
Autophagy promotes T-cell survival through
degradation of proteins of the cell death machinery
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Autophagy is implicated in regulating cell death in activated T cells, but the underlying mechanism is unclear. Here, we show that

inhibition of autophagy via Beclin 1 gene deletion in T cells leads to rampant apoptosis in these cells upon TCR stimulation.

Beclin 1-deficient mice fail to mount autoreactive T-cell responses and are resistant to experimental autoimmune

encephalomyelitis. Compared with Th17 cells, Th1 cells are much more susceptible to cell death upon Beclin 1 deletion. Cell

death proteins are highly increased in Beclin 1-deficient T cells and inhibition of caspases and genetic deletion of Bim reverse

apoptosis. In addition, p62/sequestosome 1 binds to caspase-8 but does not control levels of procaspase-8 or other cell death-

related proteins. These results establish a direct role of autophagy in inhibiting the programmed cell death through degradation

of apoptosis proteins in activated T cells.
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Macroautophagy (termed autophagy herein) is a cellular

catabolic process that is involved in cytoplasmic renewal and

turnover of long-lived proteins and cellular organelles.1–4

Autophagy is characterized by the formation of autophago-

somes, which are double-membrane vesicles that sequester a

portion of the cytoplasm. Yeast genetic analysis has led to the

identification of more than 30 autophagy-related genes (ATG

genes) involved in autophagy and its related pathways.5,6

Beclin 1 (BECN1) is the mammalian homolog of Atg6.7

BECN1 forms a complex with Vps34/class III phosphoinosi-

tide 3-kinase and is critical for multiple steps during

autophagy.8–11

Autophagy has been shown to either promote or inhibit cell

death in T cells. A study showed that HIV Env protein induced

autophagy and accumulation of Beclin 1 in CD4þ

T lymphocytes via CXCR4, and Env-mediated autophagy

was required to trigger CD4þ T-cell apoptosis.12 Our lab has

demonstrated that autophagy is highly induced in effector

T cells, and blockade of autophagy using RNAi and chemical

inhibitors suppresses growth factor-withdrawal-induced cell

death in Th2 cells.13 More recent studies suggest that

autophagy is an important death pathway in T cells lacking

FADD activity, caspase-8 or Irgm-1.14,15 These findings are

consistent with a role of autophagy in promoting T-cell death.

In contrast, many studies suggest a pro-survival role of

autophagy in T cells.16,17 Deletion of Atg5 resulted in

decreased numbers of both thymocytes and peripheral

T cells.16,17 In addition, more Atg5�/� T cells undergo

apoptosis upon TCR stimulation when compared with WT

T cells.16,17 Therefore, autophagy has both pro-survival and

pro-death roles in T cells, and yet the exact molecular

mechanism remains elusive.

Here, we show that Beclin 1-deficient CD4þ T cells, which

lack autophagy, are prone to apoptosis upon TCR stimulation

due to greatly elevated levels of latent forms of cell death-

related proteins, such as procaspase-3, procaspase-8 and Bim.

As a result, BECN1-deficient mice fail to mount autoimmune

responses and are resistant to experimental autoimmune

encephalomyelitis (EAE). We have further demonstrated that,

compared with Th17 cells, Th1 cells aremuchmore susceptible

to cell death upon Beclin 1 deletion. Moreover, we demonstrate

that caspase-8 is present in the p62-containing protein complex

and such complexes accumulate in Beclin 1-deficient T cells,

suggesting a role of autophagy in mediating degradation of the

procaspase-8/p62 signaling protein complex. Our study estab-

lishes a novel mechanism of apoptosis regulation in activated T

cells via autophagy.

Results

Autophagy blockade by Beclin 1 deletion leads to a

drastic increase in T-cell death upon stimulation. We

have previously shown that autophagy can be induced in

T cells. To further establish the role of autophagy in cell-

mediated immune responses, we studied T cells from

autophagy-deficient mice. BECN1 is mammalian homolog

of yeast autophagy gene Atg6.8 It is required for both

initiation and progression of autophagy.10,11 We developed

CD4-cre BECN1 fl/fl (4cre BECN1 fl/fl) mice, in which BECN1
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is deleted in T cells starting at the stage of CD4þCD8þ

