbers of 378 

both CD25+ and CD25- Treg cells in their lymphoid organs, making up approximately 50% of all 379 

CD4 T cells (Fig. 8E-F). This dramatic increase in Treg cells was still apparently insufficient to 380 

inhibit autoimmunity in these mice.  381 

 382 

Discussion 383 

Bcl-2 family proteins and the Nur77 family of orphan steroid receptors are critical 384 

mediators of thymocyte apoptosis during negative selection. However, whether thymocyte 385 

deletion is necessary to maintain immunological self-tolerance remains under debate. Here, we 386 

find that T cell-specific over-expression of a Bcl2 BH3 mutant transgene results in T cell-driven 387 

multi-organ autoimmunity, strongly suggesting that a defect in thymic deletion is indeed 388 

sufficient to cause a breakdown in tolerance. Consistent with previous observations, we found 389 

that T cell-specific over-expression of wild-type Bcl-2 did not cause significant autoimmune 390 

pathology (Linette et al., 1995). However, our results show that Bcl-2 Tg mice may develop 391 

autoimmunity at low penetrance, as some mice exhibited a modest accumulation of activated T 392 

cells and autoantibodies. In contrast, expression of a Bcl2 BH3 mutant transgene significantly 393 

increased the severity of the disease and resulted in greater than 70% lethality by one year-of-394 
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age. A significant accumulation of activated T cells was observed starting at 20 to 30 weeks-of-395 

age and ultimately resulted in massive lymphoid hyperplasia, inflammation, lymphocyte 396 

infiltration into non-lymphoid organs and organ-targeted auto-antibody accumulation. This 397 

phenotype of low ANA antibody titers, activated T cells and organ-targeted autoantibodies is 398 

suggestive of a primarily T cell-mediated disease.  399 

Our data in the Nur77GFP and superantigen mouse models indicate that the Bcl-2 BH3 400 

mutant is better able to rescue autoreactive thymocytes from negative selection than wild-type 401 

Bcl-2. Abolishing the Nur77-dependent pro-apoptotic function of Bcl-2 by BH3 mutation might 402 

therefore enhance the anti-apoptotic effects of Bcl-2 over-expression. Alternatively, it is also 403 

possible that slightly higher BH3 transgene expression levels in DP and CD4 SP cells could be 404 

responsible for this phenotype, although the levels of transgene expression do not necessarily 405 

correlate with GFP expression as demonstrated by the higher GFP M.F.I. in CD4+ T cells of Bcl-406 

2 over BH3 Tg mice (Fig. 5A). Cause set aside, a greater defect in negative selection could 407 

allow a threshold to be crossed in which other mechanisms of maintaining tolerance are no 408 

longer sufficient to prevent disease. This would be consistent with the recent study comparing 409 

the severity of disease in Bim-/- versus Bim-/-Bbc3-/- mice. Bim-/- mice on the C57BL/6 410 

background were reported to have attenuated autoimmunity and 80% of them still survive at 70 411 

weeks-of-age (Bouillet et al., 2001; Labi et al., 2014b). Additional loss of Puma (Bbc3), however, 412 

enhanced the thymic deletion defect of Bim-/- mice and resulted in more severe, T cell-driven 413 

multi-organ autoimmune pathology (Gray et al., 2012). It remains to be seen if loss of Bim and 414 

Puma in T cells alone would result in the same phenotype. Our observations in a T cell-specific 415 

model provide strong evidence that a severe thymic clonal deletion defect is sufficient to cause 416 

autoimmune pathology. Arguably, a defect in peripheral T cell deletion due to increased T cell 417 

survival may also contribute to the BH3 Tg phenotype. Although we cannot completely rule out 418 

this possibility, the fact that Bcl-2 Tg mice do not develop autoimmunity would suggest a 419 

minimal role for defective peripheral tolerance in this model. 420 
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 Despite the large disparity in autoimmune phenotype, we found that both BH3 and Bcl-2 421 

Tg thymocytes were significantly protected from apoptosis in TCR transgenic models of 422 

negative selection. Previously, Bcl-2 over-expression was directly compared with Bim-deficiency 423 

in the HY model and Bcl-2 over-expression fell significantly short of Bim-deficiency in rescuing 424 

thymocytes from deletion (Bouillet et al., 2002). However, in our thymic slice assay of HY TCR-425 

mediated deletion, we find that Bcl-2 over-expression almost completely blocks thymocyte 426 

death. Similarly, over-expression of Bcl-2 in F5 TCR transgenic mice dramatically blocked 427 

thymocyte deletion by thymic slice assay and in vivo peptide injection. One possible explanation 428 

for the discrepancy between our results and previously published observations might be the 429 

negative selection models used. Apoptosis of HY TCR transgenic mice is notoriously difficult to 430 

block due to accelerated T cell development and early expression of the transgenic TCR 431 

(Baldwin et al., 2005). Indeed, using thymic organ culture, another group has previously 432 

reported a significant inhibition of negative selection by Bcl-2 in the F5 model (Williams et al., 433 

1998). Regardless, however, we have demonstrated that Bcl-2 over-expression has a potent 434 

anti-apoptotic effect on negative selection in a normal, polyclonal system. Mirroring observations 435 

in Bim-/-/Nur77GFP mice (Stritesky et al., 2013), we observed a striking increase in GFP-high 436 

post-selection thymocytes in Bcl-2/Nur77GFP mice, indicating a significant rescue of high affinity 437 

TCR clones from deletion. Here, over-expression of the BH3 mutant transgene resulted in 438 

substantially greater rescue of GFP-high DP and CD4 SP thymocytes compared to over-439 

expression of wild-type Bcl2. BH3 transgene expression also enhanced rescue of vβ5 and vβ6 440 

DP and CD4 SP thymocytes from deletion in a polyclonal superantigen model of negative 441 

selection. Increased rescue of these cells in the thymus might lead to the development of a 442 

more self-reactive T cell repertoire, accelerating the expansion of activated T cells in BH3 Tg 443 

mice.  444 

Differential expression of the BH3 versus wild-type Bcl2 transgenes in the CD8 T cell 445 

compartment might also contribute to the development of autoimmunity in BH3 Tg, but not Bcl-2 446 
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Tg mice. Cd4-driven transgene expression in the BH3 transgenic mice preferentially enhances 447 

