
T cells respond to antigen stimulation through a
process of activation, division, and differentiation to
generate a large pool of activated effector T cells. Reg-
ulated induction of apoptosis of these expanded T cells
avoids several problems for the host, including
increased metabolic cost, disruption of lymphoid
homeostasis, and predisposition to autoimmunity and
lymphoid neoplasia. On the other hand, it is essential
that some activated T cells survive apoptotic death to
become memory T cells. Thus, an understanding of
why most expanded T cells die, while some survive, will
shed light on how autoimmunity and lymphoid cancer
are prevented, and how immunity is acquired. Recent
studies have identified the molecular details of this
apoptotic process that operate in vivo. It is now becom-
ing clear that two separate pathways — activation-
induced cell death (AICD) and activated T cell–
autonomous death (ACAD) — control the fate of anti-
gen-specific T cells. Interestingly, reactive oxygen
species (ROS) can control both pathways through
reciprocal modulation of the main effector molecules
FasL and Bcl-2. This review will focus on the role played
by ROS in the determination of activated T cell fate.

The kinetics of T cell responses in vivo
The endogenous T cell response to many different
antigens follows a remarkably similar pattern. Follow-
ing antigen administration, T cells proliferate vigor-
ously and reach a peak of expansion (Figure 1). This

peak does not have a predetermined upper limit, since
it can be further increased by certain adjuvants (i.e.,
LPS or stimulating antibodies to OX40, CD40, or 4-
1BB) or by manipulation of the antigen dose. Howev-
er, the number of activated T cells at this stage cannot,
of course, exceed the capacity of the animal to support
them. It is thought that few antigen-specific T cells die
during the expansion phase, because of the obvious
impairment of expansion that this would cause,
although little has been done to explore this possibil-
ity. After the T cells reach their peak of expansion,
their numbers begin to decline rather rapidly, a
process that has been referred to as contraction (1).
Recent reports have shown that during this decline,
some of the T cells appear to migrate to nonlymphoid
tissues and to reside there as effector memory T cells
(2, 3). However, the numbers of T cells that migrate to
nonlymphoid tissues cannot account for the total
number of cells that exist at the peak of the response,
and most of the activated cells disappear because they
apoptose (4). Recent research has uncovered two sepa-
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Figure 1
Graph of the kinetics of the T cell response to antigenic stimulation in
vivo. Following stimulation with antigen, antigen-specific T cells prolifer-
ate vigorously to reach peak numbers during the expansion phase. They
then decline in number rapidly, a process referred to as the contraction
phase. Importantly, both the peak-expansion phase and the contraction
phase can be independently modulated by stimulators of innate immu-
nity (adjuvants) (53, 54).



rate pathways responsible for the death of activated,
antigen-specific T cells in vivo. One of these pathways,
AICD, is driven by signals delivered exogenously to the
cell. The other pathway, ACAD, is driven by signals
that are intrinsic to the activated T cell.

Activation increases the levels of ROS in T cells:
ROS may play a role in activated T cell death
Activation increases the amount of ROS in T cells
(5–7), although it is unclear how these extra ROS are
created. T cells lack the conventional NADPH oxidase
enzymes used by granulocytes for oxidative bursts.
However, other mechanisms for producing ROS have
been described and might occur in T cells. One such
mechanism could be driven by the increased demands
for ATP production imposed on T cells by their con-
version from a resting condition to the state of rapid
cell division that accompanies activation. This is exem-
plified by experiments in which thymocytes are stimu-
lated with phorbol myristate acetate and ionomycin,
leading to rapid glucose consumption followed by
increased oxidative phosphorylation and a subsequent
increase in ROS production (8). This production of
ROS probably occurs as a consequence of direct inter-
action of electrons shed from the respiratory chain
with molecular oxygen, resulting in the formation of
superoxide (9). Increased demands on mitochondrial
electron transport for energy can therefore lead to the
increased levels of superoxide within cells. For T cells
this is evidenced by increased alkalinization of the cell
cytosol (which is indicative of increased respiratory
activity) rather than increased acidification (which
would be evidence of increased glycolytic activity) (10).
Thus, mitochondria can be a major source of ROS
within cells, and increased energy demands, such as
those seen with rapid T cell proliferation, can increase
levels of mitochondrially derived ROS.

