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Abstract
The survival of quiescent T cells in the peripheral immune
system is dependent on signals transmitted from the
extracellular environment. The requirement for survival
factors is also manifested in vitro, providing a robust system
to examine molecular mechanisms underlying T-cell death.
We show that peripheral T cells cultured in the absence of
survival factors accumulate reactive oxygen species (ROS),
upregulate BIM (Bcl-2-interacting mediator of death) and
inducible nitric oxide synthase (iNOS) expression, culminat-
ing in Fas-independent neglect-induced death (NID). We have
examined ROS, iNOS and cytokine modulation of T-cell NID.
Antioxidants inhibit BIM induction, caspase activation and
apoptosis but do not promote cell cycle entry. iNOS-deficient
T cells are protected from apoptosis, implicating iNOS in the
regulation of NID via suppression of Bcl-xL expression and
consequent inhibition of BIM activity. Finally, we show that
the prosurvival cytokine IL-7 elevates Bcl-xL expression and
transcriptionally regulates iNOS but not BIM expression in T
cells.
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Introduction

Cell death decisions in metazoans are effected through
conserved signaling pathways.1,2 In mammalian cells, apop-
tosis is initiated via transmembrane receptor-mediated
apoptotic signaling3,4 or proapoptotic molecules that con-
verge on the mitochondrion.5,6 Transmembrane receptors of
the tumor necrosis factor receptor (TNFR) superfamily trigger
apoptosis principally via the activation of procaspase 8/10.3,4

Caspase-induced apoptosis is regulated by endogenous
antagonists such as FLICE-like inhibitor protein (FLIP) that
prevent processing and antiapoptotic proteins of the inhibitors
of apoptosis protein (IAP) family that block function.7

Antiapoptotic members of the Bcl-2 family principally block
the release of apoptogenic intermediates from the mitochon-
drial intermembrane space that occurs as an initial step during
mitochondrially regulated apoptosis.8

T cells at all developmental stages require extrinsic signals
for survival.9,10 In the thymus, negative selection ensures the
deletion of autoreactive thymocytes and allows maturation of
CD4þ or CD8þ T cells.9 Interactions with the thymic stroma
ensure immature T-cell survival and thereby influence the
peripheral T- cell repertoire. Thymic maturation into CD4þ or
CD8þ subsets of T cells is accompanied by the emigration of
these cells to peripheral lymphoid organs. The requirement for
stromal interactions continues to be an essential survival
signal for peripheral T cells, which require continuous signals
from the major histocompatibility complex (MHC) for survi-
val.11–15 MHC signals are linked to the expression of
antiapoptotic proteins such as Bcl-216 and are distinct from
those that trigger proliferation. Naı̈ve T-cell survival is also
linked to the expression of the lung-Kruppel like factor.17

Susceptibility to diverse apoptotic stimuli is seen in all
developmental stages of T cells, but regulation of apoptotic
signaling is maturation-stage specific.18–21 Similarly, the
requirement for extrinsic signals is also common to all
developmental stages, but the underlying mechanisms of
survival signaling in T cells are likely to be distinct in different
maturational stages.
Bcl-2 family proteins are pivotal intermediates in apoptotic

signaling in mammalian cells, particularly in the maintenance
of lymphocyte homeostasis.6,22 The proapoptotic proteins
Bax and Bak interact with the BH3-only protein BIM (Bcl-2-
interacting mediator of death) to initiate death in T cells. Thus,
mutations in BIM or Bax/Bak have profound effects on T-cell
numbers and homeostasis.22,23 BIM is sequestered in the
cytosol by its association with the dynein light chain (LC-8),24

and is regulated by transcriptional or post-translational
mechanisms that function to disrupt the cytosolic sequestra-
tion of the protein. In mature, activated T cells, BIM is post-
transcriptionally regulated during apoptotic signaling,25