thymocytes (Supplementary Figures 1 and 2). We observed

no difference in thymic development in 4cre BECN1 fl/fl mice

(Figure 1a). In spleens and lymph nodes, the number of

CD8þ T cell was decreased more than threefold in CD4-cre

BECN1 fl/fl compared with WT (Figures 1b and c). In

contrast, there was a modest (less than twofold) decrease in

CD4þ T cells of 4cre BECN1 fl/fl mice compared with WT

mice (Figures 1b and c) in spleens and lymph nodes. There

was no difference in percentage of naı̈ve and memory T cells

between WT and 4cre BECN1 fl/fl mice (Figure 1d) in

spleens. These data are in line with previous reports that

autophagy blockade negatively affect peripheral T-cell

homeostasis.16,17

To examine the role of autophagy in T-cell survival during

T-cell clonal expansion, we stimulated CD4þ T cells from both

WT and 4cre BECN1 fl/fl spleens for 72 h and quantified the

percent of live cells using flow cytometry and counting

(Figure 2a). Compared with WT CD4þ T cells, o10% of the

activated BECN1-deficient CD4þ T cells were alive after

culture for 72 h (Figure 2b). For the surviving cells, however,

proliferation was modestly reduced in 4cre BECN1 fl/fl CD4þ

T cells (Figure 2a, right panel). This result suggests that

activation of Beclin 1-deficient T cells with anti-CD3 and anti-

CD28 results in massive cell death. Consistent with apoptosis

in mediating cell death, many 4cre BECN1 fl/fl CD4þ T cells

exhibited condensed nuclei with apoptotic chromatin

(Figure 2c). In addition, there was a clear increase in terminal

transferase dUTP nick-end labeling (TUNEL) signals for 4cre

BECN1 fl/fl CD4þ T cells when compared when WT CD4þ

T cells (Figure 2d). These data indicate that activated 4cre

BECN1 fl/fl CD4þ T cells may die by the apoptotic death

pathway. In contrast to peripheral CD4þ T cells, we observed

no difference in TUNEL staining between WT and 4cre

BECN1 fl/fl thymocytes after stimulation with anti-CD3 and

anti-CD28 (Figure 2e). This indicates further that the increase

in apoptotic cell death is specific to peripheral Beclin

1-deficient T cells upon TCR stimulation. Previous reports

suggest that Atg5 and Atg7, through autophagy, regulate the

number of mitochondria in T cells.17,18 These studies showed

that lack of Atg5 or Atg7 in the double-negative thymocytes led

to an increase in the number of mitochondria andmade T cells
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Figure 1 Modest reduction of peripheral CD4þ T cells in 4cre BECN1 fl/fl mice. Flow cytometry analysis of single-cell suspensions from thymus (a), spleen (b) and lymph
node (c), which were stained for surface markers CD4, CD8, CD3 and B220. (d) Analysis of naı̈ve and memory T cells (CD4, left; CD8, right), which were stained for CD44
and CD62L
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more susceptible to cell death. As BECN1 is crucial for

autophagy, it is possible that BECN1 regulates the number of

mitochondria, and thus BECN1 deletion might lead to an

increase in the number of mitochondria, thereby sensitizing

cells to mitochondrion-mediated cell death. We analyzed

mitochondrial accumulation by MitoTracker Green (Invitrogen,

Carlsbad, CA, USA) staining of peripheral blood lymphocytes

and could not find significant difference in MitoTracker Green

staining between WT and 4cre BECN1 fl/fl T cell in either

CD4þ or CD8þ populations (Supplementary Figures 3A

and B). This result suggests that Beclin 1 is not required

for controlling the number of mitochondria in peripheral

T cells.

We have previously shown that the number of autophago-

somes is higher in CD4þ T cells cultured in the Th2 condition

than those cultured in the Th1 condition,13 suggesting that

autophagy is differentially regulated in different T helper cell

subsets. We then decided to determine whether CD4þ T cells

cultured in various polarizing conditions were differentially

susceptible to cell death upon Beclin 1 deletion. We cultured

naı̈veWT and 4cre BECN1 fl/fl CD4þ T cells in Th0, Th1, Th2

and Th17 polarizing conditions for 72 h and subsequently

quantified the percent of live cells using flow cytometry and

counting. The 4cre BECN1 fl/fl CD4þ T cells cultured in Th0

(about 20% of WT levels), Th1 (about 10% of WT levels) and

Th2 (about 20% of WT levels) conditions were much more

susceptible to cell death than WT CD4þ T cells (Figure 2f). In

contrast, 4cre BECN1 fl/fl CD4þ T cells cultured in the Th17

condition were relatively less susceptible to cell death. The

number of live Beclin 1-deficient T cells was about 60% of WT

CD4þ T cells cultured in the Th17 condition (Figure 2f). These

data suggest that different T helper cell subsets are differently

susceptible to cell death upon autophagy blockade.