CD4 T cell seeding of the peripheral lymphoid organs. BH3 Tg mice have about a 3:1 ratio of 448 

CD4 to CD8 T cells in the lymph nodes compared to a 2:1 ratio in wild-type mice. In Bcl-2 Tg 449 

mice, the proportions are skewed in the opposite direction, resulting in a 1:1 ratio. This is likely 450 

due to a combination of transgene-biased rescue of cells from negative selection and increased 451 

survival of transgene-expressing T cells. BH3 Tg mice are therefore expected to have increased 452 

numbers of autoreactive CD4 T cells, which as key mediators of autoimmunity, could be 453 

responsible for the acceleration of disease in these mice (Palmer and Weaver, 2010). 454 

Alternatively, as Bcl-2 over-expression reduces the ability of T cells to proliferate (Cheng et al., 455 

2004; Linette et al., 1996), downregulation of the BH3 transgene in CD8 T cells might enhance 456 

their functional capacity over that of Bcl-2 Tg CD8 T cells. As CD8 T cells play a well-457 

documented role in T cell-mediated, tissue-specific autoimmune diseases (i.e. multiple sclerosis 458 

and diabetes), more functionally competent autoreactive CD8 T cells in the BH3 Tg mice might 459 

contribute to the development of disease (Gravano and Hoyer, 2013).  460 

In response to defective clonal deletion in the thymus, we observed compensatory 461 

induction of alternative tolerizing mechanisms that might prevent earlier onset of autoimmunity 462 

in BH3 Tg mice. An increase in the proportion and number of Treg cells was noted in both the 463 

thymus and lymph nodes of young mice. Interestingly, CD25- Treg cells accounted for most of the 464 

increase in total Treg numbers and these cells have been reported to have reduced suppressive 465 

function (Zhan et al., 2011). These CD25- Treg cells are thought to be derived from diverted, 466 

autoreactive cells that were not deleted in the thymus. Consistent with this, CD25- Treg cells in 467 

the thymus expressed GFP at a higher level than CD25+ Treg cells and at a similar level to the 468 

most GFP-high naïve CD4 SP cells in the BH3/Nur77GFP mice. Hence, diverting a portion of 469 

these GFP-high autoreactive cells to this lineage might be the more effective tolerizing strategy. 470 

Notably, our observation that CD25+ Treg proportions were not increased in the BH3 Tg mice 471 

suggests that T cells with self-reactive TCRs are not automatically committed to the Treg lineage 472 
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and that there is likely a saturated niche for CD25+ Treg development determined by availability 473 

of other factors, such as IL-2 and IL-15 (Stritesky et al., 2012). In addition to increased Treg cells, 474 

we observed a 2-fold increase in the proportion of anergic CD4 T cells in the BH3 and Bcl-2 Tg 475 

mice. This was similarly observed in Bim-/- mice (Stritesky et al., 2013). Induction of anergy 476 

could cooperate with diversion to the Treg lineage/Treg suppression to inhibit T cell-mediated 477 

promotion of autoimmunity and prevent early onset of disease. However, differential induction of 478 

these tolerizing mechanisms was not observed in BH3 Tg versus Bcl-2 Tg mice and therefore 479 

cannot account for the eventual development of autoimmunity in BH3 Tg, but not Bcl-2 Tg mice. 480 

Interestingly, in aged BH3 Tg mice, Treg cells made up almost 50% of the CD4 T cell pool in 481 

mice displaying autoimmune pathology. However, this protective response was still apparently 482 

insufficient to suppress autoimmunity. 483 

  Finally, the enhanced ability of the Bcl2 BH3 mutant transgene to rescue autoreactive 484 

thymocytes from apoptosis compared to wild-type Bcl2 could suggest that the Bcl-2 BH3 485 

domain might indeed have some pro-apoptotic function. This finding may provide in vivo support 486 

for the notion that Nur77 promotes thymocyte apoptosis through conversion of Bcl-2 to a pro-487 

apoptotic effector. However, this still needs to be further confirmed in a knock-in model. 488 

Additionally, analysis of a Bcl-2 protein that cannot interact with Nur77 would also be required to 489 

confirm that Bcl-2 pro-apoptotic function is Nur77-dependent. Intriguingly, it has previously been 490 

suggested that Nur77 and Bim might function in the same pathway, as Bim-deficiency was 491 

unable to synergize with Nur77-deficiency to inhibit thymocyte apoptosis in the OTII TCR 492 

transgenic model of negative selection (Fassett et al., 2012). If Bcl-2 conversion is indeed 493 

critical for Nur77-mediated thymocyte apoptosis, this would support the idea that Nur77 and Bcl-494 

2 family members come together at the mitochondria to cooperatively regulate cell death during 495 

negative selection.  496 

 497 
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Materials and Methods 498 

Mice  499 

The mutant allele for the Bcl2 BH3 mutant transgenic mice (BH3 Tg) was generated by 500 

QuikChange site-directed mutagenesis (Agilent) from a pCI-human Bcl2 vector using the 501 

following primers: BH3 forward 502 

CTGACCCTCCGCCAGGCCGCGGCCGCCTTCTCCCGCCGCTACCGC, BH3 reverse 503 

GCGGTAGCGGCGGGAGAAGGCGGCCGCGGCCTGGCGGAGGGTCAG. The nucleotide 504 

sequence of amino acids 101-103 was changed from GGCGACGAC to GCGGCCGCC, 505 

creating a restriction enzyme site change from BglI to NotI. The mutant transgene was then 506 

cloned into the XhoI site of the pTG4 construct (Adlam and Siu, 2003; Xue et al.). The pTG4 507 

construct was then modified to include the Cd4 locus control region (LCR). PCR amplification of 508 

the 1kb LCR sequence from C57BL/6 genomic DNA was performed with the following primers: 509 

LCR forward GACATCGATAGCTAGCACACGCCGGTAAGCCCATTCCCCACGC, LCR reverse 510 

GACATCGATGCGGTACCGATCCCAACCAAACTGCGGCCCTTTCA. The LCR was added to 511 

the 5’ end of the Cd4 silencer at a ClaI restriction site. The transgenic mice were generated on 512 

the C57BL/6 background using standard procedures. Founders were identified by PCR 513 

genotyping with the following primers: HGH forward GACACAAACTCACACAACGATGACGC, 514 

