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Abstract

The maintenance of T cell tolerance in the periphery proceeds through several mechanisms, 

including anergy, immuno-regulation, and deletion via apoptosis. We examined the mechanism 

underlying the induction of CD8 T cell peripheral tolerance to a self-Ag expressed on pancreatic 

islet β-cells. Following adoptive transfer, Ag-specific clone 4 T cells underwent deletion 

independently of extrinsic death receptors, including Fas, TNFR1, or TNFR2. Additional 

experiments revealed that the induction of clone 4 T cell apoptosis during peripheral tolerance 

occurred via an intrinsic death pathway that could be inhibited by overexpression of Bcl-2 or 

targeted deletion of the proapoptotic molecule, Bim, thereby resulting in accumulation of activated 

clone 4 T cells. Over-expression of Bcl-2 in clone 4 T cells promoted the development of effector 

function and insulitis whereas Bim−/− clone 4 cells were not autoaggressive. Examination of the 

upstream molecular mechanisms contributing to clone 4 T cell apoptosis revealed that it proceeded 

in a p53, E2F1, and E2F2-independent manner. Taken together, these data reveal that initiation of 

clone 4 T cell apoptosis during the induction of peripheral tolerance to a cross-presented self-Ag 

occurs through a Bcl-2-sensitive and at least partially Bim-dependent mechanism.

The majority of T cells with high avidity for self-peptide-MHC complexes are eliminated 

during a process known as central (thymic) tolerance (1, 2). Despite the efficiency of thymic 

deletion in eliminating self-reactive T cells, not all self-Ags are expressed in the thymus at a 

sufficient level to induce central tolerance. Therefore, additional mechanisms, including the 

induction of T cell anergy, immuno-regulation, and deletion, exist to promote T cell 

tolerance in the peripheral lymphoid organs (3, 4). Recent studies from a number of groups 

have demonstrated that potentially self-reactive naive CD8 T cells can be deleted in the 

periphery as a consequence of recognizing self-Ags that are cross-presented by APCs in 

secondary lymphoid tissues (5–8), a process referred to as cross-tolerance. Dendritic cells 

have been implicated as key regulators of this process as they possess the unique ability to 
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capture both foreign and self-Ag from the parenchyma and present it to naive T cells 

circulating through secondary lymphoid tissues (9, 10). Under noninflammatory conditions, 

such recognition of Ag results in an abortive form of T cell activation that is followed by 

apoptotic death.

Using the clone 4 TCR transgenic (Tg) line that is specific for an H-2 Kd-restricted peptide 

epitope of the influenza hemagglutinin (HA), we have previously demonstrated that adoptive 

transfer of clone 4 CD8 T cells into InsHA mice, which express the viral HA on their 

pancreatic islet β cells (11), results in T cell activation by cross-presenting APCs in the 

pancreatic lymph nodes (LN) (6, 8). Clone 4 T cells activated in this manner are deleted 

after undergoing several rounds of division (6, 8), but the mechanism of CD8 T cell death 

used during this process remains unclear.

Apoptosis of mature T cells can be initiated through two distinct pathways: via death ligands 

extrinsic to the cell, such as FasL or TNF, or through an intrinsic pathway that can be 

initiated through a variety of stress-related factors, including cytokine withdrawal. The latter 

mechanism can be inhibited by the prosurvival molecule Bcl-2 (12, 13). Several studies have 

shown that signaling through Fas and TNFR1/2 promotes the apoptosis of activated T cells, 

a process referred to as activation-induced cell death (AICD) (14–18). Recent studies, 

however, have also implicated an intrinsic death pathway in several types of T cell tolerance, 

including thymic and peripheral deletion (19–21). In particular, several groups have 

demonstrated that Bcl-2 and Bim (Bcl-2-interacting mediator of death) can modulate both 

central and peripheral T cell tolerance (19, 21), although the up-stream molecular signals 

linking TCR activation to the initiation of an intrinsic apoptotic mechanism are still 

unknown.

Candidate molecules include the tumor suppressor protein, p53, which has been shown to 

initiate Fas-independent apoptosis that can be inhibited by Bcl-2 (22, 23), although AICD of 

T cells appears to occur independently of p53 in vivo (24, 25). Other candidate molecules 

include a member of the E2F family of transcription factors, such as E2F1, which was 

shown to regulate TCR-induced AICD (26). The specificity of E2F1 in apoptosis is still 

unclear, as it has been implicated in the regulation of Fas-dependent death in T cells (27), 

but also in the up-regulation of proapoptotic Bcl-2 family members, including Bim (28). 

Interestingly, E2F1-deficient mice develop autoimmunity, suggesting a role for E2F1 in the 

maintenance of tolerance (29).

