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ABSTRACT Human T cell clones were analyzed for their
susceptibility to activation-induced cell death (AICD) in re-
sponse to CD3yT cell receptor ligation. AICD was observed
only in Th1 clones and was Fas-mediated, whereas Th2 clones
resisted AICD. Analysis of a panel of Th0 clones, character-
ized by their ability to secrete both Th1 and Th2 cytokines,
revealed that this subset included both AICD-sensitive (type
A) and -resistant (type B) clones. Resistance to AICD by Th2
and Th0-type B clones was not due to lack of expression of
either Fas receptor or its ligand. Paradoxically, the AICD-
resistant clones were susceptible to apoptosis when Fas re-
ceptor was directly ligated by anti-Fas antibodies. However,
prior activation of the resistant clones by monoclonal anti-
bodies to CD3yTCR complex induced resistance against Fas-
mediated apoptosis. Thus, the Fas–FasL pathway is critical
for the induction of AICD in T cells, and moreover this
pathway can be negatively regulated in the AICD-resistant
clones by signals that are generated from ligation of the
CD3yTCR complex.

T cells can undergo apoptosis under a variety of different
conditions. Cytokine deprivation induces apoptosis of acti-
vated T cells (1, 2). Tumor necrosis factor a (TNF-a) can also
mediate apoptosis in T cells through the p75 TNF-a receptor
(3). A third form of apoptotic death is observed in T cells called
activation-induced cell death (AICD) (4). AICD occurs as a
consequence of repeated stimulation through the CD3yTCR
(T cell receptor) of the T cells. FasyAPO-1 is a cell surface
receptor belonging to the nerve growth factor receptor-TNF-a
receptor family of molecules, and Fas ligand (FasL) is a
member of the corresponding family of TNF-related cytokines.
A role for Fas receptor (FasR) and its ligand in mediating
AICD, was first drawn from studies with lpr and gld strains of
mice that are deficient in functional expression of FasR and
FasL, respectively (5, 6). Mature activated T cells from both lpr
and gld mice are resistant to apoptosis induced by reactivation
through their TCRs (5, 6). Direct evidence that AICD of
mature T cells is mediated through Fas–FasL was demon-
strated by several groups in T cell hybridomas, Jurkat T
leukemia cells, and nontransformed preactivated T cells (7–9).
All three groups reported that TCR engagement up-regulates
expression of both Fas and its ligand, and that apoptosis can
be inhibited by blocking either the receptor or its ligand.
In the immune system, AICD acts as a feedback mechanism

for terminating an ongoing immune response (10) and serves
to maintain peripheral tolerance (11, 12). Importantly, AICD
may also have a major role in regulating the immune responses
in disease. For example, Fas-triggered inappropriate apoptosis
of peripheral T cells has been implicated in the loss of CD41

T cells in HIV-infected individuals (13–15). T cells from
individuals infected with either the Epstein–Barr virus (16, 17)
or the varicella-zoster virus (17) also undergo extensive AICD
in vitro. In a murine model of Schistosoma mansoni infection,
a progressive increase in apoptosis of activated T cells was
observed in conjunction with a decrease in T cell functions
(18).
The Th1 and Th2 subsets of T cells are functionally distinct,

and are defined on the basis of their cytokine profiles (19–22).
Th1 cells produce interferon g (IFN-g), TNF-a, and interleu-
kin 2 (IL-2), and contribute to cell-mediated immunity; Th2
cells secrete IL-4 and IL-5, and serve to help antibody re-
sponses; Th0 cells are distinguished by their ability to produce
both Th1 and Th2 cytokines and are thought to be precursors
to the Th1 and Th2 subsets (23). Although much is known
about the functions of Th1 and Th2 cells, molecular distinc-
tions between the two subsets are as yet poorly defined. Given
the established biological significance of the delineation of T
cell subsets (22, 24), it becomes important to understand
whether AICD is one means of regulating subset development.
Therefore, the goal of this study was to examine the regulation
of AICD in antigen-specific T cells comprising the Th1, Th2,
and Th0 subsets.

MATERIALS AND METHODS

T Cell Clones. Mycobacterium leprae, tetanus-toxoid (TT),
and purified protein derivative (PPD)-reactive clones were
established by limiting dilution technique as previously de-
scribed (25). The Th1 and Th2 clones were maintained in IL-2,
with biweekly stimulation with antigen and antigen-presenting
cells. To maintain their cytokine profile and provide the least
amount of biasing in vitro, the Th0 clones were maintained in
IL-2, with biweekly stimulation with antigen presenting cells
and phytohemagglutinin. Nonspecific stimulation with PHA
activates both Th1- and Th2-type cytokine gene expression and
allows for maintenance of the Th0 phenotype. We have
successfully used this protocol for stimulating the Th0 clones
and have observed that even after several passages in vitro, the
clones have retained their antigen-specificity and mixed cyto-
kine profile. Subset-specificity of the clones was determined by
measuring production of IFN-g, IL-4, and TNF-a. For each T
cell clone, 1 3 105 cells were added in 1 ml of Iscove’s media
containing 10%human typeAB serum in 24-well tissue culture
plates, precoated with 2.5 mg of antibody to CD3 (BioSource
International, Camarillo, CA). Supernatants from the stimu-
lated cells were harvested 18–20 hr later, and cytokine quan-
tities were measured by sandwich enzyme immunoassay using
appropriate pairs of capture antibodies and biotinylated de-
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tecting antibodies (PharMingen). The levels of sensitivity for
the IFN-g, IL-4, and TNF-a ELISAs were 15 pgyml.
Proliferation of T Cell Clones. One hundred microliters of