HGH reverse ATGCCTGGAATCCCAACAACTCGG. The presence of the BH3 GDD to AAA 515 

mutation in the incorporated transgene was confirmed by PCR amplification of the transgene 516 

from genomic DNA and successful digestion with NotI, but not BglI enzyme. The BH3 Tg mice 517 

were compared with the T cell-specific wild-type Bcl2 transgenic line LckPr-Bcl2 (Sentman et al., 518 

1991), which have been back-crossed to C57BL/6 for more than 10 generations, referred to 519 

here as Bcl-2 Tg. The BH3 and Bcl-2 Tg mice were crossed with the following transgenic lines: 520 

Nur77GFP (Moran et al., 2011), F5 TCR (Mamalaki et al., 1993), and HY TCR (Teh et al., 1990). 521 

All mice were on the C57BL/6 background. All experimental protocols involving animals were 522 

approved by the UC Berkeley Animal Care and Use Committee.  523 
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 524 

Flow Cytometry 525 

Lymphoid organs were dissociated through 40μm cell strainers to obtain a single cell 526 

suspension and a red blood cell lysis was performed. Cells were surface stained with 527 

fluorochrome-conjugated antibodies (eBioscience, BD Biosciences and Tonbo Biosciences) in 528 

1% fetal bovine serum in PBS. For Annexin V staining, after surface staining, cells were stained 529 

with FITC-conjugated Annexin V (BD Bioscience) in 1X Annexin V binding buffer (10X: 0.1M 530 

HEPES, pH 7.4; 1.4M NaCl; 25mM CaCl2). For intracellular staining, prior to surface staining, 531 

cells were stained with Tonbo Ghost Dye (Tonbo Biosciences) to label dead cells, then fixed 532 

and permeabilized with a Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences). For 533 

Bcl-2 intracellular staining, cells were then stained with FITC-conjugated anti-human Bcl-2 534 

(Clone 124, Dako) or a FITC-conjugated mouse IgG1 isotype control (Dako). For Cleaved 535 

Caspase 3 staining, cells were incubated with 5% Normal Donkey Serum and anti-CD16/32 Fc 536 

block (Cone 2.4G2, UCSF Hybridoma Facility) for 15 minutes then stained with anti-Cleaved 537 

Caspase 3 (Asp175, Cell Signaling) or a rabbit IgG isotype control (Santa Cruz Biotechnology) 538 

for 45 minutes. For detection of the cleaved caspase-3, a PE donkey anti-rabbit secondary 539 

antibody (Jackson ImmunoResearch) was added for 20 minutes. For intracellular cytokine 540 

staining, cells were incubated with FITC-IFNγ (Clone XMG1.2), APC-IL-17 (Clone eBio17B7) 541 

and PE-IL-4 (Clone 11B11) or similarly conjugated isotype controls, all from eBioscience, for 30 542 

minutes. Intracellular staining for Foxp3 was performed with an eBioscience PE anti-Foxp3 543 

staining kit (Clone FJK-16s) following dead cell and surface staining. All samples were analyzed 544 

on the BD Biosciences LSR Fortessa or LSR II.  545 

 546 

Western Blotting 547 

 Lymphocyte single cell suspensions were pelleted, washed with PBS, and lysed in 1% 548 

NP-40 lysis buffer (150nM NaCl, 1mM EDTA, 50mM Tris-HCl, pH 7.6, 1mM NaVO4, 1mM NaF, 549 
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1mM DTT, 1mM PMSF and Sigma protease inhibitor cocktail) for 20 min on ice. Whole tissue 550 

extracts were prepared by tissue homogenization in 1% NP-40 lysis buffer and incubation on ice 551 

for 15 min. Lysates were cleared by centrifugation at 13000 rpm for 10 minutes. Protein was 552 

quantified with the Bio-Rad DC Protein Assay. 50μg (10-well comb) or 1mg (preparative comb) 553 

of protein was run out on 10% SDS-PAGE gels. Proteins were transferred to a nitrocellulose 554 

membrane and blocked with 5% bovine serum albumin or 5% non-fat milk in 1% Tween TBS 555 

(TBST). The following antibodies were used for immunoblotting: mouse Bcl-2 (BD Pharmingen, 556 

Clone 3F11), human Bcl-2 (BD Pharmingen, Clone 6C8), or β-actin (Sigma). For sera 557 

immunoblots, membranes were placed in a Surf-Blot apparatus (Idea Scientific, #5055) and 558 

probed with sera diluted at 1:200 in 5% non-fat milk in TBST for 2 h at room temperature. 559 

Membranes were washed with TBST then incubated with an HRP-conjugated sheep anti-mouse 560 

IgG antibody (1:5000; GE Healthcare) for 45 min and visualized with SuperSignal West Pico 561 

Chemiluminescent Substrate (ThermoScientific) by autoradiography. 562 

 563 

In Vitro Culture and TCR Stimulation of Thymocytes and T Cells 564 

Lymphoid organs were dissociated through 40μm strainers into RPMI media (L-565 

glutamine, Sodium Pyruvate, Non-essential amino acids, Hepes, β-mercaptoenthanol and 566 

Penicillin-Streptomycin). For assessment of TCR-mediated apoptosis, thymocytes were plated 567 

at 2x106 cells/well in triplicate in 96-well flat-bottom plates. Cells were left untreated or 568 

stimulated with either plate-bound anti-CD3 and anti-CD28 antibodies (clones 2C11 and PV-1, 569 

UCSF Hybridoma Facility) at the indicated concentrations for 18 hours. Death was assayed by 570 

Annexin V staining as described above. For assessment of cytokine production by splenic T 571 

cells, total splenocytes were stimulated for 4 hours with PMA and Ionomycin at the above 572 

concentrations in the presence of BD GolgiPlug per the manufacturer’s protocol (Brefeldin A, 573 

BD Biosciences). To assess GFP downregulation in Nur77GFP cells, single cell thymocyte 574 

suspensions and mature T cells, purified by negative selection columns (T Cell Enrichment 575 
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Columns, R&D Systems), were plated in 48-well plates at 2.5x106 cells/well and 1x106 576 

cells/well, respectively. GFP expression by live cells was assessed every 24 hours over a 96 577 

hour time course by flow cytometry. 578 

 579 

F5 and HY Negative Selection Assays 580 

 For F5 in vivo peptide injection studies, F5 TCR transgenic mice were injected 581 

intraperitoneally with 50nmol of Influenza NP366-374 Strain A/NT/60/68 peptide (AnaSpec) in 582 