In this report, we sought to examine the mechanism of clone 4 T cell apoptosis during 

peripheral tolerance to cross-presented self-Ag in InsHA mice. Our results indicate that 

peripheral deletion of naive CD8 T cells occurs independently of extrinsic death ligands and 

instead, involves a p53-, E2F1-, and E2F2-independent intrinsic apoptotic mechanism that 

can be inhibited by over-expression of Bcl-2. Abrogation of peripheral tolerance through the 

over-expression of Bcl-2 led to the acquisition of CD8 T cell effector function that 

ultimately led to the induction of pancreatic islet insulitis. In contrast, Bim−/− clone 4 T 

cells did not exhibit enhanced cytokine production and only initiated minimal islet peri-

insulitis. These data suggest that defects in CD8 T cell apoptosis may contribute to the onset 

of organ-specific autoimmunity.
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Materials and Methods

Mice

B10.D2 and BALB/c mice were purchased from the breeding colony of The Scripps 

Research Institute. B10.D2, B10.D2 Thy1.1, and BALB/c InsHA Tg mice, homozygous for 

the HA gene, and clone 4 TCR Tg mice were generated and characterized as previously 

described (6, 11, 30). Clone 4 mice were backcrossed with BALB/c mice for at least ten 

generations and were then crossed with BALB/c Thy1.1 mice for two generations to obtain 

clone 4 TCR mice homozygous for Thy1.1. C57BL/6 TNFR1−/−, TNFR2−/−, and p53−/− 

mice were obtained from The Jackson Laboratory. BALB/c lpr/lpr and C57BL/6 Bcl-2 Tg 

mice (31) were kindly provided by Dr. Frank Chisari and Dr. Charlie Surh, respectively (The 

Scripps Research Institute, La Jolla, CA). BALB/c E2F1−/− and E2F2−/− mice (29, 32) 

were provided by Dr. James DeGregori (University of Colorado Health Science Center, 

Denver, CO). C57BL/6 Bim−/− mice were kindly provided by Dr. Douglas Green (La Jolla 

Institute for Allergy and Immunology, La Jolla, CA). All mice obtained on a C57BL/6 

background were backcrossed onto the B10.D2 background for more than ten generations 

before use. All mice were bred and maintained under specific pathogen-free conditions in 

The Scripps Research Institute’s animal facility. Experimental procedures were performed 

according to the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals.

Purification of naive TCR Tg T cells

Single-cell suspensions were prepared from the LNs of clone 4 (B10.D2) or clone 4 Thy1.1 

(BALB/c) TCR Tg mice. Cell suspensions were depleted of CD4+, CD11b+, CD45R+, 

DX5+, and Ter-119+ cells using the MACS CD8α+ T cell isolation kit (Miltenyi Biotech). 

Clone 4 T cells were purified by negative selection per the manufacturer’s instructions and 

had a naive phenotype (CD44low, CD62Lhigh, and CD69-negative) as indicated by flow 

cytometry using FITC-conjugated Abs (Pharmingen) (data not shown). Purified clone 4 T 

cells were washed once in cold HBSS and then re-suspended at 5 × 107 cells/ml in HBSS.

CFSE labeling of naive clone 4 T cells

A total of 2 μl of a 5 mM solution of CFSE (Molecular Probes) in DMSO (Sigma-Aldrich) 

was added per 5 × 107 cells/ml in HBSS and incubated for 10 min at 37°C. Cells were then 

washed once with ice-cold HBSS. A total of 3–5 × 106 CFSE-labeled clone 4 T cells were 

injected i.v. in 200 μl of HBSS.

FTY720 treatment

The sphingosine-1-phosphate receptor-1 agonist (FTY720) was generously provided by Dr. 

Hugh Rosen (The Scripps Research Institute) (33–36). B10.D2 InsHA recipients were 

treated with FTY720 (3 mg/kg) dissolved in 200 μl HBSS i.p. on days −1, 1, 3, and 5 (clone 

4 T cells were adoptively transferred on day 0).
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Flow cytometry

Pancreatic and peripheral LN, including inguinal, axillary, cervical, and mandibular, were 

harvested and processed to obtain single-cell suspensions. All mAbs and secondary reagents 

used for FACS analysis were purchased from Pharmingen. Cells were then incubated for 30 

min on ice with anti-Thy1.1-PE or anti-Thy1.1-PE, and anti-CD8α-PerCP. After washing 

three times with HBSS containing 0.1% w/v BSA (Sigma-Aldrich) and 0.02% w/v sodium 

azide, cells were analyzed with a FACSCalibur or LSR II flow cytometer and CellQuest (BD 

Biosciences) or FlowJo software (Tree Star).