Autophagy blockade leads to resistance of EAE

induction. As BECN1-deficient CD4þ T cells undergo

drastic apoptosis upon activation, we postulate that BECN1

deletion inhibits autoimmune responses. We first examined

the ability of 4cre BECN1 fl/fl mice to develop a T-cell-

mediated autoimmune disease EAE. The 4cre BECN1 fl/fl
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Figure 2 Beclin 1-deficient CD4þ T cells undergo increased levels of apoptotic cell death upon TCR stimulation. CD4þ T cells were isolated from spleens of WT (top) and
4cre BECN1 fl/fl mice (bottom), stained with CFSE and stimulated under Th1 conditions for 72 h. Cell death was assessed by flow cytometry by forward and side scatter gating
of blasted lymphocytes (a). The survival of WT cells was set as 100%, and the percentage of live Beclin 1-deficient CD4þ T cells versus WT cells were quantified (b). The
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mice showed complete resistance to EAE, whereas in the

same experiment, all WT control mice developed severe

signs of EAE (Figure 3a). To determine the mechanisms by

which 4cre BECN1 fl/fl mice are resistant to EAE induction,

we first examined ex vivo recall proliferation using mice

immunized with myelin oligodendrocyte glycoprotein (MOG)

peptide 10 days previously. We have found a very minor

decrease in the total CD4þ T-cell number in spleens and

lymph nodes in 4cre BECN1 fl/fl after immunization

(Figure 3b. left panel). In contrast, MOG-reactive IFN-gþ

CD4þ T cells were greatly reduced in 4cre BECN1 fl/fl mice

(Figure 3b). IL-17þ CD4þ T cells were also modestly

reduced (Figure 3b). These data are consistent with our

in vitro data that showed that Th17 cells were less

susceptible to cell death than Th1 cells upon autophagy

blockade. Additionally, CD4þ T cells infiltrating the CNS

were examined by flow cytometry at the peak of the clinical

disease (15–20 days). CNS-infiltrating T cells were evident in

WT mice but not detected in 4cre BECN1 fl/fl mice

(Figure 3c). Finally, the proliferation of MOG35–55 peptide-

specific T-cell populations was analyzed using CFSE assay.

After 72-h culture with MOG35–55, only WT cells showed a

clear proliferating population with diluted CFSE, whereas

splenic cells of immunized 4cre BECN1 fl/fl mice showed

only a minimal population of proliferating cells comparable to

that of those cells unexposed to MOG35–55 (Figure 3d). Thus,

Beclin 1 is critical for autoimmune responses.

Autophagy blockade leads to an increase in cell

death-related proteins. To study further how autophagy

regulates cell survival, we decided to examine whether

autophagy is involved in regulating cell death-related

proteins. We stimulated CD4þ T cells from WT and 4cre

BECN1 fl/fl mice for 48h and examined levels of cell death-

related proteins by western blot. p62/sequestosome 1

(sqstm1) is a protein that is selectively degraded by

autophagy and can be used as a readout for autophagy

flux.19, 20 Strikingly, the protein level of p62 is greatly increased

in BECN1-deficient T cells when compared with WT,

suggesting autophagy is inhibited in BECN1-deficient T cells

(Figure 4a). Interestingly, p62 was not expressed in naı̈ve

CD4þ T cells or T cells stimulated for 24h (Supplementary

Figure 4), suggesting the accumulation of p62 depended on

prolonged T-cell activation. In contrast, p53, a substrate for

ubiquitin–proteasome degradation pathway is expressed at

equal levels between WT and BECN1-deficient CD4þ T cells

(Supplementary Figure 4). These data are consistent with a

functional deficiency in autophagy rather than the ubiquitin–

proteasome pathway in BECN1-deficient CD4þ T cells. In

addition, we have found a drastic increase in protein levels,

but not mRNA levels, for many pro-death members of

apoptotic machineries, such as caspase-8, caspase-3 and

Bim (Figure 4b, Supplementary Figure 5), in Beclin 1-deficient

CD4þ T cells. These data suggest that autophagy is required

for degradation of these cell death-related proteins. Bcl-2, a
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pro-survival protein, was also modestly upregulated in