whereas in immature T cells the regulation is transcrip-
tional.26,27 However, BIM cannot trigger apoptosis in mice
lacking both Bax and Bak.28 A role for BIM in regulating T-cell
homeostasis is established, but its regulation in different T-cell
maturational stages is incompletely understood.We observed
that BIM protein is increased in quiescent T cells undergoing
neglect-induced death (NID), and in this study we have
examined the mechanism underlying this event.
During apoptotic signaling, perturbations of the outer

mitochondrial membrane result in the release of apoptogenic
intermediates such as cytochrome c, which catalyzes the
activation of caspase-9 and thereby a proteolytic apoptotic
cascade.29 However, all mitochondrially regulated apoptotic
signaling does not converge on the activation of caspases.
Diverse apoptotic stimuli may activate either caspase-
independent death pathways30,31 or cascades with minimal
involvement of caspases.32–35 In antigen-stimulated,
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activated T cells, activation-induced death (AID) is regulated
by reactive oxygen species (ROS) and caspase activity
principally restricted to mediating nuclear damage in this
pathway.33 We and others have reported a limited involve-
ment of caspases in quiescent T-cell apoptosis.34,35 In this
study, we show that quiescent T cells cultured in vitro in the
absence of growth factors undergo Fas-independent NID. We
provide evidence that ROS are key mediators of NID and
regulate BIM induction, caspase activation and apoptosis in
quiescent T cells. Our data implicate inducible-nitric oxide
synthase (iNOS) as a regulator of T-cell death independent of
BIM. Finally, we show that the cytokine IL-7, which promotes
T-cell survival, regulates the expression of iNOS, but not the
induction of BIM in T cells.

Results

BIM is induced during quiescent T-cell apoptosis

CD3þ T cells isolated from adult mouse spleens and cultured
in vitro in the absence of trophic factors undergo NID. The
apoptotic response of T cells during NID assessed either by
DNA damage (Figure 1a) or cell lysis (Figure 1b) is blocked by
the cytokine interleukin-7 (IL-7), which prolongs T-cell survival
over a period of days (Figure 1a and b). The BH3-only protein
BIM is implicated in the death of T cells in vitro.23 Therefore,
we assessed the expression of this protein in T cells that had
been cultured in vitro in the absence of trophic factors. The
expression of two BIM isoforms, BIM-extra-long (BIM-EL) and
BIM-long (BIM-L), is upregulated in T cells cultured in the
absence of IL-7 (Figure 1c, NID). We observed some
variations in the extent of BIM-EL induction in different
animals and the data presented are representative of these
patterns of induction. BIM induction is apparent by 4 h, when
there is no detectable apoptotic damage and the expression
increases progressively thereafter (Figure 1d). Of the three
prototypic isoforms of BIM, BIM-EL and BIM-L are always
detected, whereas BIM-small (BIM-S) is rarely seen. A
transient increase in Bax expression was also seen in some
experiments as shown in the experiment in Figure 1d.
However, the modulation of Bax expression was not
consistent in all experiments. There is no increase in the
expression of Bcl-xL (Figure 1d) and nor did the expression of
other proteins, such as p38MAPK (used to establish parity of
loading (LC)), change significantly in culture. From these
results we concluded that BIM expression was upregulated in
quiescent T cells, similar to immature T cells,26,27 also
indicating that its regulation in quiescent T cells may be
distinct from the post-transcriptional regulation of BIM in
antigen-stimulated, cycling, T cells.25

