
IL-15 maintains T-cell survival via S-nitrosylation-mediated
inhibition of caspase-3
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Caspase activity is critical for both T-cell survival and death. However, little is known regarding what determines caspase activity
in cycling T cells. Interleukin (IL)-2 and IL-15 confer very different susceptibilities to T-cell death. We therefore considered that
IL-2 and IL-15 differentially regulate caspase activity to influence T-cell survival. We observed that IL-2-cultured primary murine
effector T cells manifested elevated levels of caspase-3 activity compared with IL-15-cultured T cells. T cell receptor (TCR)
restimulation further increased caspase activity and induced considerable cell death in IL-2-cultured T cells, but provoked only a
minimal increase of caspase activity and cell death in IL-15-cultured T cells. IL-2 sensitization to cell death was caspase-3
mediated. Interestingly, increased active caspase-3 levels with IL-2 were independent of active initiator caspase-8 and caspase-9
that were similar with IL-2 and IL-15. Rather, caspase-3 activity was inhibited by posttranslational S-nitrosylation in IL-15-cultured
T cells, but not in the presence of IL-2. This paralleled increased reactive nitrogen and oxygen species with IL-15 and reduced
glycolysis. Taken together, these data suggest that the metabolic state conferred by IL-15 inhibits T-cell apoptosis in part by
maintaining low levels of active caspase-3 via S-nitrosylation.
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Interleukin (IL)-2 and IL-15 modulate T-cell growth, effector
function, and survival.1,2 IL-2 is induced and secreted by
antigen-stimulated T cells through T cell receptor (TCR) and
CD28 signaling1 and functions in an autocrine manner.
In contrast, IL-15 is produced by nonlymphoid tissues, such as
fibroblasts, LPS-stimulated monocytes, and dendritic cells.2,3

However, despite the ability of both IL-2 and IL-15 to confer
proliferative capacity to T cells,1 they nonetheless provide
contrasting outcomes to T cells.4 Antigen restimulation in the
presence of IL-2 can mediate peripheral tolerance through
elimination of mature clonally expanded T cells via activation-
induced cell death (AICD).5 In contrast, IL-15 contributes to an
enhanced memory response by inhibiting AICD and leading to
selective survival of memory cells during the contraction
phase.6,7 However, the mechanism for this difference in
susceptibility to AICD is not well understood.

Caspases are needed for both T-cell proliferation and cell
death.8–11 Following T-cell stimulation, caspases are acti-
vated and their activity is sustained during the proliferative
phase of the T cell.8,9,10 It is not known what determines the
level of caspase activity in cycling T cells, nor how this affects
their survival. Because T-cell survival depends on the ability to
control the levels of active caspases, we considered the
possibility that the differences in AICD susceptibility between
IL-2 and IL-15 may reflect differences in caspase activity.

Apoptosis following AICD is associated with the sequential
activation of several caspases, including upstream caspase-8
and caspase-9, and downstream caspase-3.11 More recently,
it has been reported that caspase-3 activity is inhibited by
certain posttranslational modifications, such as S-nitrosyla-
tion of its active site cysteine163.12 S-nitrosylation and
denitrosylation of proteins at critical cysteine residues is
emerging as a method of rapidly modifying the function of
numerous proteins, in a manner similar to phosphorylation.13

In human B- and T-cell lines, S-nitrosylation may prevent
premature autoactivation of caspase-3.14,15 Nitric oxide (NO)
promotes protein S-nitrosylation, and NO production in T cells
is enhanced by induction of inducible nitric oxide synthase
(iNOS) expression under IL-15 conditions as compared with
IL-2.16 NO reacts with reactive oxygen species (ROS) to form
peroxynitrite (ONOO� ) that can directly nitrosylate caspase-3
or can indirectly transnitrosylate it through its product,
S-nitrosoglutathione (GSNO).17,18

The nitrosylation state of a protein likely reflects the
metabolic state of a cell, given that reactive species are by-
products of the redox state of the cell. Upon antigen stimulation,
quiescent T cells become activated and undergo a metabolic
switch to aerobic glycolysis, similar to many cancer cells,
a phenomenon known as the Warburg effect.19 To meet the
biosynthetic demands required for proliferation and the
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production of effector molecules, AKT signaling in IL-2-cultured
effector T cells increases both glucose and amino acid
uptake.20 In contrast, IL-15 mediates fatty acid utilization.21,22

Given the different metabolic states conferred by IL-2 and
IL-15, we considered that this might be reflected in the levels
of caspase activity, and specifically S-nitrosylation of cas-
pase-3, as a possible mechanism by which IL-15 promotes
the survival of T cells. We observe that there is a very robust
increase in caspase activity as well as susceptibility to CD3-
restimulated AICD in IL-2-cultured primary murine T cells,
whereas the IL-15-cultured T cells manifest almost no
increase in caspase activity or cell death upon CD3
restimulation. Consistent with this, IL-2-cultivated T cells
manifest considerably higher levels of active caspase-3
compared with IL-15-propagated T cells. This was indepen-
dent of initiator caspases, caspase-8 and -9. In addition, IL-15
promotes S-nitrosylation-mediated inactivation of caspase-3.
This is likely because of the increased levels of reactive
species in IL-15-cultured T cells that are generated in a
metabolic state of reduced glycolysis. Taken together, these
data support the model that IL-15 inhibits T-cell apoptosis and
prolongs T-cell survival in part by maintaining low levels of
active caspase-3 via S-nitrosylation.