To measure CD8 T cell apoptosis in vivo, single-cell suspensions were prepared from the 

peripheral and pancreatic LN and Annexin V staining was measured by flow cytometry 

using Annexin V-allophycocyanin staining Ab (BD Biosciences) according to the 

manufacturer’s instructions. Briefly, cells were stained with Pacific Blue-conjugated anti-

CD8 mAb (Caltag Laboratories) and PE-conjugated anti-Thy1.1 mAb (BD Pharmingen) 

followed by washing twice with cold PBS and then re-suspended in 1× binding buffer at a 

concentration of 1 × 106 cells/tube. Next, cells were incubated with Annexin V-

allophycocyanin for 15 min at room temperature in the dark and the % Annexin V+ clone 4 

T cells was determined by flow cytometry.

To measure Ag-specific production of IFN-γ, LN cells or splenocytes were incubated in 

RPMI 1640 10% FCS with 1 μg/ml the Kd HA peptide and 1 μl/ml brefeldin A containing 

Golgi-Plug solution (Pharmingen) for 6 h at 37°C. After washing, cells were stained to 

detect CD8 and Thy1.2 or Thy1.1 as described above. Cells were then permeabilized and 

stained to detect intracellular IFN-γ with IFN-γ-allophycocyanin mAb using the Cytofix/

Cytoperm Plus kit (Pharmingen) according to the manufacturer’s instructions.

Blood glucose analysis

Blood samples were obtained by retro-orbital bleeding, and blood glucose levels were 

determined weekly using an Accu-Check Advantage glucose meter (Roche). Mice were 

considered diabetic when blood glucose levels were >300 mg/dl.

Histology

Pancreata were excised and fixed overnight in 10% (v/v) formalin solution (Sigma-Aldrich) 

and processed for paraffin embedding. Paraffin-embedded tissue was cut using a microtome 

and sections were placed onto saline-coated Superfrost slides for processing (Fisher 

Scientific). After de-paraffinizing tissue, serial sections were stained with eosin and then 

counterstained with Mayer’s hematoxylin (Sigma-Aldrich).

Results

CD8 T cell peripheral tolerance occurs independently of Fas, TNFR1, or TNFR2

To elucidate the mechanism responsible for CD8 T cell apoptosis during peripheral 

tolerance, we first addressed the potential contribution of extrinsic death signals to this 

process. Clone 4 TCR Tg mice were backcrossed to mice deficient in Fas (lpr/lpr mice, 

which have a natural mutation in the Fas receptor), TNFR1, or TNFR2. Naive clone 4 T 
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cells derived from each of these mice were labeled with CFSE and transferred into InsHA 

recipients. Eight days later, peripheral and pancreatic LN were harvested and the donor cells 

were analyzed by flow cytometry. As expected from previous results (5, 6, 8), clone 4 T cells 

underwent proliferation in the pancreatic LN (Fig. 1), but not in peripheral LN or in mice 

that did not express HA (6). lpr/lpr, TNFR1−/−, or TNFR2−/− clone 4 T cells underwent a 

similar level of activation in the pancreatic LN of InsHA recipients (Fig. 1). Furthermore, 

there were no statistically significant differences in either the percentage or total number of 

activated (dividing) wild-type vs lpr/lpr, TNFR1−/−, or TNFR2−/− clone 4 T cells 

accumulating in the peripheral or pancreatic LN of InsHA mice 8 days after transfer (Fig. 1 

and data not shown). The lack of accumulation of the activated clone 4 T cells suggested that 

these particular genes did not contribute to the induction of CD8 T cell peripheral tolerance 

in InsHA mice.

CD8 T cell peripheral tolerance can be inhibited by over-expression of Bcl-2

Given that clone 4 T cell tolerance appeared to occur independently of these extrinsic death 

ligands, we next addressed the role of the intrinsic death pathway in CD8 T cell peripheral 

tolerance. Clone 4 TCR Tg mice were crossed with Bcl-2 Tg mice to obtain clone 4 T cells 

that constitutively express Bcl-2. CFSE-labeled clone 4 or Bcl-2 clone 4 T cells were 

transferred into InsHA mice and 4 or 8 days after transfer, peripheral and pancreatic LN 

were harvested and the donor cells were analyzed by flow cytometry. Four days after 

transfer, the activation profiles of clone 4 and Bcl-2 clone 4 T cells were similar (Fig. 2A). 

However, by 8 days after transfer, Bcl-2 clone 4 T cells exhibited a much greater degree of 

accumulation in the pancreatic LN as compared with wild-type clone 4 T cells (Fig. 2A). 