Antioxidants block T-cell death

Caspase activity is largely confined to mediating nuclear
damage in T cells undergoing NID.34,35 ROS regulate
caspase activation and apoptotic damage in antigen-stimu-
lated T cells, cultured in vitro in the absence of growth
factors.33,36 Therefore, we asked if ROS signaling regulates
cell death in quiescent T cells. Both nuclear damage
(Figure 2a) and cell lysis (Figure 2b) are inhibited by the

nonthiol, superoxide dismutase (SOD) mimic MnTMPyP
(Mn(III)terakis(1-methyl-4-pyridyl) porphyrin pentachloride)
and the antioxidant PDTC (pyrrolidine dithiocarbamate)
(Figure 2a and b). The induction of apoptosis is independent
of Fas-death receptor signaling and as shown in Figure 2c, T
cells from mice with a deficiency in Fas signaling (B6.lpr) are
as susceptible to apoptosis as T cells from wild-type mice
(C57Bl/6). Apoptosis in both wild-type and Fas mutant mice is
inhibited by another SOD mimic MnTBAP (Mn (III) tetrakis (5,
10, 15, 20-benzoic acid porphyrin) (MnTBAP) (Figure 2c).
MnTMPyP inhibited the mitochondrial efflux of cytochrome c
in cells undergoing NID (Figure 2d). We failed to detect the
processing of caspase-9 in these cells (Figure 2d), but the
processing of caspase-7 is blocked in cells treated with
MnTMPyP (Figure 2e). These data indicate that ROS-
dependent signaling is an early event and precedes caspase
activation and mitochondrial events in the apoptotic pathway.
MnTMPyP also inhibits the processing of caspase-3 and the
cleavage of PARP to its 85 kDa form in dying cells.

Figure 1 T cells upregulate BIM and undergo NID in vitro. (a, b) T cells were
cultured in vitro in the presence of indicated concentrations of IL-7. Cells were
analyzed for apoptotic nuclear morphology (a) or loss of membrane integrity (b)
after 18 (squares), 36 (circles) or 72 (triangles) h. Open and closed symbols
indicate two separate sets of T-cell preparations. (c) Expression of BIM isoforms
in total cell lysates of freshly isolated T cells (T0) or cells cultured without IL-7 for
12 h (NID) by Western blot analysis. Parity of loading was established with
p38MAPK in all experiments unless stated otherwise (LC). (d) Total cell lysates of
T cells that are freshly isolated or cultured in vitro for indicated times were
analyzed by sequential strip and reprobes of membranes for the expression of
BIM, Bcl-xL and Bax by Western blot analysis. Values in parentheses below the
blots represent the fold change relative to the control/T0
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Consistent with the inhibition of apoptosis in T cells by the
antioxidants, we detected intracellular accumulation of reac-
tive intermediates using the reagents DHR 123 or dihydroethi-
dium (DHE) (open histograms in Figure 2f and g). In freshly
prepared T cells, a small subset is positive for ROS (filled
histograms in Figure 2f and g ). However, after 6–8 h in
culture, almost all cells show increased fluorescence of
DHR123 (open histograms in Figure 2f) or DHE (Figure 2g).
Expectedly, MnTMPyP also blocked the generation of ROS in
these cells (Figure 2h); numbers in the upper right quadrant
indicate the percentage of ROS-high subsets. Taken to-
gether, these data favored the hypothesis that ROS accumu-
lation may be causally linked to the induction of apoptosis in T
cells.

Antioxidants block the induction of BIM

To assess if ROS generation influenced apoptotic outcome
via the modulation of BIM, we tested if PDTC or MnTMPyP
regulated the expression of BIM. Indeed, as shown in
Figure 3a, both inhibitors significantly reduced the induction
of BIM, suggesting that ROS target the BIM expression in T
cells. The increase in Bax expression is not modulated by
PDTC (Figure 3a) or MnTMPyP (data not shown). Neither the
cytokine IL-7 (Figure 3b, lane 3) nor the broad-spectrum
caspase inhibitor BD-fmk (Figure 3b, lane 4) blocked the
induction of BIM. We have recently shown that IL-7 induces
the expression of Bcl-xL in T cells34 (Figure 3b). Elevated
levels of Bcl-xL, especially if sustained over a period of time,
would antagonize the proapoptotic effects of BIM and promote
survival even in the continued presence of BIM. Caspase-
mediated apoptotic damage is principally confined to the
nucleus in quiescent T cells,34,35 and the lack of effect of BD-
fmk is consistent with delayed activation of caspases in this
apoptotic cascade.
Recently, BIM has been identified as a target of the