BECN1-deficient T cells (Figure 4b). However, its function

was likely compromised due to the high levels of Bim and

caspases. Therefore, procaspase-3 and other cell death-

related proteins seem to be degraded via the autophagy–

lysosome pathway. Consistent with this idea, when cells were

cultured in the presence of rapamycin, which induces

autophagy, the protein levels of caspase-3 and -8 were

diminished (Figure 4c). In addition, we have found

colocalization of LC-3 and caspase-3 in T cells treated with

rapamycin (Figure 4d). These data suggest that autophagy

blockade might sensitize CD4þ T cells to both caspase-

dependent and caspase-independent programmed cell death

pathways.21

Bim and caspases mediate cell death upon autophagy

blockade in activated CD4þ T cells. We further

established the functional significance of caspases and Bim

upregulation in cell death caused by autophagy inhibition.

Addition of a pan-caspase inhibitor (zVAD) but not a Rip1

inhibitor (necrostatin 1)21–23 was able to partially reverse cell

death in Beclin 1-deficient T cells (Figure 5b), suggesting

caspase-dependent apoptosis but not programmed

necroptosis was involved in mediating the deleterious

effect of autophagy inhibition. As caspase-independent

cell death is mainly mediated by mitochondrion-mediated

cell death pathway21 in which Bim has a critical role,24–28

we further studied the role of Bim in cell death by autophagy

inhibition using T cells from BECN1/Bim double-deficient

mice. Numbers of both CD4þ and CD8þ T cells were

elevated in BECN1/Bim double-deficient mice compared

with BECN1-deficient mice (Figure 5a). BECN1/Bim

double-deficient CD4þ T cells were much more resistant to

cell death upon TCR stimulation compared with BECN1-

deficient mice, although they were still more susceptible to

cell death compared with WT CD4þ T cells (Figure 5b).

Blockade of caspases using zVAD further protected BECN1/

Bim double-deficient CD4þ T cells from cell death and

increased the level of surviving BECN1/Bim double-deficient

CD4þ T cells to above 60% of the level of WT CD4þ T cells

(Figure 5b). Collectively, these data support the idea that

autophagy increases cell survival by degrading cell death-

related proteins.

Caspase-8 is found in protein aggregates containing p62

and ubiquitin. Full apoptosis commitment necessitates
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aggregation of initiator caspases such as casapse-8.29 A

recent study shows that after proapoptotic stimulation by

death receptors, caspase-8 undergoes CUL3/RBX1-

dependent polyubiquitination, which promotes p62-

mediated aggregation and full activation of the protease.30

Other studies show that clearing of ubiquitinated protein

aggregates by autophagy can be facilitated by p62, which

contains an ubiquitin-binding domain and an LC3-interacting

region, and serves as a bridge between autophagosomes

and ubiquitinated proteins that are present in protein

aggregates.20,31 On the basis of these findings, it is

possible that caspase-8 is selectively degraded via the

autophagosome–lysosome pathway after being recruited by

p62-containig complex. In WT CD4þ T cells, caspase-8

colocalized with p62 in small dots, which were likely small

protein aggregates (Figure 6a). In contrast, caspase-8

colocalized with p62 in much larger protein complexes in

Beclin 1-deficient CD4þ T cells (Figure 6a). Recruitment of

caspase-8 into these protein complexes might be achieved

via ubiquitin and p62. Indeed, a lot of these protein

aggregates were also positive for ubiquitin (Figure 6a, very

right panel). Consistent with these data, caspase-8 was also

found to be co-immunoprecipitated with p62 (Figure 6b).

Caspase-3 and Bim, however, could not be detected in these

immunoprecipitates (data not shown). To determine whether

p62 is required for caspase-8 degradation, we measured

levels of procaspase-8 protein in WT and p62-deficient Th1

cells generated in culture. We found that levels of

procaspase-8 protein were similar between WT and p62-

deficient CD4þ T cells (Figure 6c). Collectively, these data

suggest that the main role of p62 is likely to promote caspase

activation rather than to recruit caspases to autophagy-

mediated degradation.