Quantitation of the total number of donor Bcl-2 clone 4 T cells revealed a significant 

accumulation of activated (dividing) cells as compared with wild-type clone 4 T cells in both 

the peripheral and pancreatic LN of InsHA mice (Fig. 2B). This process required the 

recognition of cognate Ag, as Bcl-2 clone 4 T cells transferred into HA-negative B10.D2 

animals did not proliferate (data not shown). Importantly, the accumulation of Bcl-2 clone 4 

T cells in the pancreatic LN of InsHA mice was associated with a significant reduction in 

Annexin V expression as compared with wild-type clone 4 T cells (Fig. 2C), providing 

direct evidence that the expression of Bcl-2 can prevent clone 4 T cells apoptosis during the 

induction of peripheral tolerance.

Given that the over-expression of Bcl-2 can enhance the survival of naive CD8 T cells, we 

sought to exclude the possibility that the increased accumulation of Bcl-2 clone 4 T cells 

was a by-product of the enhanced ability of the naive Bcl-2 clone 4 T cells to survive and 

subsequently traffic to the pancreatic LN of InsHA mice. To this end, large numbers of 

CFSE-labeled wild-type clone 4 T cells (up to 20 × 106/mouse) were adoptively transferred 

into InsHA mice. Eight days later, the peripheral and pancreatic LN were harvested and the 

proliferative profile of the donor clone 4 T cells was examined by flow cytometry. No 

difference was observed in clone 4 T cell proliferation or survival of the proliferating cells 

(data not shown). Taken together with the decrease extent of Bcl-2 clone 4 T cells apoptosis 

as compared with wild-type clone 4 T cells (Fig. 2C), these data suggest that the protective 

effects of Bcl-2 are due to a reduction in apoptosis of the activated cells, which is consistent 

with a role for a Bcl-2-sensitive mechanism in CD8 T cell tolerance (37).
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Since activated Bcl-2 clone 4 T cells accumulated in large numbers, we next examined 

whether these cells were able to acquire effector functions that may promote their ability to 

induce autoimmunity. Clone 4 or Bcl-2 clone 4 T cells were transferred into InsHA mice and 

eight days later pancreatic LN were harvested. Next, donor clone 4 T cells were re-

stimulated with HA peptide in vitro and the amount of intracellular IFN-γ production was 

assessed by flow cytometry. A larger proportion of activated Bcl-2 clone 4 T cells recovered 

from the pancreatic LN of InsHA mice exhibited IFN-γ production as compared with wild-

type clone 4 T cells (Fig. 2D). These data indicate that expression of Bcl-2 not only 

inhibited peripheral deletion of clone 4 T cells, it also promoted the acquisition of effector 

function.

Bim−/− clone 4 T cells are resistant to the induction of apoptosis to a cross-presented self-
Ag

Recent studies have shown that CD8 T cell deletion during peripheral tolerance to a cross-

presented self-Ag is mediated through the proapoptotic Bcl-2 family member, Bim (21). To 

examine the role of Bim in clone 4 T cell peripheral tolerance, CFSE-labeled Bim-deficient 

clone 4 T cells were transferred into InsHA recipients, and 4 or 8 days after transfer, the 

peripheral and pancreatic LN were harvested and the donor cells were analyzed by flow 

cytometry. Consistent with the results obtained using Bcl-2 clone 4 T cells, Bim−/− clone 4 

T cells were able to survive and accumulate in the peripheral and pancreatic LN of InsHA 

mice (Fig. 2B) and also exhibited a reduction in apoptosis as measured by Annexin V 

staining (Fig. 2C), suggesting that clone 4 T cell peripheral deletion occurred through a 

Bim-dependent mechanism. Interestingly, Bim−/− clone 4 T cells recovered from the 

pancreatic LN of InsHA mice 8 days after transfer did not up-regulate IFN-γ production as 

compared with wild-type clone 4 T cells (Fig. 2D). These data indicate that although Bim−/

− clone 4 T cells were protected from apoptosis, in contrast to what was observed with Bcl-2 

clone 4 T cells, the lack of Bim expression was not sufficient to promote the acquisition of 

clone 4 T cell effector function.

Adoptively transferred Bcl-2 clone 4 T cells can infiltrate islet β-cells

To assess whether Bcl-2 clone 4 T cells were able to promote islet destruction and the onset 

of autoimmune diabetes, naive clone 4 or Bcl-2 clone 4 T cells were transferred into InsHA 

recipients. Blood glucose levels were measured weekly and the pancreas was taken for 

histology 21 days after adoptive transfer. Histological analysis revealed that animals 

receiving Bcl-2 clone 4 T cells had evidence of lymphocyte infiltrates in the pancreatic islets 