One group has reported that ROS levels increase
within 15 minutes of T cell activation, a time that is
too short for production of ROS via increased mito-
chondrial activity (6). Thus, it may be that reactions
that are more immediate than increased mitochondr-
ial activity are responsible for at least the initial
increases in ROS levels in activated T cells. A well-
known pathway for certain receptors to induce ROS
involves Ras/Rac/PI3K signaling to activate NADPH
oxidase enzymes. However, as mentioned previously,
because T cells do not express these enzymes, it is
unlikely that this pathway plays a role.

Another putative source of ROS might be peroxiso-
mal enzymes; however, no studies of the role peroxi-
somes play in the generation of ROS in T cells have
been reported. Interestingly, agonists of PPARγ cause
significant apoptosis of activated T cells (11), and
although the authors of this study did not examine
ROS generation by this agonist, a recent report has
shown that agonists of PPARγcan induce rapid super-
oxide generation in myoblast cells (12).

Some have suggested that bystander neutrophils
might be the source of the increased ROS levels in acti-
vated T cells. In this instance, it is postulated that acti-

vated neutrophils produce the ROS and that these ROS
then diffuse into neighboring T cells (13). However,
under most circumstances the ROS are produced by
the T cells themselves (5–7).

Regardless of their origin, the detoxification of these
ROS by antioxidant enzymes can influence their levels
as well. For example, superoxide dismutases (SODs)
convert two superoxide molecules into one oxygen and
one hydrogen peroxide (H2O2) molecule (9). In turn,
H2O2 is detoxified by glutathione peroxidase and/or
catalase (9). While SOD converts superoxide into
another toxic ROS, H2O2, it is important to note that
the reaction of superoxide with iron- and sulfur-con-
taining proteins such as aconitase produces H2O2 as
well (14). Furthermore, dismutation of superoxide rad-
icals by SOD produces half the amount of H2O2 pro-
duced by direct interaction of superoxide with oxidiz-
able molecules such as aconitase and prevents the
release of damaging iron (14, 15). In addition, the lev-
els and/or activities of glutathione peroxidase and/or
catalase are critical, because interactions of H2O2 with
transition metals can lead to the highly reactive hydrox-
yl radical via Fenton or Haber-Weiss chemistry (9).
Thus, the outcome of ROS damage is ultimately
dependent upon the levels and type of ROS made, both
of which are dependent upon the levels and activities of
endogenous antioxidant enzymes. Unfortunately, little
work has been done to examine the activities of the
endogenous antioxidant enzymes before and during T
cell activation in vivo. One report has shown that T
cells are deficient in both their ability to synthesize and
their ability to take up glutathione precursors, possibly
causing decreases in glutathione peroxidase activity
(16). Clearly, much more work needs to be done to
determine the relationship between T cell activation
and activities of endogenous antioxidant enzymes.

Despite the fact that very little is known about the
molecular events that lead to ROS production and
ROS detoxification within T cells, several studies have
shown that activated T cells can be killed by these
entities (6, 7). We demonstrated that T cells that have
been activated in vivo and isolated just before they
would have started to die in the animal, die very rap-
idly in culture. This rapid death is markedly slowed by
addition of a synthetic, catalytic manganese superox-
ide dismutase mimetic, manganese (III) tetrakis 5, 10,
15, 20 benzoic acid porphyrin (MnTBAP) (7). Results
of this nature have led to interest in the roles that
ROS might pay in the various pathways of T cell
death, as discussed below.

AICD
Ashwell and colleagues made the initial observation
that, instead of causing proliferation, T cell receptor
(TCR) stimulation of T cell hybridomas resulted in
decreased growth and a block in the cell cycle (17).
Green’s group further investigated this phenomenon
and showed that anti-CD3–treated T cell hybridomas
and thymocytes underwent significant apoptosis, a
process they referred to as AICD (18). Since these ini-
tial in vitro observations, the molecular details of
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AICD have been worked out. It is generally well accept-
ed that AICD is mediated predominantly by signaling
through the death receptor Fas and, in certain
instances, by signaling through TNF-α receptors. Mice
with functional defects in either Fas or FasL (lpr and
gld, respectively) were used to determine whether AICD
plays a role in termination of T cell responses in vivo.
A few reports showed that T cell responses were pro-
longed in lpr or gld mice, leading many in the field to
believe that Fas signaling is required for the death of
all activated T cells in vivo (19, 20).