Results

IL-2 promotes greater caspase activity and activation-
induced cell death compared with IL-15. Although reports
have suggested that IL-2, but not IL-15, promotes AICD,7

the mechanism for this difference is not well understood.
Because caspase activity is required for both cell growth and
death of T cells,8–10 we considered the possibility that
differences in IL-2- and IL-15-regulated cell death might
reflect their influence on caspase activity. We thus initially
examined the level of caspase activity in murine T cells
stimulated for 2 days with anti-CD3/CD28 in the presence of
IL-2 to model in vivo antigen stimulation, then washed on day
3 free of cytokine and recultured for further expansion in the
presence of IL-2 or IL-15 for 2 additional days. On day 5,
caspase activity and cell death were assessed before and
following anti-CD3 restimulation to induce AICD.

Caspase activity was determined using a DEVD-rhodamine
substrate that measures global caspase activity. IL-2-cultured
T cells manifested a dose-dependent high level of ambient
caspase activity compared with T cells cultured in a broad
range of concentrations of IL-15 (Figures 1a and b).
Furthermore, upon anti-CD3 restimulation, the levels of
caspase activity in IL-2-cultivated T cells increased substan-
tially, whereas there was a negligible increase in caspase
activity in IL-15-cultured T cells (Figure 1c). Cells were
simultaneously assessed for cell death by TUNEL assay that
revealed high levels of apoptosis upon CD3 restimulation for
both CD4þ and CD8þ T cells under IL-2 conditions, but not
under IL-15 conditions (Figures 1d and e). Thus, the high level
of caspase activity induced by IL-2 likely increases the
susceptibility of IL-2-cultured T cells to AICD.

Further investigation showed that the CD3-induced cell
death was caspase-3 dependent, as IL-2-cultured T cells
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Figure 1 IL-2 promotes caspase activity and activation-induced cell death compared with IL-15. Lymph node T cells were stimulated with anti-CD3/anti-CD28 for 2 days
and then washed on day 3 and recultured in the presence of the indicated doses of IL-2 or IL-15. (a and b) Dose response of caspase activity as measured by DEVD-
rhodamine after treatment with increasing amounts of IL-2 or IL-15 for 2 days. Data are representative of three independent experiments. Values are mean±S.E.M.
The significance of differences observed in caspase activity within each cytokine group was analyzed by one-way ANOVA followed by Bonferroni multiple comparisons test
(overall P-value o0.0001 in a and not significant in b). (c–e) On day 5, T cells recultured in IL-2 (50 U/ml) or IL-15 (20 ng/ml) were either not restimulated (white bars) or
anti-CD3 restimulated (black bars) for 4 h, and analyzed for (c) caspase activity by DEVD-rhodamine assay and (d and e) cell death by TUNEL assay. Data are representative
of three independent experiments. Values are mean±S.E.M. The significance of differences observed in caspase activity was analyzed by two-way ANOVA followed by
Bonferroni multiple comparisons test (*Po0.0001)
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lacking caspase-3 did not demonstrate an increase in
caspase activity or cell death upon CD3 restimulation
(Figure 2). To assess why IL-2-cultured T cells manifested
robust levels of AICD, we initially examined the expression of
cell surface molecules known to influence susceptibility to cell
death, including the death receptor Fas (CD95), CD3, and
TCR. However, no differences in the surface expression of
these molecules were observed among the CD4þ population,
whereas there was an increase in surface Fas and
TCR found among the CD8þ population cultured in IL-15
(Supplementary Figure S1).

IL-15 regulates caspase-3 activity independently of
caspase-8 and caspase-9. To further define which cas-
pases were activated in day 5 effector T cells grown with
each of the two cytokines, we examined upstream caspase-8
and caspase-9 that are known to participate in cleavage of
procaspase-3 to active caspase-3 (p18/20). Active caspases
in the cell lysates were selectively labeled with biotin-VAD-
fmk (bVAD), precipitated using streptavidin-sepharose
beads, and then examined by immunoblot for specific active
caspases. Of interest was that the levels of total and active
caspase-8 and caspase-9 were comparable between IL-2
and IL-15-cultured T cells (Figures 3a–c). In striking contrast,
the levels of active caspase-3 were dramatically higher in T
cells grown in IL-2 versus IL-15 despite similar levels of total
caspase-3 in the whole cell lysates (Figures 3a and d). Thus,
the upstream caspases were not responsible for the
augmented caspase-3 activity in IL-2-cultured T cells. This
raised the question of how IL-15 is able to maintain low levels
of active caspase-3 despite robust levels of active initiator
caspase-8 and caspase-9.