(Fig. 3). Indeed, ~50% of the pancreatic islets examined exhibited either peri- or full 

insulitis, whereas Bim−/− clone 4 T cells only induced minimal islet peri-insulitis following 

adoptive transfer into InsHA mice (Fig. 3 and Table I). In contrast, none of the animals 

receiving wild-type clone 4 T cells, or clone 4 T cells deficient in Fas, TNFR1, or TNFR2, 

became diabetic or had signs of significant islet infiltrates (Table I and data not shown). It 

should be noted that although Bcl-2 clone 4 T cells induced a significant amount of islet 

damage, adoptive transfer of these cells did not induce overt diabetes in InsHA mice (data 

not shown) because destruction of greater than 80% of islets is required to result in overt 

diabetes.
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Accumulation of Bcl-2 clone 4 T cells in InsHA mice is not due to islet-specific damage

The accumulation of Bcl-2 clone 4 T cells in the pancreatic LN of InsHA mice could have 

been the result of several factors, such as the inhibition of apoptosis, proinflammatory 

cytokine milieu, or increased pancreatic islet β-cell destruction. The latter could lead to an 

enhanced antigenic load and thus a greater level of T cell priming. To exclude this 

possibility, InsHA mice were treated with a sphingosine-1-phosphate receptor 1 agonist 

(FTY720) that has been shown to block lymphocyte egress from the LN into peripheral 

tissues (36). Although drug-treated naive T cells can still respond to antigenic stimulation, 

they are unable to migrate into tissues, such as the pancreas. InsHA mice were treated were 

FTY720 on day −1, 1, 3, and 5 and then naive Bcl-2 clone 4 T cells were adoptively 

transferred on day 0. Seven days later, pooled peripheral or pancreatic LNs were harvested 

and donor cells examined by flow cytometry. As shown in Fig. 4A, the prevention of Bcl-2 

clone 4 egress from the pancreatic LNs did not affect their initial activation and proliferation 

as similar CFSE-profiles were obtained from both treated and control groups. Quantitative 

analysis indicated that similar numbers of control or FTY720-treated Bcl-2 clone 4 T cells 

accumulated in the pancreatic LNs of InsHA recipient mice (Fig. 4B). The effectiveness of 

the drug-treatment was confirmed via histological analysis of the FTY720-treated InsHA 

recipients, which revealed no lymphocytic infiltrates in the pancreatic islets (data not 

shown). These data suggest the accumulation of Bcl-2 clone 4 T cells was not the result of 

destruction of islet β-cells.

CD8 T cell peripheral tolerance occurs via a p53-, E2F1-, and E2F2-independent 
mechanism

Because the over-expression of Bcl-2 was able to prevent the apoptosis of clone 4 T cells 

during peripheral tolerance, we next sought to determine the up-stream signals that might 

mediate this process. Previous studies have been shown that p53-mediated apoptosis can be 

inhibited by up-regulated expression of Bcl-2 (23). Therefore, we investigated whether p53 

was the up-stream molecule promoting the death of activated clone 4 T cells. Naive CD8 T 

cells from clone 4 or p53−/− clone 4 mice were CFSE-labeled and transferred into InsHA 

recipient mice. Eight days after transfer, peripheral and pancreatic LNs were harvested and 

the extent of proliferation monitored by flow cytometry. There was no significant difference 

in the activation or accumulation of p53−/− or wild-type clone 4 T cells in the pancreatic 

LNs of InsHA mice (Fig. 5), nor did p53−/− clone 4 T cells initiate pancreatic insulitis 

(Table I), suggesting that p53 was not involved in the induction of clone 4 T cell peripheral 

tolerance.

Several recent studies have demonstrated that the transcription factors E2F1 and E2F2 can 

also mediate the induction of T cell apoptosis (26, 32). In addition, E2F1 has been shown to 

directly affect the activation of several molecules involved in the intrinsic apoptotic pathway, 

including Bim and Apaf-1 (28, 38). Therefore, given our data indicating that clone 4 T cell 

apoptosis occurred via an intrinsic (Bcl-2-sensitive) apoptotic mechanism, we next 

investigated the potential contribution of E2F1 and E2F2 to CD8 T cell peripheral tolerance. 

Naive CFSE-labeled E2F1−/− or E2F2−/− clone 4 T cells were adoptively transferred into 

InsHA mice. Eight days later, peripheral or pancreatic LNs were harvested from the 

recipient mice and the proliferation and accumulation of the donor cells was examined by 
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flow cytometry. No statistically significant difference was observed in the activation or 

accumulation of E2F1−/− or E2F2−/− clone 4 T cells as compared with wild-type clone 4 T 

cells (Fig. 5). Furthermore, there was no increase in intracellular IFN-γ production by the 

E2F1- or E2F2-deficient clone 4 T cells (data not shown). Although other groups have 

reported that the combined deficiency in E2F1/E2F2 can lower the threshold of TCR-

induced activation in CD4 T cells (39), double-deficient clone 4 T cells underwent normal 

activation and deletion following adoptive transfer into InsHA recipients (Fig. 5). 