Discussion

Autophagy has been implicated in both cell survival and cell

death in T cells. To start to resolve these contradictory results,

a better understanding of the molecular targets of autophagy-

mediated cellular events is much needed. In this study, we

have found that autophagy is critical for degradation of the cell

death-related proteins in CD4þ T cells, providing a molecular

mechanism for pro-survival function of autophagy in activated

T cells In contrast to the ubiquitin–proteasomal pathway,

which is well known for mediating the degradation of active

forms of cell death protein such as cleaved caspase-3,32

autophagy is now implicated in the degradation of the latent

form of cell death protein such as procaspase-3 and -8.

Downregulating autophagy in Th1 cells is likely an important

mechanism, which makes Th1 cells more susceptible to

apoptosis.33 Our results support the idea that regulation of

latent cell death protein turnover is a critical self-limiting

mechanism for activated T cells. Autophagy inhibition might

be a promising therapeutic approach for the treatment of

autoimmune diseases such as multiple sclerosis.

Formation of protein complexes is a critical step for signal

transduction. Death receptor signaling triggers formation of a

death-inducing signaling complex,34 leading to initial caspase-

8 activation by dimerization. However, full apoptosis commit-

ment requires more massive stimulation, likely achieved

through further aggregation of caspase-8.30 A recent study

showed that caspase-8 undergoes polyubiquitination and is

present in high-molecular-weight protein complexes after

death receptor stimulation.30 Such high-molecular-weight

protein complexes serve as amplifiers of death signals and

are likely crucial for apoptosis.We have found in our study that

autophagy blockade leads to accumulation of protein
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complexes containing caspase-8, correlating with massive

apoptosis in these cells. These data reveal a novel mechan-

ism of downregulation of death receptor signaling via

autophagy. It is possible that autophagy also inhibits signaling

in other signal transduction pathways via selective degrada-

tion of certain signaling complexes. How other cell death-

related proteins degraded by autophagy remains to be studied

further.

Two recent reports showed that deletion of Atg5 and Atg7

during T-cell development resulted in an increase in the

number of mitochondria in both thymocytes and peripheral

T cells.17,18 However, our study could not confirm these

results. One possible reason could be because of the fact that

Lck-cre was used in the previously published work, resulting in

cre expression at the double-negative stage during thymic

T-cell development. In contrast, we used CD4-cre transgenic

mice. In our case, cre is expressed at double-positive stage

during thymic T-cell development. As autophagy is turned off

later during T-cell development in our mice and we did not see

accumulation of more mitochondria in Beclin 1-deficient

T cells, it is possible that autophagy controls the number of

mitochondria at an early stage of T-cell development in

thymus. Indeed, the total thymocytes are similar between WT

and 4cre BECN1 fl/fl mice. In contrast, total thymocytes were

decreased in conditional Atg5-deficient mice and conditional

Atg7-deficient mice when compared with WT controls.17,18

Consistent with this idea, a recent study showed that it took 18

days for mitochondria to accumulate in cultured T cells.35 It is

also possible that, although the total number of mitochondria

is not changed, there is a deficiency in clearance of damaged

mitochondria in Beclin 1-deficient T cells. We have examined

this possibility via quantifying levels of reactive oxygen

species (ROS) within T cells by staining CD4þ T cells

cultured in the Th1 condition with 20-70-dichlorodihydro-

fluorescein diacetate. Using this method, we have found no

difference in the levels of ROS in WT and BECN1-deficient

T cells (Supplementary Figure 6). In addition, we also inhibited

ROSby adding cell-permeable superoxide dismutasemimetic

MnTBAP and antioxidant Tiron to cell culture. We found these

chemicals were not able to rescue cell death in BECN1-

deficient T cells (data not shown). These data are consistent

with lack of a significant role of Beclin 1 in mitochondrial

clearance during early T-cell activation. Another possible

reason could be due to the fact that Beclin 1, Atg5 and Atg7

are differentially required for mitophagy (autophagic degrada-

tion of mitochondria) in T cells. Regardless of these

possibilities, in T cells, the increase in the sensitivity to

apoptosis in the absence of autophagy does not appear to be

due to a change in the number of mitochondria.