As a possible explanation for the differences in active
caspase-3 levels between IL-2- and IL-15-cultured T cells,
proteins known to influence mitochondrial integrity and
caspase-3 activity were examined. Examination of Bcl-2
family members revealed increased expression of Bcl-2 in
IL-15-cultured T cells, but no difference in the levels of Bcl-xL
(Figure 4a). In addition, although levels of the pro-apoptotic
BH3-only member, Bim, were equivalent, IL-15-cultured T
cells manifested a higher proportion of the upper band-shifted
form of Bim (Figure 4a) that has been reported to represent a
phosphorylated form of Bim that dissociates from Bcl-2 and
also undergoes more rapid proteosomal degradation.23

Investigation of apoptosis regulators downstream of the
Bcl-2 family, including the inhibitor of apoptosis (IAP) family,
XIAP, cIAP, and survivin,24 as well as the pro-apoptotic
proteins, cytochrome C and second mitochondria-derived
activator of caspases/direct IAP binding protein with low pI
(Smac/DIABLO),25 revealed no differences in the levels of
these proteins between T cells cultured in IL-2 or IL-15
(Figure 4b). Furthermore, there were no differences in the
levels of RIPK1 or RIPK3, the recently described members of
the death-promoting Ripoptosome (Figure 4c).26 Collectively,
these findings suggested that caspase-3 activity was being
regulated by events at or below the level of the mitochondria.
Consistent with this, evidence of cleavage and activation
of downstream caspase-6 and caspase-727 was greater in
IL-2-cultured T cells than with IL-15 (Figure 4d).

Reduced caspase activity in homeostatically proliferating
T cells, Treg, and memory T cells. As IL-15 is involved
with homeostatic proliferation and survival of T cells,28 we
examined the levels of caspase activity in T cells undergoing
homeostatic proliferation using the established model of
lymphopenia-induced proliferation. Lymph node cells from
wild-type mice were adoptively transferred to Rag1� /� mice.
After 14 days, donor CD4þ and CD8þ cells were recovered
by cell sorting and analyzed for caspase activity. Homeo-
statically expanded T cells manifested very low levels of
caspase activity, nearly as low as naive T cells (Figure 5a).
We further examined caspase activity in freshly isolated
Treg, naive, and memory T cells. FoxP3GFP mice were used
to sort CD4þ cells that were either FoxP3þ or FoxP3�

(Figure 5b). Both subsets had low levels of caspase activity
compared with IL-2 T-cell blasts (Figure 5c). Similarly, CD4þ

and CD8þ T cells from wild-type mice were sorted into
CD44high (memory) and CD44low (naive) T cells (Figure 5d)
and each subset manifested low levels of caspase activity
(Figure 5e).

IL-15 inactivates caspase-3 by S-nitrosylation. Because
total levels of caspase-3 were similar in T cells cultured in
IL-2 versus IL-15, we considered the possibility that
differences in the metabolic states of these T cells might
alter the posttranslational modifications to caspase-3 and,
consequently, its activity. It has been previously observed
that S-nitrosylation of caspase-3 at the critical Cys163 in the
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Figure 2 IL-2-dependent activation-induced cell death is mediated by caspase-3. Day 5 T-cell blasts from wild-type or caspase-3-deficient mice were cultured with or
without anti-CD3 for 4 h and assessed for (a) caspase activity or (b and c) proportion of dead cells by TUNEL staining. Values are mean±S.E.M. The significance of
differences observed in caspase activity was analyzed by two-way ANOVA followed by Bonferroni multiple comparisons test (*Po0.0001)
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enzymatic pocket inhibits its activity.18,29 We thus considered
that differences in S-nitrosylation might exist between IL-2-
and IL-15-cultured T cells that could influence the level of
active caspase-3. To examine this possibility, we assessed
the level of S-nitrosylation of caspase-3 in T cells cultured in
the presence of IL-2 versus IL-15 using the biotin switch

technique (BST) that converts nitrosylation sites on proteins
to biotinylation sites (Figure 6a). In brief, free thiols were first
blocked with methylmethanethiosulfonate (MMTS), a thiol-
specific methylthiolating agent, in the presence of sodium
dodecyl sulfate (SDS) that denatures proteins to allow MMTS
to interact with buried cysteines. Subsequently, ascorbate
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was added to specifically reduce nitrosothiol bonds to thiols.
Finally, N-[6-(biotinamido)hexyl]-30-(20-pyridyldithio) propio-
namide (biotin–HPDP), a sulfydryl-specific biotinylating
reagent, was added to the secondarily formed free thiols.30,31

Biotinylated proteins were then precipitated using streptavi-
din-sepharose beads, separated by gel electrophoresis, and
examined by immunoblot for caspase-3. Compared with IL-2,
IL-15 promoted considerably greater S-nitrosylation of
caspase-3 (Figures 6b and c). Although IL-2-cultured T cells
lacked detectable S-nitrosylated caspase-3, this could be
induced by the addition of the transnitrosylating agent
S-nitrosylated-cysteine (SNOC) (Figures 6b and d). We did
not observe detectable S-nitrosylation of either caspase-6 or
caspase-7 with either cytokine (data not shown).

S-transnitrosylation in vivo can also occur via GSNO,
produced by the reaction of ONOO� with glutathione
(GSH).12,17,18 Endogenous GSNO may serve as a pool of
NO groups to S-nitrosylate proteins.17 Consistent with this,
formation of GSNO by SNOC in combination with N-acetyl-
cysteine (NAc), which replenishes GSH stores, abrogated
levels of caspase activity in IL-2-cultured T cells by 40.5%
compared with vehicle control (Figure 6e). These findings
demonstrated that caspase-3 activity was negatively regu-
lated by S-nitrosylation in effector T cells.