forkhead (FoxO) family of transcription factors.37,38 Transcrip-
tional activity of FoxO proteins is repressed by phosphoryla-
tion mediated by phosphatidylinositol-3 kinase (PI3K)-
dependent Akt/PKB signaling,39 which prevents nuclear
localization of the transcription factor. We observed a
reduction of the phosphorylated FoxO (Thr24) species at a
time (60min, Figure 3c, lane 3) that preceded the increase in
BIM protein expression in T cells (data not shown).The loss of
the phosphorylated form was complete by 120min. Further-
more, MnTMPyP appeared to prevent the hypophosphoryla-
tion of FoxO (Figure 3c, lanes 2 and 4). However, the total
levels of FoxO protein are also increased in MnTMPyP-
treated cells. Thus, the apparent increase in the phosphory-
lated species may be due to the increase in FoxO in
MnTMPyP-treated cells.
To assess if blocking ROS-mediated damage restored

functional competence in these cells, we tested for T-cell
receptor-dependent proliferation in cells rescued from death
by the antioxidants. T cells that had been cultured for 48 h in
the presence or absence of the antioxidants were transferred
to plates coated with anti-CD3, a condition that crosslinks the
receptor and stimulates proliferation in uncompromised T
cells (Figure 3d, T0). The proliferative response of T cells that
have been previously cultured for 48 h in the absence of

Figure 2 Effect of antioxidants on T cells cultured in vitro and undergoing NID.
(a, b) T cells were cultured as such (NID) or with 100mM MnTMPyP or 100 mM
PDTC and analyzed for apoptotic nuclear damage (a) and lysis (b) after 12 and
36 h, respectively. Control refers to freshly isolated T cells. (c) T cells from
C57BL/6 (WT) and B6.lpr (lpr) mice were cultured as such (NID, open bars) or
with 50 mM MnTBAP (gray bars). After 12 h, cells were harvested and assessed
for DNA damage. Freshly isolated T cells are indicated as T0 (black bars). (d)
Subcellular fractions of freshly prepared T cells (T0, lanes 1 and 4), cells cultured
as such (NID, lanes 2 and 5) or with MnTMPyP (lanes 3 and 6) for 4 h were
probed for cytochrome c. The blots were reprobed for Cox-4 to ascertain the
purity of the fractions. Total cell lysates from the same conditions as described
above were probed for the processing of caspase-9. (e) Lysates of freshly
prepared T cells (lane 1, T0) or cells cultured in vitro (lane 2, NID) or with 100 mM
MnTMPyP (lane 3) for 12–15 h were assessed by Western blot analysis for the
expression of cleaved caspase-7, caspase-3 and PARP. (f, g) Flowcytometric
analysis of T cells stained with DihydroRhodamine-123 (f) or DHE (g) as
described in Materials and Methods. Open histograms indicate T cells
undergoing NID and filled histograms are freshly isolated T cells. (h) T cells
cultured with (panel 2) or without (panel 1) 100mM MnTMPyP were stained with
DHE and analyzed by flowcytometry. The upper right quadrant indicate cells that
fluoresce brightly with the dye
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trophic factors is severely impaired (Figure 3d, NID). Despite
the fact that both PDTC and MnTMPyP block death, neither
reagent could promote entry into cell cycle in T cells. We
analyzed the DNA content of T cells that have been cultured in
vitro in the presence (Figure 3g) or absence of MnTMPyP
(Figure 3f) and find that there is no progression into cell cycle
compared to freshly isolated T cells (Figure 3e).