In this study, we have shown that Beclin 1 is critical for TCR-

induced expansion of T cells. The lack of Beclin 1 resulted in

massive T-cell death upon TCR stimulation. In addition, Beclin 1

deletion in T cells resulted in failure to mount cell-mediated

autoimmune responses. The pro-survival function of Beclin 1

is, however, not seen when T cells are cultured in the absence

of TCR stimulation or in thymocytes stimulated with anti-CD3

(our unpublished observation). Our previous publication

showed that autophagy actually promotes cell death during

cytokine-withdrawal cell death in a Th2 cell line.13 Whether

autophagy is pro-survival or pro-death might be highly
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Figure 6 Caspase-8 is found in p62/ubiquitin-containing aggregates in BECN1-deficient T cells. (a) WT and 4cre BECN1 fl/fl CD4þ T cells were stimulated for 48 h by
anti-CD3/anti-CD28 (arrows pointing to aggregates). Cells were stained with antibodies, as indicated. Confocal images were obtained. (b) CD4þ T-cell lysates were
immunoprecipitated with anti-p62 antibodies (lane 2) and subjected to western blot with antibodies, as indicated. Extracts equal to 1/20 of the amount used for
immunoprecipitation was used as control (lane 1). (c) Naı̈ve WT and p62�/� CD4þ T cells were stimulated for 48 h by anti-CD3 and anti-CD28. Extracts were made for
western blot analysis for p62, caspase-3, caspase-8 and b-tubulin, as indicated. The results are representative of three independent experiments. One pair of mice was used
for each experiment
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dependent on the cellular context and stimuli. Interestingly,

we have also found that CD4þ T cells cultured in different

polarizing conditions were differentially susceptible to cell

death. Beclin 1-deficient CD4þ T cells cultured in the Th1

condition were most susceptible to apoptosis, whereas same

T cells cultured in the Th17 condition were much less

susceptible to apoptosis. These data are consistent with our

in vivo finding in the EAE model, in which MOG-specific Th17

responses were only modestly affected in Beclin 1-deficient

mice, whereas Th1 responses were severely compromised.

These data suggest that autophagy is differentially required

for the survival of T-cell subsets. Blockade of autophagy will

likely change the balance of different T-cell subsets during

immune responses.

During the revision of this paper, a report showed lack of a

role of Beclin 1 in peripheral T cells.36 They propose that

Beclin 1-independent autophagy is operational in Beclin

1-deficient T cells. Our work, however, demonstrates that

Beclin 1 is required for autophagy in T cells. The discrepancy

in our findings could be attributable to differences in mouse

genetic backgrounds. It is also possible that the Beclin 1

‘knockout’ strategy in that study did not result in a total ablation

of Beclin 1 protein.

Despite the fact that we have tried to inhibit both mitochon-

drion- and caspase-mediated programmed cell death path-

ways, there are still significantly higher levels of cell death in

CD4þ T cells lacking autophagy. It is known that autophagy is

required to provide mitochondria with substrates to maintain

oxidative phosphorylation during nutrient deprivation. A cell-

permeable form of pyruvate, methyl pyruvate (MP), was shown

to reverse autophagy blockade-induced cell death in Bax�/�

Bak�/� cells.37 We also added MP to BECN1�/� CD4þ T

cells and found no evidence that MP can rescue cell death in

these cells (data not shown). Additional mechanisms might be

operative in causing cell death upon autophagy blockade.

Materials and Methods
Generation of Beclin 1 conditional-deficient mice. The 10.4-kb
genomic fragment containing Beclin-1 exons 1–3 was subcloned from the bacterial
artificial chromosome clone (RPC123-145H19) obtained from PJde Jong
(Children’s Hospital, Oakland, CA, USA). Using homologous recombination
techniques in bacteria, we inserted a loxp site (filled arrow) in front of exon 1 and
another loxp site downstream of exon 2. The vector was electroporated into SW9.5
ES cells, a gift from R Chaillet (University of Pittsburgh). Drug-resistant mouse
embryonic stem cell clones were screened by Southern blot. Two independent
correctly targeted embryonic stem cell clones were injected into C57BL/6
blastocysts, and germline transmission was obtained from each clone. The Neo
gene was removed by breeding F1 mice with a strain of actin promoter-driven
Flippase transgenic mice (The Jackson Laboratory, Bar Harbor, MA, USA). These
mice were then bred with CD4-cre to generate CD4-cre BECN1 fl/þ . These mice
were intercrossed to generate CD4-cre BECN1 fl/fl mice. All animals were
maintained under specific pathogen-free conditions. The Institution Animal Care
and Use Committee at University of Pittsburgh have approved all animal work.