The reduction-oxidation (redox) state of the cell, reflected
by the levels of reactive species and GSH, regulates
nitrosylation of proteins.32 The products formed by NO
reacting with ROS have been shown to nitrosylate caspase-
3 both directly through ONOO� and indirectly through
transnitrosylation by GSNO.12,18 ROS was thus measured
by 5-(and -6)carboxy-20,70-dichlorodihydrofluorescein diace-
tate (DCFDA) using flow cytometry. IL-15-cultured T cells

exhibited considerably higher levels of ROS compared with
IL-2-cultured T cells (Figure 7a). NO levels, as assessed by
total levels of nitrate (NO3

� ) and nitrite (NO2
� ), were determined

using 2,3-Diamino-naphthalene (DAN). Similar to ROS, T cells
in the presence of IL-15 accumulated considerably higher
levels of NO compared with T cells cultured in IL-2 (Figure 7b).
Because reduced GSH scavenges ROS33 and thus indirectly
reduces S-nitrosylation, GSH levels were measured by
o-phthalaldehyde (OPA). T cells cultured in IL-15 exhibited
considerably less GSH, GSSG, and total levels of GSH
compared with IL-2 (Figures 7c–e).

Given that S-nitrosylation correlates with the levels of
reactive species and that reactive species are by-products of
metabolism, we considered that S-nitrosylation of caspase-3
might reflect the metabolic state of T cells. GSH represents
the largest component of the endogenous thiol buffer and is
kept in its reduced state by the NADPH-dependent enzyme,
GSH disulfide reductase.33 NADPH is generated by the
pentose phosphate pathway and promotes reduced forms of
GSH. We thus assessed levels of NADP(H) (total NADPþ and
NADPH) and observed that NADPH levels were markedly
reduced in IL-15-cultured T cells (Figure 8a), suggesting
reduced activity of the pentose phosphate pathway.

Because the pentose phosphate pathway is a shunt off the
glycolytic pathway, we next analyzed whether decreased
levels of NADPH were due to overall decreased consumption
of glucose. Glycolysis, as measured by lactate production,
was considerably reduced in IL-15-cultivated versus IL-2-
cultivated T cells (Figure 8b). Consistent with this, surface
glucose transporter 1 (GLUT1) and hexokinase II, steps in
glycolysis, were dramatically decreased in IL-15 T cells
(Figures 8c–e). These findings suggest that IL-15, unlike IL-2,
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drives a low level of glycolysis in T cells. This is consistent with
other reports demonstrating that IL-15 promotes fatty acid
oxidation in T cells, whereas IL-2 drives glycolysis.20–22

Levels of NAD(H) (total NADþ and NADH) were also
examined as a measure of the bioenergetic capacity of the
cell. NADþ is reduced to generate NADH in the glyceralde-
hyde-3-phosphate dehydrogenase step of glycolysis. We
observed that IL-15-cultured T cells manifested reduced
NADH levels compared with IL-2 (Figure 8f). Taken together,
these data support the model that IL-15 inhibits T-cell
apoptosis and contributes to T-cell survival by maintaining
low levels of active caspase-3 via S-nitrosylation.

Discussion

The current findings demonstrate that IL-2 promotes active
caspase-3 and thus renders T cells sensitive to AICD,
whereas IL-15 induces the opposite phenotype. Although
IL-2 and IL-15 promote similar levels of active caspase-8
and -9, active caspase-3 levels are decreased in the presence
of IL-15. Thus, the level of active caspase-3 in effector T cells
is not explained purely by the levels of active upstream
caspases. Rather, the relatively low level of glycolysis of
IL-15-cultured T cells and parallel increased levels of reactive
nitrogen and oxygen species promote the S-nitrosylation of
caspase-3. The metabolic state of effector T cells thus
emerges as an important regulator of caspase-3 activity and
hence susceptibility to cell death.

Although caspases were originally described as mediators
of cell death, it is now appreciated that certain caspases,
particularly caspase-8, are involved with the maintenance of

cell survival and growth of not only T cells,8,34 but also several
other cell types.35–37 Further studies revealed that in effector
T cells low levels of active caspases are maintained on the cell
membrane in lipid rafts, with no cleavage of BID to pro-
apoptotic tBID, whereas during Fas-induced apoptosis large
amounts of caspase activity are observed throughout the
cytoplasm, leading to substantial cleavage of BID.38–40 Thus,
both the intensity and location of active caspases are critical to
regulating cell growth versus cell death. It is now appreciated
that the absence of caspase-8 activity results in the formation
of a complex containing RIPK1 and caspase-8 known as the
Ripoptosome that promotes necrotic caspase-independent
cell death by an as yet undefined mechanism.41,42 However,
the regulation and functions of other caspase activities in
effector T cells is largely unexplored.

The initiation of caspase activation in T cells following TCR
stimulation raises the question of what determines the level of
sustained caspase activity in cycling effector T cells, and how
this affects their survival. The current findings demonstrate
that the cytokine environment is a major determinant of
ambient caspase activity in effector T cells. Despite sharing
the same CD122 and CD132 cytokine receptor signaling
subunits,1,4 IL-2 and IL-15 modulate caspase activity differen-
tially. This finding is consistent with previous studies that show
IL-2 and IL-15 mediate contrasting fates in T cells.1,4,6,7,20 IL-2
has been reported to promote both T-cell survival and cell
death,5 whereas IL-15 has been reported to primarily support
T-cell survival. It has been suggested that IL-15 contributes to
T-cell survival in part through increased expression of Bcl-2,
which was confirmed in the present study.3,22,43,44 Following
T-cell activation, IL-2Ra (CD25) is upregulated resulting in a
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requirement for IL-2 to maintain T-cell survival.45 In contrast,
IL-2 also primes effector T cells for death following TCR
restimulation. These paradoxical effects can perhaps be
explained by the high ambient level of caspase-3 activity
induced in effector T cells by IL-2. As a result, TCR
restimulation can more readily further augment caspase-3
activity to a point where it results in cell death. It is therefore
essential that activated T cells balance the generation of
caspase activity to allow cell cycling while maintaining ambient
levels sufficiently low to prevent induction of cell death.