200μl of PBS or PBS only for controls. A second injection was performed 24 hours after the first. 583 

Thymocytes were collected at 48 hours after the initial injection. 584 

 For F5 and HY thymic slice assays, tissue preparation was performed as previously 585 

described (Dzhagalov et al., 2013; Dzhagalov et al., 2012). In brief, thymic lobes were 586 

embedded in 4% GTG-NuSieve Low-melt Agarose (Lonza) in HBSS. 500μm slices were cut by 587 

Vibratome (1000 Plus, Leica) and placed in 0.4μm Cell Culture Inserts (BD Biosciences) in 6-588 

well plates containing 1ml of RPMI media. TCR-specific (NP366-374 Strain A/NT/60/68 and Smcy 589 

HY738-746, AnaSpec) and control (NP366-374 Strain A/PR/8/35 and OVA257-264, AnaSpec) peptides 590 

were diluted to 100ng/ml in RPMI media and 1ml volume was added to the slices. Slices were 591 

incubated at 37°C in a plastic bag filled with 80% O2+15% N2+5% CO2 (Blood Gas, Praxair) for 592 

30 minutes. The peptide was then removed and slices were further incubated for the indicated 593 

times. Thymic slices were dissociated to create single cell suspensions and cell death was 594 

assessed by Cleaved Caspase 3 staining as described above.  595 

  596 

Mixed Lymphocyte Reaction 597 

 Balb/c (allogeneic) and C57BL/6 (syngeneic) splenocytes were harvested as described 598 

above and subjected to 2000rads of γ-irradiation. Splenocytes were washed with RPMI media 599 

several times and plated at 1x105 cells/well in a round-bottom 96-well plate. T cells (C57BL/6 600 

responders) were purified from lymph nodes and spleen by negative selection columns (T Cell 601 
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Enrichment Columns, R&D Systems) or for Treg-depleted MLRs by staining with PE-conjugated 602 

antibodies to CD25, CD19, CD11b, CD11c and Ter-119 (eBioscience and BD Biosciences) and 603 

negative selection using an EasySep Immunomagnetic PE Positive Selection Kit (StemCell 604 

Technologies, Vancouver, BC, Canada). The purified T cells were then labeled with 1μM Cell 605 

Trace CFSE (Invitrogen) according to the manufacturer’s protocol and seeded on top of 606 

stimulators at 1x105 cells/well in triplicate. Proliferation was assessed by CFSE dilution after 4 607 

days. 608 

 609 

Anti-Nuclear Antibody ELISA 610 

 Serum anti-nuclear antibodies were quantified using a Mouse Anti-Nuclear Antibody 611 

Total Ig kit (Alpha Diagnostic International) per the manufacturer’s protocol. Briefly, samples 612 

were diluted at 1:100 in Low NSB Sample Diluent and added to a 96-well plate pre-coated with 613 

purified ENA. Quantification was performed relative to provided standards. The plate containing 614 

diluted sera and standards was incubated for 1 hour at room temperature. Anti-mouse Ig HRP 615 

was added for 30 minutes followed by TMB substrate for 15 minutes. The reaction was stopped 616 

and the plate was read at 450nm. Absorbance at 630nm was subtracted as background. 617 

 618 

H&E Staining 619 

Organs were fixed in formalin, embedded in paraffin, and sliced into 5μm sections by 620 

microtome. Sections were stained with Hematoxylin and Eosin (Fisher Scientific) by standard 621 

procedures. Images were captured with LAS Core V4.0 software (Leica) on a Leica DFC500 622 

microscope equipped with a Leica DM2500 camera at 20X magnification (HCX PL-FLUOTAR 623 

20X/0.50 objective, Leica).  624 

 625 

Acknowledgements 626 



 26

The authors would like to thank Ellen Robey, Heather Melichar, Ivan Dzhagalov and 627 

Jenny Ross for their insightful discussions on negative selection and instruction in the thymic 628 

slice model and additionally Ivan Dzhagalov and Ellen Robey for their critical review of the 629 

manuscript. We also thank Chulho Kang for technical assistance in creation of the BH3 Tg mice 630 

and April Choi and Erin Dunn for the extensive help with mouse husbandry.   631 



 27

References 632 
 633 Adlam M, and Siu G (2003). Hierarchical interactions control CD4 gene expression during 634 thymocyte development. Immunity 18: 173-184. S1074761303000219 [pii]. 635 Anderson MS, Venanzi ES, Klein L, Chen Z, Berzins SP, Turley SJ, von Boehmer H, Bronson R, 636 Dierich A, Benoist C, et al. (2002). Projection of an immunological self shadow within 637 the thymus by the aire protein. Science 298: 1395-1401. 10.1126/science.1075958. 638 Baldwin TA, Sandau MM, Jameson SC, and Hogquist KA (2005). The timing of TCR alpha 639 expression critically influences T cell development and selection. The Journal of 640 