Cell culture. Mouse naı̈ve CD4þ T cells (CD44� CD62Lþ ) were purified from
spleens and lymph nodes of C57BL/6 mice. These cells were then cultured on
24-well plates precoated with 10 mg/ml plate-bound anti-CD3 (clone 145-2C11) and
5mg/ml plate-bound anti-CD28 mAbs (clone 37.51) in complete RPMI (RPMI 1640
supplemented with 10% heat-inactivated FCS, 2mM L-glutamine, 50mM 2-ME,
100 U/ml penicillin and 100mg/ml streptomycin) in various polarizing conditions:
Th1, huIL-2 (20 U/ml, obtained from the BRB Preclinical Repository), IL-12
(3.4 ng/ml) plus anti–IL-4 (10 mg/ml, clone 11B11, from the BRB Preclinical
Repository); Th0, huIL-2 (20 U/ml) for the Tc0 condition; Th2, huIL-2 (20 U/ml), IL-4

(2 ng/ml) and anti-IFN-g (10mg/ml, clone XMG 1.2); and Th17, anti-IL-2Ra
(10mg/ml, clone PC61, American Type Culture Collection (ATCC), Manassas, VA,
USA), IL-23(10 ng/ml), IL-6 (10 ng/ml), TGF-b1 (1 ng/ml), anti-IFN-g (10mg/ml,
clone XMG 1.2) and anti-IL-4 (10 mg/ml, clone 11B11). At 48 h after the start of
culture, cells were transferred to another plate, which was not coated with anti-CD3
or anti-CD28 Abs, with the original culture media (including polarizing cytokines and
anti-cytokine Abs). Cells cultured in the Th1 condition were also supplemented with
fresh human IL-2 (5 U/ml).

Immunofluorescence and TUNEL assay. Cells were adhered to poly-L-
lysine-coated cover slips, fixed with 2% paraformaldehyde, permeabilized with 0.1%
Triton X-100 and stained with primary and secondary antibodies. The following
primary antibodies were used for immunofluorescence studies: anti-LC3 antibody
(purchased from MBL International, Woburn, MA, USA, M152-3), anti-Caspase 3
antibody (purchased from Cell Signaling Technology, Inc., Danvers, MA, USA, 9662),
anti-Caspase 8 antibody (purchased from R&D Systems, Minneapolis, MN, USA,
AF1650), anti-p62 antibody (purchased from ARP American Research Products, Inc.,
Belmont, MA, USA, 03-GP62-C) and anti-Ubiquitin antibody (purchased from
Millipore, Billerica, MA, USA, 04-263). The secondary antibodies used were: donkey
anti-rabbit Alexa Fluor 488 (Invitrogen, A21206), goat anti-mouse Alexa Fluor 647
(Invitrogen, A21235), goat anti-guinea pig Alexa Fluor 488 (Invitrogen, A11073) and
donkey anti-rabbit Alexa Fluor 546 (Invitrogen, A10040). Finally, cells were
counterstained with Hoechst 33342 nuclear dye.

For the TUNEL assay, cells were adhered to poly-L-lysine-coated cover slips,
fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton X-100 and stained
with a TUNEL detection kit according to company protocol (Millipore). Finally, cells
were counterstained with Hoechst 33342 nuclear dye, courtesy of University of
Pittsburgh Center for Biological Imaging. Slides were examined by fluorescence
microscopy using an Olympus FluoView 1000 confocal microscope using a � 100
objective (Olympus America Inc., Center Valley, PA, USA). Images are taken
consecutively to observe each fluorophore and averaged for three images.

Proliferation assays and flow cytometry. To label cells with CFSE, cells
were incubated with 1 mM CFSE (Invitrogen) for 10min at 37 1C in PBS and then
washed in complete media. Labeled cells were cultured with the indicated stimuli for
72 h and then analyzed by flow cytometry.