We previously demonstrated in human T-cell clones that
caspase-3 activity was likely independent of active caspase-8
and -9.46 The current results are in agreement with these
observations as well as findings from an earlier study in Jurkat
cells,47 suggesting that upstream initiator caspases were not
solely responsible for the level of active caspase-3 in T cells.
In these studies, the mechanism for the independent
regulation of caspase-3 remained unexplained. More
recently, it has been reported that caspase-3 activation can
be inhibited by posttranslational modifications at the catalytic
site cysteine within the enzymatic pocket of caspase-
3.15,18,29,48 Proteins with cysteine thiol side chains can be
modified by NO through S-nitrosylation to form S-nitro-
sothiol.30–32 Similar to phosphorylation, S-nitrosylation of
proteins can switch biological signals on and off and has
been reported to function for both innate and adaptive
immunity.49 In human B- and T-cell lines, S-nitrosylation
blocks activation of caspase-3.14,15,29 Our results extend
these findings to show that S-nitrosylation of caspase-3
occurs in primary murine T cells in a nonglycolytic metabolic
state conferred by IL-15 that also promotes production of
reactive species such as ROS and NO.

ROS and NO can react to form peroxynitrite that can donate
an NO group to the cysteine thiol of caspase-3.12,18 Our
findings of increased ROS coupled with decreased GSH and
NADPH in IL-15-cultured T cells are consistent with the role of
NADPH-dependent GSH in neutralizing ROS.33 NADPH is a
by-product of the pentose phosphate pathway, by which
glucose is consumed to create the ribose ring of nucleic acids
and other intermediates in cellular biosynthesis needed for
replication.50 It is likely that the increased levels of reactive
species in IL-15-cultured T cells are thus sustained by low
glucose utilization and compensatory increased mitochondrial
fatty acid oxidation compared with IL-2.22

The ability of IL-15 to limit apoptosis is crucial for T-cell
memory. However, if left unchecked, T-cell accumulation in an
IL-15 environment could lead to autoimmune conditions.51 It is
thus paramount that clonally expanded T cells undergo
apoptosis at the conclusion of an immune response to avoid
development of autoimmunity. Reports have indicated an
association of increased levels of IL-15 with autoimmune
diseases. Elevated serum IL-15 levels have been described in
patients with chronic progressive multiple sclerosis,52 type I
diabetes,53 and systemic lupus erythematosus.54 Elevated
local amounts of IL-15 have also been observed at sites of
inflammation,55,56 including the synovium in rheumatoid
arthritis,57,58 and anti-IL-15 therapy is effective in rheumatoid
arthritis patients.59 Consistent with this, rheumatoid arthritis is
also associated with elevated serum and synovial fluid NO.60

Migita et al.60 further suggested that synovial hyperplasia in

rheumatoid arthritis results from resistance to Fas-mediated
apoptosis in the presence of NO, as Fas-mediated apoptosis
is suppressed by the addition of a NO donor to synovial cells.
Their study further implicates NO in the inhibition of caspase-3
cleavage to its active form. Based on these studies and our
current findings, new strategies can be envisioned for
eliminating pathogenic T cells that arise in an IL-15-rich
environment by increasing AICD through either manipulation
of the metabolic state of T cells or more directly through
denitrosylation of caspase-3-SNO.

Materials and Methods
Mice. Original C57BL/6, Rag1� /� , and caspase3� /� breeding mice were
obtained from Jackson Laboratory (Bar Harbor, ME, USA) and C57BL/6 FoxP3GFP

mice were a kind gift from Dr. Vijay Kuchroo, Harvard Medical School (Boston,
MA, USA). Mice were housed and bred in the American Association for
Accreditation of Laboratory Animal Care (AAALAC)-approved animal facility at The
University of Vermont College of Medicine and were used at 2–6 months of age.
Protocols were approved by the Institutional Animal Care and Use Committee.

T-cell purification. Inguinal, brachial, axillary, cervical, and popliteal lymph
nodes were isolated and disrupted through nylon mesh in RPMI 1640 (MediaTech,
Herndon, VA, USA) containing 5% (v/v) bovine calf serum (BCS). Total T cells
were isolated by negative selection. Lymph node cells were incubated with anti-
MHC class II (M5/114/15/2; a kind gift of M Rincon, University of Vermont,
Burlington, VT, USA), anti-CD11b (M1/70), and anti-B220 (RA3-6B2) on ice for
30 min. Cells were washed three times and rocked with goat anti-rat conjugated
magnetic beads in a 10 : 1 ratio of beads to cell (Qiagen, Valencia, CA, USA) at
41C for 45 min. Magnetic depletion was used to remove bead-bound cells,
routinely yielding 490% T cells. Cells were washed and resuspended in culture
medium consisting of RPMI-1640 supplemented with 25 mM HEPES, 2.5 mg/ml
glucose (Sigma-Aldrich, St. Louis, MO, USA), 10 mg/ml folate (Invitrogen Life
Technologies, Grand Island, NY, USA), 110.04mg/ml pyruvate (Invitrogen Life
Technologies), 5� 10� 5 M 2-ME (Sigma-Aldrich), 292.3mg/ml glutamine
(Invitrogen Life Technologies), 100 U/ml penicillin–streptomycin (Invitrogen Life
Technologies), and 5% v/v BCS (Thermo Scientific Hyclone, Logan, UT, USA).