Quiescent T cells from iNOS-null mice do not
require trophic support for survival in vitro

T cells undergoing NID upregulate iNOS protein (Figure 4a),
suggesting a role for iNOS in T-cell homeostasis. We wished

to test this observation in a genetic model and obtained T cells
from mice with a targeted disruption of the iNOS gene. T cells
from mutant mice were protected from death when cultured in
the absence of IL-7 (Figure 4b). To assess if there was a
secondary, latent pathway that triggered apoptosis with
slower kinetics, iNOS-null T cells were continued in culture
for an extended period. However, we did not observe a
significant increase in apoptotic cells at 18 or 24 h (Figure 4c)
or at later time points (data not shown). Expectedly, iNOS
protein is not detected in cells derived from mutant mice
(Figure 4b, inset). T cells from mutant mice express BIM
(Figure 4d, lanes 1, 3 and 5), which indicated that BIM
turnover in T cells was not under the control of iNOS. The
induction of BIM in mutant cells cultured in the absence of IL-7
(Figure 4d) was comparable to that observed in wild-typemice
in earlier experiments. It should be noted that the expression
of endogenous Bcl-xL is substantially higher in T cells of
mutant mice (Figure 4e, compare lanes 1 and 3) and does not

Figure 4 T cells from iNOS-null mice are protected from NID. (a) Lysates of
freshly isolated T cells (lane 1, T0) and cells cultured as such (lane 2, NID) were
analyzed for the expression of iNOS protein. The positive control was provided
from the manufacturer and is a lysate of the RAW 264.7 cell line. (b) Apoptotic
nuclear damage assessed in T cells from WT or iNOS-null mice was cultured for
12 h. Values have been normalized for apoptotic damage in freshly isolated T
cells and the data derived from six independent animals for each set are shown.
Inset: expression of iNOS protein in T cells derived from wild-type (WT) or iNOS-
null mice cultured in vitro for 12 h. (c) Apoptotic nuclear damage in freshly
isolated T cells (T0) or T cells from wild-type (open bars) or iNOS-null mice (gray
bars) cultured in vitro for 18 and 24 h. (d–h) Expression of various indicated
proteins determined by Western blot analysis in freshly isolated T cells (T0), cells
cultured in the absence of survival factors (NID) or cells cultured with MnTMPyP
or PDTC. (d, f) T cells from iNOS-null mice. (g–h) T cells from wild-type mice. (e)
T cells from one animal each of an age-matched wild-type control (WT) or an
iNOS-null mouse (iNOS-null). Values in parentheses below the blots indicate fold
change in protein expression relative to control/T0 for each blot

Figure 3 Antioxidants block BIM induction but do not promote entry into cell
cycle. (a) Whole-cell lysates of freshly isolated T cells (T0) or T cells cultured as
such (lane 2) or with 100 mM MnTMPyP (lane 3) or 100mM PDTC (lane 3, lower
panel) for 12 h were analyzed by Western blot for the expression of BIM and Bax.
(b) Lysates were prepared from the following conditions: freshly isolated T cells
(lane 1, T0), cells cultured as such (lane 2, NID) or with 10 ng/ml IL-7 (lane 3) or
25 mM BD-fmk (lane 4) or 100mM MnTMPyP (lane 5) for 12 h. Expression of BIM
and Bcl-xL was determined by Western blot analysis. (c) Freshly isolated T cells
(T0, lane5) or cells cultured with (lanes 2 and 4) or without (lanes 1 and 3) 100mM
MnTMPyP were probed for the expression of phosphorylated-Thr24 of FoxO or
FoxO at 60 min (lanes 3 and 4) or 120 min (lanes 1 and 2) by Western blot
analysis. In (a–c), values in parentheses below the blots indicate the fold change
relative to the control/T0. (d) Freshly isolated T cells (T0) or T cells cultured for
48 h as such (NID) or with 100mM PDTC or 100mM MnTMPyP were washed and
continued in culture (gray bars) or cultured on plastic-bound anti-CD-3 (black
bars). After 12 h, cell proliferation was determined using XTT as described in
Materials and Methods. (e–g) Freshly isolated T cells (e) or T cells cultured with
(g) and without (f) MnTMPyP were analyzed by flowcytometry for DNA content as
described in Materials and Methods
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go down in culture (Figure 4e), which would ensure protection
from death in these T cells. Furthermore, MnTMPyP
negatively regulates induction of BIM in iNOS-null T cells
(Figure 4f), indicating that the mechanism of regulation of this
proapoptotic protein is conserved andmost likely mediated by
reactive derivatives of oxygen in T cells. MnTMPyP or PDTC
(Figure 4g) do not regulate expression of iNOS protein. Since
both IL-7-treated and T cells from iNOS-null mice had high
levels of Bcl-xL, we tested the possibility that IL-7 regulates
iNOS induction in T cells. As shown in Figure 4h, the induction
of iNOS is inhibited in cells cultured in vitro in the presence of
the cytokine. Thus, it appears that prosurvival cytokines such
as IL-7 may increase Bcl-xL expression by transcriptional
suppression of iNOS, which in turn negatively regulates Bcl-xL
expression in T cells.