experimental medicine 202: 111-121. 10.1084/jem.20050359. 641 Bouillet P, Cory S, Zhang LC, Strasser A, and Adams JM (2001). Degenerative disorders 642 caused by Bcl-2 deficiency prevented by loss of its BH3-only antagonist Bim. 643 
Developmental cell 1: 645-653.  644 Bouillet P, Metcalf D, Huang DC, Tarlinton DM, Kay TW, Kontgen F, Adams JM, and Strasser 645 A (1999). Proapoptotic Bcl-2 relative Bim required for certain apoptotic responses, 646 leukocyte homeostasis, and to preclude autoimmunity. Science 286: 1735-1738.  647 Bouillet P, Purton JF, Godfrey DI, Zhang LC, Coultas L, Puthalakath H, Pellegrini M, Cory S, 648 Adams JM, and Strasser A (2002). BH3-only Bcl-2 family member Bim is required for 649 apoptosis of autoreactive thymocytes. Nature 415: 922-926. 10.1038/415922a 650 415922a [pii]. 651 Calnan B, Szychowski S, Chan FKM, Cado D, and Winoto A (1995). A role of the orphan 652 steroid receptor Nur77 in apoptosis accompaying antigen-induced negative selection. 653 
Immunity 3: 273-282.  654 Chen L, Willis SN, Wei A, Smith BJ, Fletcher JI, Hinds MG, Colman PM, Day CL, Adams JM, and 655 Huang DC (2005). Differential targeting of prosurvival Bcl-2 proteins by their BH3-only 656 ligands allows complementary apoptotic function. Mol. Cell 17: 393-403. 657 10.1016/j.molcel.2004.12.030. 658 Cheng EH, Kirsch DG, Clem RJ, Ravi R, Kastan MB, Bedi A, Ueno K, and Hardwick JM 659 (1997a). Conversion of Bcl-2 to a Bax-like death effector by caspases. Science 278: 660 1966-1968.  661 Cheng LE, Chan FK, Cado D, and Winoto A (1997b). Functional redundancy of the Nur77 662 and Nor-1 orphan steroid receptors in T-cell apoptosis. EMBO J 16: 1865-1875. 663 10.1093/emboj/16.8.1865. 664 Cheng N, Janumyan YM, Didion L, Van Hofwegen C, Yang E, and Knudson CM (2004). Bcl-2 665 inhibition of T-cell proliferation is related to prolonged T-cell survival. Oncogene 23: 666 3770-3780. 10.1038/sj.onc.1207478. 667 Dzhagalov IL, Chen KG, Herzmark P, and Robey EA (2013). Elimination of self-reactive T 668 cells in the thymus: a timeline for negative selection. PLoS biology 11: e1001566. 669 10.1371/journal.pbio.1001566. 670 Dzhagalov IL, Melichar HJ, Ross JO, Herzmark P, and Robey EA (2012). Two-photon imaging 671 of the immune system. Current protocols in cytometry / editorial board, J. Paul Robinson, 672 
managing editor ... [et al.] Chapter 12: Unit12 26. 10.1002/0471142956.cy1226s60. 673 Fassett MS, Jiang W, D'Alise AM, Mathis D, and Benoist C (2012). Nuclear receptor Nr4a1 674 modulates both regulatory T-cell (Treg) differentiation and clonal deletion. Proceedings 675 
of the National Academy of Sciences of the United States of America 109: 3891-3896. 676 10.1073/pnas.1200090109. 677 



 28

Finnish-German AC (1997). An autoimmune disease, APECED, caused by mutations in a 678 novel gene featuring two PHD-type zinc-finger domains. Nature genetics 17: 399-403. 679 10.1038/ng1297-399. 680 Gardner JM, Metzger TC, McMahon EJ, Au-Yeung BB, Krawisz AK, Lu W, Price JD, Johannes 681 KP, Satpathy AT, Murphy KM, et al. (2013). Extrathymic Aire-expressing cells are a 682 distinct bone marrow-derived population that induce functional inactivation of CD4(+) 683 T cells. Immunity 39: 560-572. 10.1016/j.immuni.2013.08.005. 684 Gravano DM, and Hoyer KK (2013). Promotion and prevention of autoimmune disease by 685 CD8+ T cells. Journal of autoimmunity 45: 68-79. 10.1016/j.jaut.2013.06.004. 686 Gray DH, Kupresanin F, Berzins SP, Herold MJ, O'Reilly LA, Bouillet P, and Strasser A 687 (2012). The BH3-only proteins Bim and Puma cooperate to impose deletional tolerance 688 of organ-specific antigens. Immunity 37: 451-462. 10.1016/j.immuni.2012.05.030. 689 Hu Q, Sader A, Parkman JC, and Baldwin TA (2009). Bim-mediated apoptosis is not 690 necessary for thymic negative selection to ubiquitous self-antigens. Journal of 691 
immunology 183: 7761-7767. 10.4049/jimmunol.0902181. 692 Kolluri SK, Zhu XW, Zhou X, Lin BZ, Chen Y, Sun K, Tian XF, Town J, Cao XH, Lin F, et al. 693 (2008). A short Nur77-derived peptide converts Bcl-2 from a protector to a killer. 694 
Cancer Cell 14: 285-298. DOI 10.1016/j.ccr.2008.09.002. 695 Kovalovsky D, Pezzano M, Ortiz BD, and Sant'Angelo DB (2010). A novel TCR transgenic 696 model reveals that negative selection involves an immediate, Bim-dependent pathway 697 and a delayed, Bim-independent pathway. PloS one 5: e8675. 698 10.1371/journal.pone.0008675. 699 Labi V, Woess C, Tuzlak S, Erlacher M, Bouillet P, Strasser A, Tzankov A, and Villunger A 700 (2014a). Deregulated cell death and lymphocyte homeostasis cause premature lethality 701 in mice lacking the BH3-only proteins Bim and Bmf. Blood: In Press. 10.1182/blood-702 2013-11-537217. 703 Labi V, Woess C, Tuzlak S, Erlacher M, Bouillet P, Strasser A, Tzankov A, and Villunger A 704 (2014b). Deregulated cell death and lymphocyte homeostasis cause premature lethality 705 in mice lacking the BH3-only proteins Bim and Bmf. Blood. 10.1182/blood-2013-11-706 537217. 707 Lin BZ, Kolluri SK, Lin F, Liu W, Han YH, Cao XH, Dawson MI, Reed JC, and Zhang XK (2004). 708 Conversion of Bcl-2 from protector to killer by interaction with nuclear orphan receptor 709 Nur77/TR3. Cell 116: 527-540.  710 Linette GP, Hess JL, Sentman CL, and Korsmeyer SJ (1995). Peripheral T-cell lymphoma in 711 lckpr-bcl-2 transgenic mice. Blood 86: 1255-1260.  712 Linette GP, Li Y, Roth K, and Korsmeyer SJ (1996). Cross talk between cell death and cell 713 cycle progression: BCL-2 regulates NFAT-mediated activation. Proceedings of the 714 
National Academy of Sciences of the United States of America 93: 9545-9552.  715 Liston A, Lesage S, Gray DH, O'Reilly LA, Strasser A, Fahrer AM, Boyd RL, Wilson J, Baxter 716 AG, Gallo EM, et al. (2004). Generalized resistance to thymic deletion in the NOD mouse; 717 a polygenic trait characterized by defective induction of Bim. Immunity 21: 817-830. 718 10.1016/j.immuni.2004.10.014. 719 Mamalaki C, Elliott J, Norton T, Yannoutsos N, Townsend AR, Chandler P, Simpson E, and 720 Kioussis D (1993). Positive and negative selection in transgenic mice expressing a T-cell 721 receptor specific for influenza nucleoprotein and endogenous superantigen. 722 
Developmental immunology 3: 159-174.  723 