T-cell culture. T cells were activated in culture medium by plate-bound anti-
CD3 clone 145-2C11 (10 mg/ml), soluble anti-CD28 ascites clone 37–51 (1 : 1000),
and human recombinant IL-2 (50 U/ml; Cetus, Emeryville, CA, USA) for 2 days.
Cells were then removed from anti-CD3 and fed with fresh medium plus IL-2. On
day 3, cells were washed 3 times and recultured in either 50 U/ml IL-2 or 20 ng/ml
human recombinant IL-15 (kind gift of Amgen, Thousand Oaks, CA, USA) for
an additional 2 days. Where indicated, culture conditions included anti-CD3,
0.1 mM SNOC (Sodium nitrite (Acros Organics, Geel, Belgium) with L-cysteine
hydrochloride monohydrate (Sigma-Aldrich)), or 10 mM N-acetylcysteine
(Sigma-Aldrich).

Lymphopenia-induced proliferation model of T-cell homeostatic
proliferation. For adoptive transfer of lymphocytes, 5� 106 lymph node cells
from C57BL/6 (CD90.1) mice were transferred intravenously via tail vein into
Rag1� /� (CD90.2) mice. After 14 days, single-cell suspensions of spleen were
prepared in RPMI 1640 (Mediatech, Inc.) containing 25 mM Hepes, 5% (v/v) BCS,
5� 10� 5 M b-mercaptoethanol, 100 U/ml penicillin, and 100 U/ml streptomycin
(RPMI/5% BCS). Erythrocytes in splenic suspensions were lysed with Gey’s
solution. Purified CD4þ and CD8þ donor T cells were obtained by cell sorting
and analyzed for caspase activity.

Caspase activity assay. Relative caspase activities were determined using
the Apo-ONE Assay (Promega, Madison, WI, USA), which measures the cleavage
of DEVD-rhodamine, according to the manufacturer’s recommendations. Spectro-
photometric readings were taken using a Fluorescence reader (Biotek
Instruments, Winooski, VT, USA).

Immunoblot analysis. Viable cells were lysed in buffer containing 0.2%
Nonidet P-40, 20 mM Tris-HCl (pH 7.4), 2 mM sodium orthovanadate, 10%
glycerol, 150 mM NaCl, and complete protease inhibitor (Roche Diagnostics,
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Indianapolis, IN, USA). Protein concentration was determined by Bradford assay
(Bio-Rad, Hercules, CA, USA). Protein lysates were boiled for 5 min in loading
buffer containing 2-ME and were separated by SDS-PAGE using 10 or 12.5%
gels, transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad), and
blocked using 4% milk in Tris-buffered saline plus 0.1% Tween-20 (American
Bioanalytical, Natick, MA, USA) at room temperature for 1 h. Membranes were
incubated at 41C overnight in milk/Tris-buffered saline (TBS)-Tween containing
mouse anti-caspase-8 monoclonal antibody (a kind gift of A Strasser, The Walter
and Eliza Hall Institute of Medical Research, Melbourne, Australia), rabbit anti-
caspase-3 585 polyclonal antibody (the kind gift of Dr. Yuri Lazebnik, Cold Spring
Harbor Laboratories, Cold Spring Harbor, NY, USA), mouse anti-caspase-9
monoclonal antibody (5B4) (Stressgen Assay Designs, Ann Arbor, MI, USA),
rabbit anti-XIAP polyclonal antibody (Lifespan Biosciences, Seattle, WA, USA),
rabbit anti-cIAP polyclonal antibody (Cell Signaling Technology, Danvers, MA,
USA), rabbit anti-survivin monoclonal antibody (Cell Signaling Technology), rabbit
anti-Smac/DIABLO polyclonal antibody (BioVision, Milpitas, CA, USA), mouse anti-
CytC monoclonal antibody (BD, San Jose, CA, USA), rabbit anti-hexokinase II
monoclonal antibody (Cell Signaling Technology), or mouse anti-actin monoclonal
antibody (Sigma-Aldrich), rabbit anti-caspase-6 (Cell Signaling), rabbit anti-
caspase-7 (Cell Signaling), mouse anti-RIPK1 (BD Transduction Laboratories),
rabbit anti-RIPK3 (ProSci Incorporated, Poway, CA, USA), rat anti-Bim (Enzo Life
Sciences, Farmingdale, NY, USA), rabbit anti-Bcl-xL (Cell Signaling), or mouse
anti-Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunoreactive
proteins were visualized using species-specific secondary antibodies conjugated to
horseradish peroxidase (Santa Cruz Biotechnology; Southern Biotech, Birmingham,
AL, USA; Biomeda, Foster City, CA, USA; Jackson Immunoresearch, West Grove,
PA, USA) and developed using LumiGLO (KPL, Gaithersburg, MD, USA)
or SuperSignal West Femto Chemiluminescent Substrate (ThermoScientific,
Rockford, IL, USA). Quantitative assessment of band densities on immunoblots
were performed using the Quantity-One software (Bio-Rad) and are displayed as
the sum of the intensities of the pixels inside the volume boundary� area of a
single pixel (in mm2) after correction for background signal.