Discussion

We report that BIM and iNOS proteins are regulated in
quiescent, peripheral T cells undergoing NID and show that
autocrine ROSmodulate BIM expression and quiescent T-cell
death. From the analysis of T cells from iNOS-deficient mice,
we rule out a role for iNOS in the regulation of BIM. Finally, we
show that prosurvival cytokines such as IL-7 regulate the
expression of iNOS and possibly thereby the expression of
Bcl-xL and survival in T cells (Figure 5).
BIM converges on the mitochondrial pathway of apoptosis

through activation of the BH-3 multidomain proteins Bax or
Bak. Quiescent T-cell death in BIM knockout or the Bax–Bak
double knockouts is impaired,22,23 indicating a redundancy in
the function of these proteins in ensuring T-cell deletion. Bax
and Bak are constitutively expressed in all cells and BH3-only
proteins, such as BIM, are believed to function to regulate the
apoptotic response in a cell- and stimulus-specific manner.40

However, BIM is not sufficient to trigger death in the absence
of Bax and Bak.28 The transient increase in Bax expression

observed in some experiments was not regulated by the
antioxidants that block the increased expression of BIM. We
show that NID is independent of Fas signaling and identify a
role for ROS in the regulation of BIM expression in quiescent T
cells. We do not have an insight into the mechanism of ROS
generation in T cells undergoing NID. It is apparent from the
data from other laboratories on the BIM-deficient mouse that
BIM likely triggers an early and key event in the apoptotic
process in T cells. We would suggest that ROS lead to BIM
activation, but do not rule out the possibility that ROS (possibly
of mitochondrial origin) are the mediators of nuclear damage
and cell lysis in T cells. Given the complexity and multi-
compartment nature of ROS signaling, we cannot specifically
identify the different ROS that are generated in these cells.
We establish a role for ROS principally through the use of the
metalloporphyrins, which are synthetic antioxidant com-
pounds demonstrated to dismutate superoxide with high
efficacy.41 These compounds also mimic catalase and
scavenge peroxynitrite.42 In cells, the dismutation of super-
oxide leads to the production of toxic products such as
hydrogen peroxide, which is expected to be neutralized by the
catalase activity of the compounds used in this study. Both
PDTC and MnTMPyP modify NADPH/NADP oxidoreductase
function, which is also a key component of the plasma
membrane oxidoreductase system.43,44 Thus, our study
implicates cytoplasmic compartments in the generation of
ROS that regulate BIM expression during NID in quiescent T
cells. In addition, this study extends earlier studies in antigen-
stimulated T cells33 to identify a role for ROS as key regulators
of T-cell NID.
In the immune system, cytokines regulate lymphocyte