Importantly, no statistically significant differences were detected among the total number of 

activated wild-type vs p53−/−, E2F1−/−, E2F2−/−, or E2F1/E2F2−/− clone 4 T cells 

accumulating in the pancreatic LNs of InsHA mice 8 days after transfer (data not shown). 

These data suggest that the induction of clone 4 T cell peripheral tolerance in InsHA mice 

occurs via a p53-, E2F1-, and E2F2-independent apoptotic mechanism.

Discussion

In this study, we set out to determine the apoptotic mechanism used during the induction of 

clone 4 T cell peripheral tolerance to a cross-presented self-Ag. As there have been 

numerous reports implicating members of the TNF-family of death receptors as the initiators 

of T cell apoptosis during peripheral tolerance, we first examined the role of Fas, TNFR1, 

and TNFR2. No role was found for these molecules in the induction of CD8 T cell 

peripheral tolerance (Fig. 1). Additionally, clone 4 T cells deficient in any one of these 

molecules did not initiate autoimmunity in InsHA mice (Table I), which was consistent with 

the inability of these molecules to alter the proliferative profile and survival of activated 

clone 4 T cells.

Considering the lack of evidence for a role of an extrinsic death ligand in CD8 T cell 

peripheral tolerance, we next addressed the possibility that clone 4 T cell apoptosis occurred 

via a TCR-mediated intrinsic death pathway. To test this hypothesis, we examined the effect 

of the anti-apoptotic molecule, Bcl-2, on clone 4 T cell peripheral tolerance. Following 

adoptive transfer, Bcl-2 clone 4 T cells accumulated in the peripheral and pancreatic LNs of 

InsHA mice, which correlated with a reduced apoptosis of the Bcl-2 clone 4 T cells (Fig. 

2C). In addition, Bcl-2 clone 4 T cells spontaneously acquired effector functions and were 

able to promote insulitis (Figs. 2 and 3 and Table I). The ability of donor Bcl-2 clone 4 T 

cells to infiltrate the pancreatic islets led us to question whether the accumulation of Bcl-2 

clone 4 T cells was due to increased islet damage and thus, the increased availability of Ag, 

or other factors such as the inhibition of apoptosis or increased cytokine production. To 

prevent the initiation of Bcl-2 clone 4 T cell-mediated islet damage, InsHA recipient mice 

were first treated with an S1P receptor-1 agonist drug (FTY720) that has been shown to 

prevent lymphocyte egress from the LNs (33, 34, 36). Treatment with FTY720 had no effect 

on the activation, proliferation, or accumulation of Bcl-2 clone 4 T cells (Fig. 4), suggesting 

that Bcl-2 was primarily inhibiting clone 4 T cell apoptosis. However, we cannot exclude the 

possibility that the accumulation of Bcl-2 clone 4 T cells in the pancreatic LNs was also 

influenced by the presence of proinflammatory cytokines, such as IFN-γ (Fig. 2D). It is 

possible that, in addition to the anti-apoptotic effects of Bcl-2, the inflammatory milieu 

generated in the pancreatic LNs also promoted the recruitment and/or survival of Bcl-2 clone 

4 T cells.
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Given the ability of Bcl-2 to inhibit the peripheral deletion of clone 4 T cells in vivo, we 

next sought to determine the molecular mechanisms linking TCR signaling to the induction 

of the intrinsic apoptotic pathway. Recent studies have implicated the proapoptotic Bcl-2 

family member, Bim, in the deletion of autoreactive thymocytes, mature T cells undergoing 

superantigen-induced deletion, and CD8 T cells recognizing peripherally expressed self-Ag 

in RIP-mOVA Tg mice (19–21). Consistent with the results obtained using Bcl-2 clone 4 T 

cells, Bim−/− clone 4 T cells accumulated in the peripheral and pancreatic LNs of InsHA 

mice (Fig. 2B) and exhibited a reduction in apoptosis (Fig. 2C). However, in contrast with 

results obtained using Bcl-2 clone 4 T cells, the adoptive transfer of Bim−/− clone 4 T cells 

into InsHA mice did not promote their ability to produce IFN-γ and only led to a minimal 

amount of islet peri-insulitis (Figs. 2D and 3 and Table I).