 29

Mamalaki C, Norton T, Tanaka Y, Townsend AR, Chandler P, Simpson E, and Kioussis D 724 (1992). Thymic depletion and peripheral activation of class I major histocompatibility 725 complex-restricted T cells by soluble peptide in T-cell receptor transgenic mice. 726 
Proceedings of the National Academy of Sciences of the United States of America 89: 727 11342-11346.  728 Martinez RJ, Zhang N, Thomas SR, Nandiwada SL, Jenkins MK, Binstadt BA, and Mueller DL 729 (2012). Arthritogenic self-reactive CD4+ T cells acquire an FR4hiCD73hi anergic state in 730 the presence of Foxp3+ regulatory T cells. Journal of immunology 188: 170-181. 731 10.4049/jimmunol.1101311. 732 Moran AE, Holzapfel KL, Xing Y, Cunningham NR, Maltzman JS, Punt J, and Hogquist KA 733 (2011). T cell receptor signal strength in Treg and iNKT cell development demonstrated 734 by a novel fluorescent reporter mouse. The Journal of experimental medicine 208: 1279-735 1289. 10.1084/jem.20110308. 736 Nagamine K, Peterson P, Scott HS, Kudoh J, Minoshima S, Heino M, Krohn KJ, Lalioti MD, 737 Mullis PE, Antonarakis SE, et al. (1997). Positional cloning of the APECED gene. Nature 738 
genetics 17: 393-398. 10.1038/ng1297-393. 739 Palmer MT, and Weaver CT (2010). Autoimmunity: increasing suspects in the CD4+ T cell 740 lineup. Nature immunology 11: 36-40. 10.1038/ni.1802. 741 Scherer MT, Ignatowicz L, Winslow GM, Kappler JW, and Marrack P (1993). Superantigens: 742 bacterial and viral proteins that manipulate the immune system. Annual review of cell 743 
biology 9: 101-128. 10.1146/annurev.cb.09.110193.000533. 744 Sekiya T, Kashiwagi I, Yoshida R, Fukaya T, Morita R, Kimura A, Ichinose H, Metzger D, 745 Chambon P, and Yoshimura A (2013). Nr4a receptors are essential for thymic 746 regulatory T cell development and immune homeostasis. Nature immunology 14: 230-747 237. 10.1038/ni.2520. 748 Sentman CL, Shutter JR, Hockenbery D, Kanagawa O, and Korsmeyer SJ (1991). bcl-2 749 inhibits multiple forms of apoptosis but not negative selection in thymocytes. Cell 67: 750 879-888. 0092-8674(91)90361-2 [pii]. 751 Siegel RM, Katsumata M, Miyashita T, Louie DC, Greene MI, and Reed JC (1992). Inhibition 752 of thymocyte apoptosis and negative antigenic selection in bcl-2 transgenic mice. 753 
Proceedings of the National Academy of Sciences of the United States of America 89: 754 7003-7007.  755 Sohn SJ, Rajpal A, and Winoto A (2003). Apoptosis during lymphoid development. Current 756 
opinion in immunology 15: 209-216.  757 Strasser A, Harris AW, and Cory S (1991). bcl-2 transgene inhibits T cell death and perturbs 758 thymic self-censorship. Cell 67: 889-899. 0092-8674(91)90362-3 [pii]. 759 Stritesky GL, Jameson SC, and Hogquist KA (2012). Selection of self-reactive T cells in the 760 thymus. Annual review of immunology 30: 95-114. 10.1146/annurev-immunol-020711-761 075035. 762 Stritesky GL, Xing Y, Erickson JR, Kalekar LA, Wang X, Mueller DL, Jameson SC, and Hogquist 763 KA (2013). Murine thymic selection quantified using a unique method to capture 764 deleted T cells. Proceedings of the National Academy of Sciences of the United States of 765 
America 110: 4679-4684. 10.1073/pnas.1217532110. 766 Suen AY, and Baldwin TA (2012). Proapoptotic protein Bim is differentially required during 767 thymic clonal deletion to ubiquitous versus tissue-restricted antigens. Proceedings of 768 



 30

the National Academy of Sciences of the United States of America 109: 893-898. 769 10.1073/pnas.1114834109. 770 Teh HS, Kishi H, Scott B, Borgulya P, von Boehmer H, and Kisielow P (1990). Early deletion 771 and late positive selection of T cells expressing a male-specific receptor in T-cell 772 receptor transgenic mice. Developmental immunology 1: 1-10.  773 Thompson J, and Winoto A (2008). During negative selection, Nur77 family proteins 774 translocate to mitochondria where they associate with Bcl-2 and expose its 775 proapoptotic BH3 domain. Journal of Experimental Medicine 205: 1029-1036. Doi 776 10.1084/Jem.20080101. 777 Tischner D, Woess C, Ottina E, and Villunger A (2010). Bcl-2-regulated cell death signalling 778 in the prevention of autoimmunity. Cell death & disease 1: e48. 10.1038/cddis.2010.27. 779 von Boehmer H, and Melchers F (2010). Checkpoints in lymphocyte development and 780 autoimmune disease. Nature immunology 11: 14-20. 10.1038/ni.1794. 781 Wang A, Rud J, Olson CM, Jr., Anguita J, and Osborne BA (2009). Phosphorylation of Nur77 782 by the MEK-ERK-RSK cascade induces mitochondrial translocation and apoptosis in T 783 cells. Journal of immunology 183: 3268-3277. jimmunol.0900894 [pii] 784 10.4049/jimmunol.0900894. 785 Williams O, Norton T, Halligey M, Kioussis D, and Brady HJ (1998). The action of Bax and 786 bcl-2 on T cell selection. The Journal of experimental medicine 188: 1125-1133.  787 Xue L, Sun Y, Chiang L, He B, Kang C, Nolla H, and Winoto A Coupling of the cell cycle and 788 apoptotic machineries in developing T cells. J Biol Chem 285: 7556-7565. M109.035535 789 [pii] 790 10.1074/jbc.M109.035535. 791 Youle RJ, and Strasser A (2008). The BCL-2 protein family: opposing activities that mediate 792 cell death. Nature reviews. Molecular cell biology 9: 47-59. nrm2308 [pii] 793 10.1038/nrm2308. 794 Zhan Y, Zhang Y, Gray D, Carrington EM, Bouillet P, Ko HJ, O'Reilly L, Wicks IP, Strasser A, 795 and Lew AM (2011). Defects in the Bcl-2-regulated apoptotic pathway lead to 796 preferential increase of CD25 low Foxp3+ anergic CD4+ T cells. Journal of immunology 797 
187: 1566-1577. 10.4049/jimmunol.1100027. 798 Zhou T, Cheng J, Yang P, Wang Z, Liu C, Su X, Bluethmann H, and Mountz JD (1996). 799 Inhibition of Nur77/Nurr1 leads to inefficient clonal deletion of self-reactive T cells. The 800 
Journal of experimental medicine 183: 1879-1892.  801  802 