Molecular control of AICD
In vitro activation of T cells results in increased
expression of FasL, which, upon binding to and
oligomerization of Fas, results in the direct activation
of caspase enzymes via their recruitment to a death-
inducing signaling complex (DISC) (reviewed in ref.
20). Once these upstream caspases are activated in the
DISC, the apoptotic program is initiated, and down-
stream caspases and other endogenous substrates are
then proteolytically cleaved, resulting in the demise of
the cell by classical apoptosis.

In theory, T cell death caused by AICD could be con-
trolled in several ways: by control of Fas expression, by
control over the pathways downstream of Fas engage-
ment that lead to cell death, or by control of FasL
expression. While Fas can be upregulated following T
cell activation, T cells express significant amounts of
Fas to begin with, so expression of this molecule is
probably not a controlling factor (21).

Modulation of Fas signaling after engagement by
FasL is mainly achieved by the expression of an enzy-
matically inert homologue of caspase-8 called FLIP
(22). Resting primary T cells express high levels of FLIP,
are resistant to AICD, and require downregulation of
FLIP by IL-2 to acquire sensitivity to Fas-driven death
(23). cFLIP transcription has been reported to be
induced by MEK1, though it is unclear whether this is
the mechanism by which resting T cells maintain high
levels of FLIP (24). Alternatively, TGF-β may be
involved, since it is known to induce FLIP, and since
TGF-β–deficient mice and T cells from these mice dis-
play increased sensitivity to Fas-driven AICD (25, 26).
In any case, levels of FLIP probably affect induction of
AICD in cells, but a role for ROS in FLIP expression is
currently not suspected.

Control of FasL expression by ROS
Along with FLIP expression, FasL expression is the
major means by which AICD is controlled. Engage-
ment of the TCR increases FasL expression on T cells
(27). A fairly coherent pathway can be proposed to
account for such induction, although all the pieces of
the pathway have not been fully established in T cells.
TCR engagement leads to increased Ca2+ levels in the
cytoplasm of the cell. This may occur via two routes;
one is well known and involves phospholipase Cγ, pro-
duction of inositol 1,4,5-trisphosphate, and release of
Ca2+ from intracellular stores (28). The other route may
involve TCR-induced production of ROS through

increased mitochondrial activity consequent to T cell
activation. ROS, in turn, increase cytoplasmic Ca2+ lev-
els via pathways that are not fully understood (29).

Increased levels of intracellular Ca2+ activate the
phosphatase calcineurin. Once activated, calcineurin
dephosphorylates nuclear factor of activated T cells
(NFAT) (Figure 2). Dephosphorylated NFAT translo-
cates to the nucleus and mediates gene transcription.
While active NFAT sites have been mapped within the
FasL promoter, optimal NFAT-mediated regulation of
FasL now appears to occur through NFAT-driven
upregulation of the early growth response transcrip-
tion factors Egr2 and/or Egr3 (30).

Support for the idea that ROS are intermediates in
the induction of FasL after TCR engagement stems
from two reports that the induction is inhibited by
antioxidants (6, 31). One group showed that, in addi-
tion to antioxidants, inhibitors of mitochondrial func-
tion also blocked TCR-induced FasL mRNA induction,
suggesting a possible role for mitochondrially derived
ROS (31). They also showed that, in the absence of TCR
stimulation, exogenously added H2O2 could induce
FasL mRNA and that this was modestly inhibited by a
dominant negative version of IκBα. Their results sug-
gest that, at least for Jurkat cells, H2O2 activation of
NF-κB may be responsible for FasL mRNA induction.
Another group more closely assessed the nature of the
ROS produced very early after TCR stimulation (6).
They found that both superoxide and H2O2 were pro-
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Figure 2
Control of AICD by ROS. T cell activation via TCRs leads to rapid gener-
ation of both superoxide and H2O2. TCR activation also leads to FasL
induction. This occurs because TCR activation raises intracellular Ca2+

levels, thus activating the phosphatase calcineurin. Calcineurin dephos-
phorylates NFAT, and the now activated NFAT can migrate to the nucle-
us and contribute to FasL transcription directly via the NFAT-binding sites
upstream of the gene. NFAT can also stimulate FasL transcription indi-
rectly, by increasing transcription of the genes for the early growth
response proteins Egr2 and Egr3, which in turn can themselves induce
transcription of FasL. Another pathway that may be involved in FasL
induction by ROS may involve signaling through NF-κB, via activation of
IκB by H2O2. NFATp, phosphorylated NFAT.