The reasons underlying the differences observed between Bcl-2 Tg and Bim−/− clone 4 T 

cells are still unclear, but may reflect differences in the extent to which each apoptotic 

pathway is used during tolerance induction. Indeed, the induction of T cell apoptosis through 

both Bim-dependent and -independent pathways can be inhibited by over-expression of 

Bcl-2 (40), suggesting that Bcl-2 has a more global protective effect. Interestingly, previous 

studies have demonstrated that Bcl-2 Tg or Bim−/− OT-I T cells accumulated to a similar 

degree during the induction of peripheral tolerance to a cross-presented self-Ag in RIP-

mOVA mice (21). One critical difference between these two model systems is that when 

high numbers of naive OT-I T cells are adoptively transferred into RIP-mOVA mice, these 

cells spontaneously acquire effector function and can initiate diabetes (21). In contrast, naive 

clone 4 T cells do not spontaneously acquire effector functions or induce diabetes following 

their adoptive transfer into InsHA mice (Fig. 2D and Table I) (8, 41). This has allowed us to 

observe an effect of Bcl-2 over-expression in promoting acquisition of effector function.

Thus far, our data indicated that CD8 T cell deletion during peripheral tolerance in InsHA 

mice occurred through a Bim- and Bcl-2-sensitive mechanism. To explore the upstream 

molecular mechanisms required to induce clone 4 T cell apoptosis, we investigated the role 

of p53, a well-characterized proapoptotic molecule that has been shown to induce apoptosis 

in a Fas-independent manner that can be inhibited by Bcl-2 (22, 23, 42, 43). Although the 

induction of T cell apoptosis following viral immunization or stimulation with anti-CD3 

mAb in vitro was shown to occur in a p53-independent manner (24, 25), the role of p53 in 

CD8 T cell peripheral tolerance is unknown. As shown in Fig. 5, p53−/− clone 4 T cells did 

not accumulate in the pancreatic LNs of InsHA mice, suggesting that this molecule was not 

involved in clone 4 T cell apoptosis during peripheral tolerance. Interestingly, recent work 

suggested that the p53 homologue, p73, may also promote the apoptosis of mature T cells 

(26, 44). Future experiments will be needed to address the contribution of p73 to clone 4 T 

cell peripheral tolerance.

Next, we assessed the contribution of another proapoptotic molecule, E2F1, in the deletion 

of clone 4 T cells. E2F1 was initially of interest as a candidate apoptosis-inducing molecule 

based its ability to directly up-regulate several down-stream proapoptotic molecules, 

including Bim and Apaf-1 (28, 38). Although E2F1 was recently reported to mediate T cell 

apoptosis and lower the threshold of TCR-induced activation (26, 29), we did not observe 

any statistically significant difference in the proliferation or accumulation of E2F1-deficient 
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vs wild-type clone 4 T cells following adoptive transfer into InsHA mice (Fig. 5). Similar 

results were obtained with E2F2−/− or E2F1−/−E2F2−/− clone 4 T cells (Fig. 5), suggesting 

that neither of the molecules was required for the initiation of clone 4 T cell proliferation or 

apoptosis during peripheral tolerance to a cross-presented self-Ag. The role of E2F1 in CD8 

T cell apoptosis may depend upon the stimulatory environment, such that strong TCR 

stimulation initiates a distinct signaling cascade. Indeed, one recent report suggests that 

E2F1 may regulate an extrinsic Fas-dependent death pathway in both CD4 and CD8 T cells 

following strong TCR ligation (27).

To further probe the downstream molecular mechanisms regulating clone 4 T cell apoptosis 

during peripheral tolerance, we have begun to examine the role of additional molecules 

including the proapoptotic Bcl-2 family members, Noxa and Puma (p53-up-regulated 

modulator of apoptosis) (45–47). Given that CD8 T cell peripheral tolerance appears to 

occur in a p53-independent manner and that Noxa is induced in a p53-dependent manner 

(45, 46), it is unlikely that Noxa plays a significant role in CD8 T cell apoptosis during 

peripheral deletion. In contrast, Puma has been shown to be regulated in both a p53-

dependent and -independent manner (47, 48). Furthermore, recent studies have demonstrated 

that the apoptosis of activated T cells can occur through a Bim-independent pathway that 

involves up-regulation Puma (40, 49). Although we have observed an increase in Puma 

mRNA expression in activated clone 4 T cells recovered from the pancreatic LNs of InsHA 

mice (data not shown), additional experiments will be required to determine whether Puma 

is the key proapoptotic molecule that mediates Bim-independent clone 4 T cell apoptosis in 

vivo.