 803 

  804 



 31

Figure 1. Generation of Bcl2 BH3 domain mutant transgenic mice. (A) Diagram of the 805 

mutation made to the BH3 domain of human Bcl2 to abolish BH3 domain function in the Bcl2 806 

BH3 mutant transgenic (BH3 Tg) mice. Amino acids 101-103 of human Bcl2 were mutated from 807 

Glycine-Aspartate-Aspartate to Alanine-Alanine-Alanine to abolish BH3 domain function (Cheng 808 

et al., 1997a). (B) Flow cytometric analysis of intracellular Bcl-2 expression in BH3 Tg, line A 809 

(BH3 A Tg) versus LckPr-Bcl2 (Bcl-2 Tg) and wild-type (WT) thymocyte and mature T cell 810 

populations. DN populations were gated based on CD25 and CD44 expression. (C) Western 811 

blot analysis comparing human versus mouse Bcl-2 expression in the thymus, lymph nodes and 812 

spleen of BH3 A Tg versus Bcl-2 Tg and WT mice. (D) Flow cytometric analysis of CD4 versus 813 

CD8 T cell populations in the thymus and lymph nodes. (E) DP, CD4 SP and CD8 SP 814 

thymocyte cell numbers in 6-week-old BH3 Tg and Bcl-2 Tg mice compared to WT littermate 815 

controls. (F) Lymph node mature CD4 and CD8 T cell numbers in 6-week-old BH3 Tg and Bcl-2 816 

Tg mice compared to WT littermate controls. The transgenic mice in B-D were age-matched 817 

within one week and compared to a littermate non-transgenic WT control. All mice were 818 

between 6 and 10-weeks-old. B-F are representative of or compiled from at least 3 independent 819 

experiments. Statistics here and in the following figures were calculated by Student’s t-test: *** p 820 

< 0.001, ** p < 0.01, * p < 0.05, n.s. not significant. 821 

 822 

Figure 2. BH3 transgene expression efficiently blocks TCR-mediated thymocyte 823 

apoptosis in vitro and in F5 and HY TCR transgenic models of negative selection. (A) 824 

Thymocytes were stimulated for 18 hours with anti-CD3 and anti-CD28 (20μg/ml) and analyzed 825 

for the percentage of Annexin V+ cells by flow cytometry. The percentage of Annexin V+ 826 

thymocytes in samples left untreated for 18 hours (i.e. background) was subtracted. (B) Total 827 

live thymocyte number in thymii collected 48 hours after injection with the F5 TCR-specific 828 

peptide, NP, or PBS.  (C) CD4 versus CD8 flow cytometric analysis of F5 TCR+ (vβ11+) 829 

thymocytes from mice treated as in B. Data in B and C are representative of or pooled from at 830 
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least 5 independent experiments per transgenic genotype. Mice were between 6 and 9-weeks-831 

old and F5 control mice were littermates to BH3/F5 and Bcl-2/F5 mice. (D) Percentage of 832 

Cleaved Caspase 3+ thymocytes by flow cytometric analysis treated with 100ng/ml NP peptide 833 

for the indicated times. The percentage of Cleaved Caspase 3+ thymocytes treated with an 834 

irrelevant peptide (i.e. background) was subtracted at each time point. Efficient activation of 835 

thymocytes by the NP peptide was assessed by flow cytometric analysis of CD69 surface 836 

expression. Data are representative of 3 independent experiments. (E) Percentage of Cleaved 837 

Caspase 3+ thymocytes by flow cytometric analysis treated with 100ng/ml of the HY TCR-838 

specific peptide, Smcy, for the indicated times. Background was subtracted as in D. Proper 839 

thymocyte activation was confirmed by analysis of CD69 expression. Data are representative of 840 

2 independent experiments. 841 

 842 

Figure 3. BH3 transgene expression rescues high affinity TCR clones in a polyclonal 843 

system (A) Flow cytometric analysis of GFP expression in pre-selection (CD69- TCRβ-) versus 844 

post-selection (CD69+ TCRβ+) DP thymocytes from Nur77GFP mice expressing the BH3 and Bcl2 845 

transgenes. The WT/Nur77GFP post-selection DP histogram was used to set the GFP low (lo), 846 

intermediate (int), and high (hi) gates. The left end of the “int” gate was set at the base of the 847 

GFP- Ctrl histogram and right end was set at the mean GFP fluorescence intensity of the 848 

WT/Nur77GFP histogram. The “lo” and “hi” gates were extended from the left and right ends of 849 

the “int” gate, respectively. (B) Percentage of DP thymocytes that were post-selection and GFP 850 

lo, int and hi as defined in A. (C and D) Flow cytometric analysis of GFP expression in CD4 SP 851 

(C) and CD8 SP (D) with the gates from post-selection DP cells in A applied. The GFP lo, int 852 

and hi percentages were quantified. All mice were 6-weeks-old and WT/Nur77GFP and GFP- Ctrl 853 

mice were littermates to the BH3/Nur77GFP and Bcl-2/Nur77GFP mice. Data were pooled from 10 854 

independent experiments. 855 
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 856 