duced following TCR stimulation but suggested that
superoxide and not H2O2 was responsible for upregu-
lation of FasL after TCR stimulation. However, this
study is confounded by the fact that the authors used
electroporation as a means of introducing plasmids
that encode antioxidant cDNAs into T cells, and that
this process not only kills cells but also induces large
amounts of ROS (32). The results of these studies point
to the possibility that FasL upregulation is controlled
by ROS; however, this effect is likely to be cell type–spe-
cific, since we have observed that antioxidants do not
prevent FasL-driven death of DO11.10 T cell hybrido-
mas following anti-CD3 stimulation (data not shown).
Thus, while the aforementioned studies point to a pos-
sible role for ROS in controlling the induction of FasL
after TCR stimulation, it will be of interest to deter-
mine where these ROS mediate their effects in the
physiologic regulation of FasL following normal TCR
activation of primary T cells.

ACAD and the role of Bcl-2–related proteins
While Fas signaling contributes to the death of some
activated T cells, it certainly does not control the death
of all, or even most, activated T cells in vivo, since sev-
eral reports have shown that activated T cells die
almost equally well in the presence or absence of Fas
signaling (7, 19, 33, 34).

The Fas- and TNF-α–independent pathway for T cell
death has been referred to as passive cell death or death
by neglect, implying that it is mediated by cytokine or
antigen withdrawal. However, we prefer to use the term
ACAD (35), because the former terms are inadequate in
describing what now appears to be a programmed and
regulated event. This is illustrated by experiments from

numerous groups (for example, refs. 1, 36) that show
that T cell contraction occurs prior to antigen deple-
tion, and suggest that contraction of the T cell response
is a preprogrammed event set in place very early after
TCR stimulation in vivo, not simply the consequence of
the lack of a stimulus.

Several experiments suggest that ACAD is controlled
by various members of the Bcl-2 family of proteins. This
family consists of pro- and antiapoptotic members that
control the fate of cells by protection or destruction of
mitochondria (37). Three main classes of Bcl-2–related
proteins exist. Class 1 Bcl-2–like proteins are antiapop-
totic and contain Bcl-2 homology (BH) domains 1–4.
Class 2 proteins are proapoptotic and Bax-like and con-
tain BH domains 1–3. Class 3 proteins are included in a
large family of proapoptotic BH3-only proteins that are
expressed in a relatively tissue-specific manner. These
BH3-only proteins contain a short stretch of 9 amino
acids termed the BH3 domain but do not contain other
regions of homology with Bcl-2. The Bcl-2–like proteins
function partly by interacting physically with one
another. How this interaction specifically results in
induction of or protection from apoptosis is still only
vaguely understood. However, Thompson, and their
colleagues have shown that the class 3 proteins require
a class 2 protein (either Bax or Bak) to execute their
apoptotic signals, at least in higher vertebrates (38).

Regardless of how these molecules interact, their
induction of apoptosis involves the release of cyto-
chrome c and other apoptogenic factors from mito-
chondria (37, 39). Besides the depolarization and inac-
tivation of the mitochondria by Bcl-2–like proteins, the
factors released by these damaged mitochondria can
activate caspases in the cytosol as well as directly dam-
age DNA in a caspase-independent manner. While T
cells express several different kinds of Bcl-2–like mole-
cules, the role they play in T cell apoptosis has only
recently been investigated.