homeostasis including cell division, differentiation and survi-
val, by activating multiple signal transduction pathways.
Cytokines such as IL-7 that signal via the gc chain have been
implicated in T-cell survival45–47 Signals through IL-7 receptor
result in the docking of transcription factors that regulate
apoptotic gene expression and can also activate prosurvival
pathways regulated by PI3K signaling.34,48 Although BIM is
regulated via PI3K modulation of FoxO transcription factors,
we suggest that in T cells there may be alternative mechan-
isms of regulating BIM transcription, as constitutive activation
of the PI3K pathway achieved by IL-734,35 does not down-
regulate BIM (Figure 3b). Our data indicate that iNOS is not
essential for induction of BIM, but the expression of Bcl-xL is
elevated in mutant T cells (Figure 4), suggesting that Bcl-xL is
negatively regulated by iNOS. The possibility that iNOS may
regulate the subcellular localization of BIM has not been
tested in this study. The observation that IL-7, which regulates
Bcl-xL expression, blocked iNOS upregulation in dying T cells,
suggests one mechanism by which cytokines may function to
regulate survival without regulating the expression of BIM in T
cells. iNOS transcription in mesangial cells is regulated via
STAT-3 activation49 and IL-7 has been reported to activate
STAT-3,50 suggesting a mechanism by which IL-7 may
regulate iNOS expression. That the cytokine IL-7 blocks
death in the continued presence of BIM suggests that
quiescent T-cell survival can result from the suppression of
BIM induction (pathway I, Figure 5) or the activity of
antiapoptotic proteins such as Bcl-xL that antagonize BIM
function (pathway II, Figure 5). Cell survival may also be

Figure 5 Extrinsic signals can promote survival by regulating pathway I or II.
Blocking induction of ROS (pathway I) will result in reduced transcription of BIM
and thereby favor survival. Blocking iNOS induction or function (pathway II) will
result in increased expression of Bcl-xL, antagonize BIM and protect cells from
mitochondrial damage and apoptosis. Extrinsic signals may also converge on the
mitochondrion via other intermediates not depicted in the model51
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regulated via pathways that regulate other intermediates that
influence mitochondrial integrity.51 As discussed before,
these experiments do not discriminate between the various
compartments that contribute to the generation of ROS in cells
undergoing NID. Thus, BIM might well trigger an increase of
mitochondrial ROS that would function as effectors of
apoptotic damage in cells undergoing NID.
What are the implications of these observations on the

regulation of peripheral T-cell survival in vivo? Since T-cell
viability can be sustained despite increased amounts of BIM
(as in iNOS-deficient T cells, Figure 4), it appears that the
immune system activates several mechanisms to ensure T-
cell survival. These mechanisms have likely developed to
function as checkpoints that prevent uncontrolled deletion of
quiescent, circulating T cells. This would ensure that the
peripheral T-cell repertoire is not compromised by the loss of
T-cell subsets required to initiate the immune response
against pathogens. Apart from cytokines such as IL-7,
circulating T cells are dependent on signals from the MHC
to stay alive.11–15 The molecular pathway of death regulated
by this signaling is relatively unexplored. We now suggest that
ROS are pivotal intermediates in the death pathway that is
regulated by MHC-dependent signals. Further experiments
will be required to reveal if signals via CD4 and CD8
coreceptors on T cells indeed counteract ROS generation
and the subsequent induction of BIM in quiescent T cells.