In conclusion, these results indicate that the peripheral deletion of clone 4 T cells in 

response to cross-presented self-Ag in the pancreatic LNs of InsHA mice occurs via a Bcl-2-

sensitive and Bim-dependent intrinsic apoptotic mechanism that is not prevented by the 

absence of p53, E2F1, or E2F2. In addition, prevention of peripheral tolerance by over-

expression of Bcl-2 can promote the onset of spontaneous autoimmunity. Although further 

studies will be needed to clarify the molecular mechanisms involved in peripheral deletion, 

these data indicate that defects in CD8 T cell apoptosis during peripheral tolerance can play 

an important role in the modulation of organ-specific autoimmunity.
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FIGURE 1. 
Peripheral deletion of clone 4 T cells occurs independently of death ligands. Clone 4, lpr/lpr 

clone 4, TNFR1−/− clone 4, or TNFR2−/− clone 4 T cells were CFSE labeled and 

transferred into InsHA recipients. Eight days later, peripheral and pancreatic LNs were 

harvested and donor CFSE-labeled CD8 T cells were analyzed by flow cytometry. Data are 

representative of three to four mice per group from one of two independent experiments with 

similar results.
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FIGURE 2. 
Bcl-2 clone 4 T cells are resistant to the induction of peripheral tolerance in InsHA mice. A, 

clone 4, Bcl-2 clone 4, or Bim−/− Thy1.2 clone 4 T cells were CFSE labeled and transferred 

into Thy1.2 B10.D2 (CL4, Bcl-2 CL4) or Thy1.1 B10.D2 (Bim−/− CL4) InsHA recipients. 

Four or eight days later, peripheral and pancreatic LNs were harvested and donor CFSE-

labeled CD8 T cells were analyzed by flow cytometry. Graphs depict total Thy1.2 CD8 T 

cells (host and donor CL4 or Bcl-2 CL4) or donor Thy1.1 CD8 T cells (Bim−/− CL4). The 

percentage of activated clone 4 T cells is indicated. B, Total numbers of activated (dividing, 

based upon CFSE dilution, as gated in A) clone 4, Bcl-2 clone 4, or Bim−/−. Clone 4 T cells 

(from A) in the peripheral or pancreatic LNs of InsHA mice were determined by flow 

cytometry and calculated as: (percent activated clone 4 T cells per sample) × (total number 

of cells per animal). C, The extent of donor clone 4 T cell apoptosis in the pancreatic LNs 

was assessed by Annexin V expression and determined by flow cytometry. D, The extent of 

intracellular IFN-γ production was measured in activated clone 4 T cells from A following 

re-stimulation in vitro with Kd HA peptide for 6 h at 37°C. All graphs depict the mean ± SD 

of two to four mice per group. Data are representative of one of three independent 

experiments with similar results. (*, p < 0.05).
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FIGURE 3. 
Bcl-2 clone 4 T cells are able to infiltrate pancreatic islet β-cells in InsHA mice. Clone 4, 

Bcl-2 clone 4, or Bim−/− clone 4 T cells were transferred into InsHA recipients. After 14–

21 days, mice were sacrificed and the pancreas taken for histology. Representative 

pancreatic islet from mice receiving clone 4 T cells had no evidence of lymphocytic 

infiltrates or islet β-cell damage. Islets from mice receiving Bcl-2 clone 4 T cells exhibited a 

significant amount of islet β-cell infiltrates, whereas the adoptive transfer of Bim−/− clone 4 

T cells only led to a minimal amount of islet β-cell peri-insulitis (see Table I). 

Representative islets demonstrating the most extensive level of lymphocyte infiltrates are 

shown. Original magnification: ×200.
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FIGURE 4. 
Accumulation of Bcl-2 clone 4 T cells in InsHA mice is due to their resistance to apoptosis 

rather than increased islet damage. InsHA mice were treated with FTY720 on day −1, 1, 3, 

and 5 i.p. On day 0, clone 4 or Bcl-2 clone 4 T cells were adoptively transferred into InsHA 

mice. A, Seven days later, peripheral and pancreatic LNs were harvested and donor CFSE-

labeled clone 4 T cells were analyzed by flow cytometry. The percentage of activated clone 

4 T cells is indicated. B, Total numbers of clone 4 or Bcl-2 clone 4 T cells (from A) were 

quantitated by flow cytometry. Graphs represent the mean of activated (based on CFSE 

dilution) clone 4 or Bcl-2 clone 4 T cells in the pancreatic LNs of InsHA mice. Data are 

representative of three to four mice per group from one of two independent experiments with 

similar results.
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FIGURE 5. 
Peripheral deletion of clone 4 T cell in InsHA mice occurs independently of p53, E2F1, and 

E2F2. p53−/−, E2F1−/−, E2F2−/−, or wild-type clone 4 T cells were CFSE labeled and 

transferred into InsHA recipients. Eight days later, peripheral and pancreatic LNs were 

harvested and donor CFSE-labeled CD8 T cells were analyzed by flow cytometry. The 

percentage of activated clone 4 T cells is indicated. Data are representative of three to four 

mice per group from one of two to three independent experiments with similar results.
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