Bcl-2 itself certainly plays a role in ACAD. ACAD is
inhibited by increased expression of the antiapoptotic
protein Bcl-2 in T cells, a property that distinguishes it
from the Fas-driven AICD pathway (19, 40). More phys-
iologically, levels of Bcl-2 mRNA and protein drop as
activated T cells approach the stage at which they will
die (33, 41). This fall in Bcl-2 is common to all the acti-
vated cells. The few activated T cells that are destined
to survive also contain low levels of Bcl-2, suggesting
that the signal that prevents death of surviving, mem-
ory cells acts via a pathway that does not involve Bcl-2.
The idea that the decrease in Bcl-2 contributes to
ACAD is supported by experiments in which Bcl-2 lev-
els are increased in activated T cells via retroviral trans-
duction, an event that prevents T cell apoptosis both in
vitro and in vivo (33, 42).

Bcl-2 is not the only member of the family that affects
ACAD. Recent publications have shown that the death
of activated T cells in vivo and in vitro and, to a certain
extent, the death of thymocytes requires expression
within the cell of the proapoptotic BH3-only protein
Bim (33, 43). Levels of Bim protein are similar in rest-
ing and activated T cells; however, Bim drives rapid
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Figure 3
Control of ACAD by ROS. TCR activation leads to increased mito-
chondrial production of superoxide that is converted to H2O2 either via
reactions with endogenous substrates (not shown) or via manganese
superoxide dismutase (MnSOD). These ROS may have effects on vari-
ous transcription factors, such as CREB, that may play a role in the
downregulation of Bcl-2 and in subsequent sensitivity of T cells to the
effects of ACAD.



death only in the latter (33). Although the state of Bim
might change between resting and activated cells, per-
haps via changes in its phosphorylation state, its abili-
ty to drive activated T cell death is certainly not con-
trolled by the amount of Bim protein expressed.
Therefore, it is likely that the changes in levels of the
Bim antagonist Bcl-2 are important, and an under-
standing of the molecular mechanisms that control
these changes are of critical importance to our under-
standing of ACAD.

ROS and Bcl-2 expression
As mentioned earlier, apoptosis of activated T cells can
be inhibited by culture with the antioxidant MnTBAP,
indicating that ROS are somehow involved in ACAD
(7). To find out whether the ROS caused T cell death by
affecting gene transcription, we activated T cells in vivo,
isolated the cells just before they were to die, and cul-
tured them for a short time in the presence or absence
of MnTBAP. mRNA was then isolated from the cells
and its content compared using Affymetrix gene chips
(Affymetrix Inc., Santa Clara, California, USA). The
expression of many genes was changed by the presence
of MnTBAP (data not shown). Interestingly, while
expression of mRNA for Fas, FasL, and many of the
proapoptotic Bcl-2 family members was unchanged,
expression of the mRNA for Bcl-2 itself was markedly
increased by MnTBAP treatment (data not shown).
These data strongly suggest that ROS can drive Bcl-2
downregulation within activated T cells.

The transcription factor cAMP response element–
binding protein (CREB) is a potential target of these
ROS, since ROS can decrease CREB function in other
cell types (44) and CREB controls Bcl-2 levels in lym-
phoid cells (45) (Figure 3). In fact, a recent report has
shown that, in neuronal cells, hypoxia (which can
decrease ROS) can induce Bcl-2, and that the cAMP
response element is required for this inducibility (46).
We are currently testing the possibility that ROS inac-
tivation of CREB occurs in activated T cells and is
responsible for the observed decrease in Bcl-2.

CREB may not be the only intermediate between
ROS and loss of Bcl-2 mRNA. ROS affect the activity
of NF-κB, and NF-κB has been reported to increase
mRNA levels of both Bcl-2 and its antiapoptotic rela-
tive Bcl-xL (47). However, the reported effects of ROS
on NF-κB activity are confusing and contradictory.
For example, ROS induce NF-κB activity by increas-
ing degradation of IκB and consequently facilitating
migration of NF-κB to the nucleus (48). On the other
hand, ROS cause oxidation of a crucial cysteine
residue at the DNA-binding site of NF-κB, thereby
inhibiting the action of the transcription factor (49).
Whether ROS activate or inhibit NF-κB activity is per-
haps controlled by the amount and/or cellular loca-
tion of the ROS.