Materials and Methods

Cells and reagents

C57Bl/6-iNOS null, C57Bl/6.lpr and age- and strain-matched control mice
were obtained from Jackson Labs (Bar Harbor, ME, USA) and accessed at
the Small Animal Facility at NII, New Delhi. For experiments not involving
mutant mice, C57Bl/6 mice were maintained at the Small Animal Facility at
NCBS, Bangalore. All animal experiments were performed with the
approval of the respective Institutional Animal Ethics Committees at NII
and NCBS. For all experiments, CD3þ T cells were isolated from 4–6-
week mouse spleens, using a previously described protocol.34 All
chemicals were obtained from Calbiochem (San Diego, CA, USA) unless
specified otherwise. Boc-D-fmk was obtained from Enzyme Systems
Products (Dublin, CA, USA). DHR123 and DHE were obtained from
Molecular Probes (Eugene, OR, USA). Recombinant murine IL-7 and
antibody to cytochrome c and Bcl-xL were obtained from R&D Systems
(Minneapolis, USA). Antibodies to BIM and Cox-4 were from BD
Pharmingen (San Diego, USA), to Bax, phosphorylated forkhead,
forkhead, caspase-3, cleaved caspase-7 and caspase-9 were from Cell
Signaling Technology (MA, USA), to iNOS/NOS-II from Upstate
Biotechnology (Lake Placid, NY, USA) and to PARP, p38MAPK and Akt
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

NID, assays of apoptotic damage and proliferation

T cells isolated from mouse spleens were cultured at 2� 106/ml for 12–
18 h in routine assays of NID. Apoptotic damage was assessed relative to
freshly isolated T cells (T0). Wherever used, IL-7 (10 ng/ml), MnTMPyP
(100mM), MnTBAP (50 mM) or PDTC (100 mM) were added at the
initiation of culture. Data have been derived from a minimum of three
experiments unless stated otherwise. Apoptotic nuclear morphology using
the dye Hoechst 33342 and cell lysis using propidium iodide uptake were

assessed as described.52 All flowcytometric analyses were performed on a
Becton Dickinson FACSs (Becton Dickinson, Mount View, CA, USA)
using CELLQuest software. Proliferation was assessed using an XTT-
based cell proliferation kit as per the manufacturer’s instructions
(Biological Industries Co., Beit Haemek, Israel). Assays were terminated
after 4 h incubation with the dye.

Assays for intracellular ROS

Staining for DHR123 was performed according to the manufacturer’s
instructions (Molecular Probes). For DHE, cells were stained with 2 mM
DHE in complete medium for 40 min at 371C. Cells were washed once and
analyzed immediately by flowcytometry. Incubations with the dyes were
performed in the absence of inhibitors.

Analysis of DNA content

Cells (2� 106) were pelleted by centrifugation. Pellets were loosened by
tapping and gently resuspended in chilled DNA-fragmentation buffer
(0.1% Triton X-100, 0.1% sodium citrate and 25mg/ml propidium iodide).
Samples were stored protected from light, at 41C for 18 h before analysis
by flowcytometry.

Subcellular fractionation

A digitonin-based buffer was used to separate the membrane
(mitochondrial) fraction from the soluble (cytoplasmic) fraction of cell
lysates. Briefly, cell pellets were resuspended in a digitonin-based buffer
(40 mg/ml digitonin in 120 mM KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM
Hepes-Tris, pH 7.2 supplemented with protease inhibitors) and samples
were held on ice for 5 min. Unlysed cells and debris were removed by
centrifugation at 800 g and samples were then centrifuged at 14 000 g for
15 min. The resulting pellet was enriched in mitochondria and the soluble
fraction was representative of the cytoplasmic fraction. The distribution of
cytochrome c oxidase (Cox4) was used to determine that cytoplasmic
cytochrome c did not result from mitochondria damaged in the course of
the protocol.

Western blot analysis

Cell lysates were resolved on SDS gels and protocols recommended by
the manufacturer were used for Western blot analysis. Blots were
developed by chemiluminiscence using Super Signal (Pierce, USA) as
described before.34 p38MAPK was used to establish parity of loading in
10–12% SDS gels and Akt was used as the loading control (LC) for 8–10%
SDS gels. All blots were sequentially stripped and reprobed in different
combinations of antibodies to confirm the data. Densitometry analysis was
performed using Image gauge software v 3.0. Fold increase or decrease in
proteins was calculated relative to the control (T0) for each blot.
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