Biotin-VAD-fmk active caspase precipitation assay. Cells were
washed once with phosphate-buffered saline (PBS), and lysed in lysis buffer
containing 20mM biotin-VAD-fmk (bVAD) (MP Biomedicals, Solon, OH, USA).
Then, 450mg of protein lysate in 300ml lysis buffer was precleared by rocking with
40ml Sepharose 6B agarose beads (Sigma-Aldrich) at 41C for 2 h. Supernatants
were then rocked with 60 ml streptavidin-sepharose beads (Invitrogen Life
Technologies) at 41C overnight. Beads were washed 3 times in lysis buffer without
protease inhibitor, then boiled in Laemmli loading buffer. Beads were removed by
centrifugation and immunoblot analysis was performed on supernatants.

Flow cytometry. For direct surface staining, single-cell suspensions
(1� 106) were washed in cold (41C) PBS containing 1% w/v bovine serum
albumin (PBS/1% BSA) and then incubated with PE-Texas-Red-conjugated anti-
CD4 Ab (Invitrogen/Caltag Laboratories, Carlsbad, CA, USA), PE-Cy5.5-
conjugated anti-CD8a Ab (Invitrogen/Caltag), Alexa 647-conjugated CD3E
(Invitrogen/Caltag), PE-conjugated Fas (BD Biosciences, San Jose, CA, USA),
or APC-conjugated TCR-b (BD Biosciences) diluted in PBS/1% BSA for 30 min
on ice (41C). Cells were then washed with cold PBS/1% BSA and fixed using
freshly made 1% v/v methanol-free formaldehyde (Ted Pella, Redding, CA, USA)
in PBS/1% BSA. To assess apoptosis, DNA strand breaks were measured by
TUNEL staining. Briefly, single-cell suspensions were treated with or without
plate-bound anti-CD3 for 4 h, and then washed twice with cold PBS. For TUNEL
assay, surface staining was first completed as above, with the exception that
cells were fixed on ice for 15 min using 1% formaldehyde in PBS. Cells were
then washed twice with PBS, fixed in 70% ice-cold ethanol for 15 min, and then
washed twice with PBS. Nicked DNA was labeled by incubating cells with
labeling mix (1� terminal deoxynucleotidyl transferase (TdT) buffer, 10 U TdT,
2.5 mM CoCl2, and 0.2 pmol/ml FITC-dUTP (Roche Diagnostics) in a total
volume of 50 ml) at 371C for 1 h. Cells were then washed twice with 1% BSA in
PBS and fixed with 1% formaldehyde in PBS/1% BSA. Samples were then
analyzed by flow cytometry.

For DCFDA staining (Invitrogen Life Technologies), T cells were resuspended in
warm (371C) PBS containing 1 mM DCFDA and incubated in a 371C, 5% CO2

incubator for 30 min. Labeling was stopped by the addition of cold (41C) PBS/1%
BSA. The cells were then pelleted, resuspended in cold PBS/1% BSA, and analyzed
without delay by flow cytometry.

For GLUT1 staining, T cells were stained for cell surface proteins for 30 min on
ice, fixed with 1% formaldehyde in PBS for 15 min, and permeabilized with 0.03%
saponin in PBS/1% BSA. All subsequent steps were done with 0.03% saponin in
PBS/1% BSA. The cells were then incubated with or without anti-GLUT1
(MitoSciences, Eugene, OR, USA), washed, and then incubated with goat anti-
rabbit Alexa 488 (Invitrogen/Molecular Probes). After washing, the cells were fixed
with 1% formaldehyde in PBS/1% BSA and collected on an LSR II flow cytometer
(BD) and analyzed by FlowJo software (Tree Star, Ashland, OR, USA).

For FoxP3þ cell sorting, the inguinal, brachial, axillary, cervical, and popliteal
lymph nodes, and the spleen of C57BL/6 FoxP3GFP mice were harvested. Red
blood cells were lysed with Gey’s solution and CD4þ T cells were purified by
negative selection using the EasySep mouse CD4þ T cell isolation kit (STEMCELL
Technologies, Vancouver, BC, Canada). The purified cells were stained for CD4 by
incubating with APC-conjugated anti-CD4 antibody (Invitrogen/Caltag). Cells were
passed through a 40mm cell strainer (BD) before sorting for CD4þGFPþ and
CD4þGFP- cells on a FACS Aria cell sorter (BD Biosciences).

For CD44þ cell sorting, T cells were purified from the lymph nodes and spleen of
C57BL/6 mice by negative selection. The cells were stained with APC-conjugated
anti-CD4 antibody (Invitrogen/Caltag), PE-conjugated anti-CD8 antibody (Invitro-
gen/Caltag), and FITC-conjugated anti-CD44 antibody (Invitrogen/Caltag). Cells
were passed through a 40mm cell strainer (BD Biosciences) before sorting for
CD4þCD44low, CD4þCD44high, CD8þCD44low, and CD8þCD44high cells.