Taken together, our results suggest a two-step model
of ACAD. Signal one is provided by ROS-driven Bcl-2
downregulation and is necessary, but not sufficient, for
apoptosis. Evidence supporting this comes from the
demonstration that activated T cells from Bim-defi-

cient mice still have decreased levels of Bcl-2 but do not
die in vivo (33). Also, restoration of Bcl-2 levels via
retrovirus can inhibit Bim-mediated apoptosis (33).
Signal two, therefore, is provided by Bim. Since the lev-
els of Bim do not change following T cell activation in
vivo, factors underlying ROS-driven Bcl-2 downregula-
tion are of considerable interest.

Other targets of ROS that might affect ACAD
A huge number of papers have addressed the problem
of which molecules are targets of the stress induced in
cells by ROS. Besides the effects on Bcl-2 levels men-
tioned above, ROS may affect many other molecules
potentially involved in ACAD. For example, ROS cer-
tainly oxidize membrane lipids, and these molecules,
either in the cell or in mitochondrial membranes, could
affect the ability of the cell to resist death. However, in
preliminary experiments conducted in association with
the laboratory of Robert Murphy, we have not found
changes in lipid oxidation when comparing the mem-
branes of resting, long-lived T cells with those of acti-
vated T cells that are destined to die rapidly. Thus, it
appears that the amount of ROS produced by T cells
after activation is too small to mediate such lipid per-
oxidation and membrane destruction (data not shown).

ROS also act on proteins within the cell. Among
these are many transcription factors. Loss of CREB and
NF-κB activity might reduce transcription of genes
important to cell survival, in addition to those for 
Bcl-2 and Bcl-xL, discussed above. Other targets of ROS,
such as inhibitor-of-apoptosis proteins, SODs, and A1,
may also be important. Changes in the activities of
other transcription factors, including AP-1, nuclear
factor 1, Sp1, and various members of the forkhead
and Stat families, may also be crucial (50, 51).

ROS also affect signal-transducing proteins. As dis-
cussed above, a number of groups have shown that
PI3K and proteins downstream of the enzyme, such as
Akt/protein kinase B, are activated in cells treated
with H2O2 or inducers of ROS. In the chicken pre-B
cell line DT40, externally applied H2O2 increases
intracellular Ca2+ levels via a pathway that includes
Syk, Btk, the B cell linker protein BLNK, and phos-
pholipase Cγ2 (52). Evidence suggests that Syk and/or
Btk are the most upstream enzymes in this pathway.
However, it is not known whether these proteins are
the actual targets of chemical modification by H2O2.
Obviously the downstream products, increased Ca2+

levels, and PI3K/Akt activation have many affects on
lymphocytes, including, in the case of increased Ca2+,
induction of FasL and increased sensitivity to AICD.
Since Akt is often thought to act as a prosurvival
rather than a death-inducing enzyme, it is not obvi-
ous how this portion of the ROS/PI3K pathway could
contribute to the death of activated T cells, unless the
effects of Akt are outweighed by increased levels of
Ca2+ in some undetermined way.

Other signal transduction proteins affected by ROS
include the extracellular signal–regulated kinases (ERKs)
1 and 2, and although ROS-induced activation of ERK2
is thought to be required for cell cycle progression (5),
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ROS may also affect Bcl-2 expression, as a cell cycle–
inhibitory effect of Bcl-2 has been described (12).

Summary
Thousands of studies of ROS and their effects on cells
have been reported. Therefore it is not surprising that
these powerful biological mediators play a role in the
phenomena associated with T cell activation and death.
Even though activated T cells can die in two different
ways, driven by external stimuli via AICD or by process-
es that are intrinsic to the cell via ACAD, evidence sug-
gests that ROS are involved in both pathways.
Although much of the signaling mediated by ROS in T
cells remains unclear, the abundance of data on ROS
signaling in nonlymphoid cell types should aid in the
elucidation of ROS-driven signaling within T cells. Fur-
thermore, since ROS are so crucial in determining the
fates of activated T cells, an understanding of how ROS
achieve their effects may suggest therapeutic targets for
the destruction of autoimmune T cells, and for the
improvement of substandard vaccines — the twin goals
of modern applied immunology.

Note added in proof. Reusch and colleagues recently
showed that ROS specifically downregulated CREB-
dependent Bcl-2 promoter activity in primary neurons.
(Pugazhenthi, S. et al. 2003. Oxidative stress-mediated
down-regulation of Bcl-2 promoter in hippocampal
neurons. J. Neurochem. In press.)
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