Figure 4. Superantigen negative selection is inhibited in BH3 Tg mice  857 

Flow cytometric analysis of TCR vβ chain expression in DP, CD4 SP and CD8 SP thymocyte 858 

subsets from BH3 Tg and Bcl-2 Tg mice (closed shapes, black) compared to littermate wild-type 859 

controls (open shapes, grey) on a C57BL/6 X CBA/J genetic background. All mice were 8-860 

weeks-old. 861 

 862 

Figure 5. Alternative tolerance mechanisms in BH3 Tg mice (A) Flow cytometric analysis of 863 

GFP expression by mature CD4 and CD8 lymph node T cells. Quantification indicates the fold 864 

change in GFP mean fluorescence intensity (M.F.I.) relative to WT/Nur77GFP CD4 and CD8 865 

samples. GFP M.F.I. was normalized between experiments by subtracting the M.F.I. of a GFP- 866 

control. n ≥ 10 per genotype. (B) Comparison of GFP expression by total CD4 SP thymocytes 867 

versus Foxp3+ CD4 SP Treg cells. (C) Quantification of flow cytometric analysis of CD25+ versus 868 

CD25- Treg cells (CD4+ Foxp3+) in the thymus and lymph nodes. n ≥ 7 per genotype. (D) 869 

Comparison of GFP expression levels in CD25+ versus CD25- Treg cells from BH3 Tg mice. (E) 870 

Flow cytometric analysis of non-Treg, anergic CD4 T cells in the lymph nodes. Treg cells were 871 

gated out by high expression of GITR and CD25. Anergic cells, indicated by the bolded gates, 872 

express high levels of CD44, FR4 and CD73. (F) Quantification of anergic CD4 T cells gated as 873 

described in E. Mice were 6-weeks-old in A-D and 7-weeks-old in E-F. All data are 874 

representative of or compiled from at least 3 independent experiments. 875 

 876 

Figure 6. BH3 Tg mice have a shortened lifespan and exhibit lymphoid hyperplasia  877 

(A) Kaplan-meyer curves for BH3 Tg lines A and B and Bcl-2 Tg mice compared to littermate 878 

WT controls. Statistical significance was calculated using the Log-rank test. (B-D) Quantification 879 

of CD3+ T cells (B), B220+ B cells (C) and CD3- B220- Myeloid/other cells (D) in the peripheral 880 

lymph nodes (PLN), mesenteric lymph nodes (MLN) and spleen of 45 to 60-week-old mice. WT 881 
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controls were littermates to BH3 Tg and Bcl-2 Tg mice. (E) Flow cytometric analysis of CD11b 882 

and Ly6C expression on CD3- B220- splenocytes from 50-week-old mice. Ly6Chi CD11b+ 883 

inflammatory monocytes (IM) and Ly6Clo CD11b+ neutrophils (N�, also Ly6G+) are gated. Plots 884 

are representative of at least 5 mice per genotype.  885 

 886 

Figure 7. BH3 Tg mice accumulate activated, autoreactive T cells  887 

(A) Flow cytometric analysis of activated CD4 and CD8 peripheral lymph node T cells by CD44 888 

and CD62L expression in 50-week-old mice. For CD4 T cells, gates indicate activated (CD44hi 889 

CD62Llo) and naïve (CD44lo CD62Lhi) populations. For CD8 T cells, activated effector memory 890 

(CD44hi CD62Llo) and activated central memory (CD44hi CD62Lhi) versus naïve (CD44lo 891 

CD62Lhi) populations are gated. (B) Compiled analyses of the percentage of activated T cells 892 

(CD44hi CD62Llo) in the peripheral blood of aged mice. Controls (Ctrl) are littermates to the Tg 893 

mice as denoted by data point shape. (C) Mixed lymphocyte reaction: purified T cells from 20-894 

week-old mice were cultured with allogeneic (Balb/c) or syngeneic (C57BL/6) irradiated 895 

splenocytes at a 1:1 ratio. Proliferation was measured by CFSE dilution over 4 days. 896 

Histograms are representative of triplicate samples and 5 independent experiments, 2 with Treg 897 

cell-depletion (shown) and 3 without. Gates indicate the percentage of total cells that have 898 

undergone at least one round of proliferation. 899 

 900 

Figure 8. T cell autoimmune pathology is apparent in BH3 Tg mice  901 

(A) Quantification of flow cytometric analysis of T helper cell cytokine expression. Splenic CD4 T 902 

cells from 50-week-old mice were stimulated with PMA and Ionomycin for 4 hours in the 903 

presence of brefeldin A to allow cytokine accumulation. n ≥ 3 mice per genotype. (B) 904 

Hematoxylin and Eosin staining for lymphocyte infiltrates in liver, lung and kidney sections from 905 

50-week-old mice. Images were captured at 20X magnification. Data are representative of at 906 

least 3 mice per genotype. (C) Sera immunoblots for detection of autoantibodies. Whole tissue 907 
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extracts were probed with sera from 40 to 50-week-old mice. Each lane corresponds to sera 908 

from an individual mouse: WT n=2, BH3 Tg n=7, Bcl-2 Tg n=6. (D) Serum anti-nuclear antibody 909 

(ANA) quantification by ELISA. Dashed line represents two standard deviations above the WT 910 

mean. Samples above this line are considered positive for ANA. (E) Quantification of CD4+ 911 

Foxp3+ Treg cells in the lymphoid organs of aged mice. (F) Percentage of CD4 T cells that are 912 

Treg cells (CD25+ versus CD25-) in the mesenteric lymph nodes of 45 to 60-week-old mice. n ≥ 5 913 

mice per genotype. 914 

 915 

Figure 3 – figure supplement 1. Nur77 GFP expression in SP thymocytes is regulated by 916 

TCR signaling. Flow cytometric analysis of Nur77 GFP expression over time in CD4 SP and 917 

CD8 SP thymocytes removed from MHC by culturing. Histograms are representative of 918 

duplicate samples and 2 independent experiments.  919 

 920 

Figure 5 – figure supplement 1. Nur77 GFP expression in mature T cells is maintained by 921 

TCR signaling. Flow cytometric analysis of Nur77 GFP expression over time in mature T cells 922 

removed from MHC by culturing. Histograms are representative of duplicate samples and 2 923 

independent experiments.  924 
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