Metabolism and redox assays. NO, GSH, NADP(H), lactate, and NAD(H)
measurements were performed with Quantification Kits from BioVision according
to the manufacturer’s protocols. For NADP(H) assay, cells were washed with cold
PBS, pelleted, and NADP(H) extracted with NADP/NADPH Extraction Buffer by
freeze/thaw. Samples were incubated with NADP cycling enzyme and developer
at room temperature on a shaker to detect total NADP/NADPH (NADPt). To detect
NADPH only, NADP was decomposed by heating samples to 601C for 30 min in a
heating block. Readings were taken using a plate reader at OD 450 nm. For
NAD(H) assay, cells were washed with cold PBS, pelleted, and NAD(H) extracted
with NAD/NADH Extraction Buffer by freeze/thaw. Samples were incubated with
NAD cycling enzyme and developer at room temperature on a shaker to detect
total NAD/NADH (NADt). To detect NADH only, NAD was decomposed by heating
samples to 601C for 30 min in a heating block. Readings were taken using a plate
reader at OD 450 nm. For GSH assay, cells were washed with cold PBS, pelleted,
and resuspended in Glutathione Assay Buffer containing perchloric acid, 6N
(PCA). Supernatants were neutralized with ice-cold 6N potassium hydroxide
(KOH) for 5 min on ice and spun down to precipitate PCA. GSH was detected by
the addition of OPA probe, which reacts with GSH and not GSSG to generate
fluorescence, and readings were taken at Ex/Em¼ 340/420 nm by Fluorescence
reader (Biotek). Total GSH levels were determined by adding a reducing agent to
convert GSSG to GSH. GSSG was quantified by adding a GSH quencher to
remove GSH and then adding reducing agent to destroy excess quencher and
convert GSSG to GSH. For NO assay, NO was measured based on quantitation of
nitrite (NO2

� ) and nitrate (NO3
� ). Nitrate is converted to nitrite by nitrate reductase

at room temperature for 4 h, probed with DAN (2,3-diaminonaphthalene), and read
by a fluorometer (Biotek) at Ex/Em¼ 360/450 nm. For lactate assay, cells were
cultured at 5� 106 cells/ml and supernatant samples collected between 1 and 4 h.
Relative lactate measurements were determined according to the manufacturer’s
protocol by using the Lactate Assay II Kit that measures the product generated by
oxidation of lactate by lactate dehydrogenase at 450 nm via plate reader.

Biotin switch technique. S-Nitrosylation of caspase-3 was assessed by the
biotin switch technique as previously described.17,30,31 In brief, day 5 lymphocytes
cultured in either IL-2 or IL-15 were lysed in BST lysis buffer (25 mM HEPES
(Sigma-Aldrich), 50 mM NaCl (Sigma-Aldrich), 0.1 mM EDTA, 1% NP-40, and
0.5 mM PMSF plus protease inhibitors, pH 7.4). Samples were quantitated by
Bradford assay and 1.0 mg of protein was diluted with HEN buffer (100 mM
HEPES, 1 mM EDTA, 0.1 mM neocuproine (Acros Organics), pH 8.0), 2.5% SDS,
and 0.1% MMTS (Sigma-Aldrich) (prepared in dimethylformamide (DMF) (Sigma-
Aldrich)) in a total volume of 2.0 ml and incubated at 501C in the dark for 20 min
with frequent vortexing to block free thiols by their methylation. Excess MMTS was
removed by addition of three volumes of cold acetone (Mallincrodkt Chemicals,
Hazelwood, MO, USA) for 20 min at � 201C followed by centrifugation and
washing with 70% acetone four times. Samples were resuspended in HENS buffer
(HEN buffer with 1% SDS (w/v)) in the presence of 200 mM sodium ascorbate to
reduce nitrosothiols to free thiols and then the free thiols were biotinylated using
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biotin-HPDP (2.5 mg/ml) (Invitrogen Life Technologies) at room temperature in the
dark by rocking for 1 h. DMSO was used as vehicle control for biotin-HPDP and
200 mM NaCl was used as an ascorbate-free control. Samples were precipitated
in three volumes of cold acetone for 20 min at � 201C, spun down, and washed
four times with 70% acetone to remove residual biotin-HPDP and ascorbate.
Subsequently, samples were resuspended in 0.25 ml HENS/10 buffer and 0.75 ml
of neutralization buffer (20 mM HEPES pH 7.7, 100 mM NaCl, 1 mM EDTA, and
0.5% Triton X-100), and rotated with 60ml of prewashed streptavidin-sepharose
beads (Invitrogen Life Technologies) at 41C overnight. Beads were washed 4
times with neutralization buffer containing 600 mM NaCl and eluted with HENS/10
buffer containing Laemmli loading buffer with 2-ME by boiling. Beads were
removed by centrifugation and the samples were resolved by SDS-PAGE and
transferred for immunoblotting. For input samples, 10 ml of samples resuspended
in HENS/10 and neutralization buffer were added to Laemmli buffer and run on
SDS-PAGE.

Statistical analyses. Statistical analyses as indicated in the figure legends
were conducted using GraphPad Prism 6 software (GraphPad Prism, Inc.,
La Jolla, CA, USA).
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