EAE induction. Mice were used for EAE induction by s.c. injection of 150mg
MOG35–55 (MEVGWYRSPFSRVVHLYRNGK) peptide in IFA plus 500mg of heat-
inactivatedMycobacterium tuberculosis. One hundred nanograms of pertussis toxin
was injected i.v. on days 0 and 2. Mice were monitored for clinical signs of EAE,
scored as follows: 0, normal; 1, flaccid tail; 2, hind limb weakness or abnormal gait
with poor ability to right from supine; 3, partial hind limb paralysis; 4, both hind limbs
paralyzed with or without forelimb paralysis and incontinence; and 5, moribund
state. The experiments were performed in accordance with the regulation of the
Institutional Animal Care and Use Committee of University of Pittsburgh.

CNS cell isolation and Ab staining. To isolate cells from the CNS, mice
were deeply anesthetized and perfused intracardially with cold RPMI 1640 medium.
Spinal cord cell suspensions were incubated with 1mg/ml collagenase II (Sigma-
Aldrich, St. Louis, MO, USA) at 37 1C for 20min, then resuspended in 30% Percoll
(GE Healthcare, Piscataway, NJ, USA), which was then layered over 70% Percoll.
Mononuclear cells were separated from the interface after centrifugation at 600� g
for 20min and washed in PBS. The total number of cells derived from each animal
was determined using a hemacytometer. CNS-derived inflammatory cells were
incubated with anti-CD45, anti-CD11b and anti-CD4 Abs for 15min on ice in Hank’s
buffer (containing 1% FCS). Flow cytometric analysis was performed using a FACS
flow cytometer (BD Biosciences, San Jose, CA, USA).

Ex vivo analysis of spleen cells, lymph node cells and CNS cells
by intracellular cytokine staining. Splenocytes, lymphocytes and CNS-
infiltrating leukocytes were cultured with or without MOG35–55 peptide at 50, 10 or
0 mg/ml for 18 h. Brefeldin A was added for the last 4 h at 10 mg/ml. Cells were
transferred to a V-bottom plate, stained with anti-CD4 in Hank’s buffer (containing
1% FCS) and then fixed with 2% formaldehyde, which was followed by
permeabilization with 0.5% saponin. The cells were subsequently stained with
anti-IL-17 and anti-IFN-g Ab (eBioscience, Inc., San Diego, CA, USA). Flow
cytometric analysis was performed using a flow cytometer (BD Biosciences).
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Western blot analysis and immunoprecipitation. Activated T cells
were harvested at 48 h, and CD4þ T cells were purified using a positive selection
method employing biotin-conjugated CD4 antibody (BD Biosciences) and
streptavidin-conjugated Microbeads (Miltenyi Biotec, Auburn, CA, USA). Purified
CD4 were counted, pelleted and whole-cell lysate was extracted using a cell lysis
buffer (containing) to resuspend the cell pellet, followed by 10min at 100C. Western
blot analysis was performed using 10% Tris-HCl Ready Gel (Bio-Rad, Hercules, CA,
USA) and run out at 130 V forB1 h, followed by transfer to an Immuno-Blot PVDF
membrane (Bio-Rad) for 2 h, blocking for 1 h with 5% milk, and overnight incubation
with primary antibody at 4C. Following a wash (4� , 15 min wash with 0.1% Tween
in PBS), the secondary antibody is added for 1 h at room temperature. The
membrane is washed again and activated using an Amersham ECL plus western
blotting detection system (GE Healthcare). Results were analyzed using a Kodak
Image station (Eastman Kodak Company, Rochester, NY, USA). Western blot
analysis was performed using following antibodies: Casp3 (9662, Cell Signaling),
Casp8 (AF1650, R&D Systems), p62 (03-GP62-C, ARP American Research
Products, Inc), Bim (2819, Cell Signaling) and Bcl2 (554087, BD biosciences).
Immunoprecipitation was performed according to published protocol with
modification.38 Briefly, 5� 106 T cells were lysed with 0.5 ml lysis buffer (30mM
Tris, pH 7.6, 10% glycerol, 150mMNaCl and 1% Triton supplemented with protease
inhibitor cocktail (Hoffmann-La Roche Inc., Nutley, NJ, USA). Immunoprecipitation
was performed using 2mg of p62/sqstm1 monoclonal antibody (M01, clone 2C11,
Abnova, Walnut, CA, USA) or control IgG.
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