2.5 mgyml anti-CD3 antibody were added to each well in
96-well plates and allowed to bind for 1 hr at room tempera-
ture. The wells were rinsed thoroughly prior to addition of 13
104 T cell clones per well. Proliferation was measured at 72 hr
by incorporation of an 8-hr pulse of [3H]-labeled thymidine.
Activation Induced Apoptosis in T Cell Subsets. Apoptosis

of all clones listed in Fig. 1 was measured by ELISA. T clones
(43 104) were stimulated with immobilized antibodies to CD3
in 96- well tissue culture plates. Eleven to twelve hours later the
cells were harvested and assayed for apoptosis using the Cell
Death Assay kit (Boehringer Mannheim). Briefly, the cells
were lysed in 500 ml of lysis buffer, and the cytoplasmic
fractions were collected by centrifugation at 13,000 rpm. The
cytoplasmic fractions were further diluted to contain 20,000
cell equivalent per ml, and presence of nucleosomes in the
cytoplasm was tested by the sandwich-enzyme-immunoassay
using mouse mAbs directed against DNA and histones. The
cell death ELISA utilized a anti-histone capture antibody that
bound to the histone component of the nucleosomes contained
in the sample lysates. The bound nucleosomes were then
detected by reacting with peroxidase-labeled anti-DNA anti-
bodies. The reaction was developed with a peroxidase sub-
strate buffer and development of color was photometrically
determined by measuring absorbance values at 405 nm. Cells
maintained in IL-2 served as control cells, and data are
presented as percent apoptosis, an arbitrary unit calculated as
100 2 (absorbance values at A405 of IL-2 culturesyabsorbance
values at A405 of CD3-stimulated cultures 3 100).
Immunofluorescent Labeling for FasR and FasL. T cell

clones were stimulated with antibodies to anti-CD3 for 4 hr.
Cells to be used for FasL analysis were stimulated in the
presence of 25 mM of the metalloprotease inhibitor KB8301
(Kanebo). Addition of KB8301 prevents FasL cleavage, re-
sulting in high levels of cell surface expression of FasL (26).
Stimulated cells were harvested, centrifuged, and resuspended
in primary biotinylated anti-Fas or anti-FasL antibodies for 30
min at 48C. Cells were washed and immunofluorescence was
detected by reacting the cells with streptavidin-phycoerythrin
for 30 min at 48C. Flow cytometry was performed on an
electronically programmable individual cell sorter Elite flow
cytometer (Coulter).

Bystander Activation-Induced Cytotoxicity. A previously
described protocol (27) was utilized to measure activation-
induced cytotoxicity of T cells. Jurkat T cells constitutively
expressing only FasR and not FasL were labeled with [3H]thy-
midine (10 mCiyml; 1 Ci5 37 GBq), and served as target cells.
Effector T cells either unactivated or activated with anti-CD3
antibodies for 3 hr, were combined with 23 104 labeled target
cells at different target to effector ratios. Eight hours later
labeled unfragmented DNA with high molecular weight was
harvested onto glass fiber filters and radioactivity measured in
a scintillation counter. Data are expressed as percent specific
cytotoxicity and calculated as [S 2 EyS] 3 100, where S is
[3H]thymidine incorporation in Jurkat T cells in the absence of
effector cells; and E is incorporation in Jurkat T cells in the
presence of effector cells.

RESULTS

Proliferation of T Cell Subsets to CD3 Antibodies.We have
characterized responses of 13 antigen-specific human T cell
clones to CD3yTCR occupancy (Fig. 1). Three clones produce
IFN-g and TNF-a and are Th1-type. Two clones are Th2-type
and secrete IL-4. The remaining eight clones are Th0-type,
since they make all three cytokines. The Th1 clones (59.5, T1,
and T17) proliferate weakly when stimulated by cross-linking
of the CD3yTCR receptor. In contrast, the Th2 clones (T3 and
P3) proliferate very well in response to CD3 stimulation alone,
with cpm values of .20,000 (Fig. 2). Only three of the eight
Th0 clones (T10, T14, and T15) proliferate to CD3 stimulation.
We have therefore divided the Th0 clones into two subsets,
Th0-type A (P1, P2, P4, P7, and P13) and Th0-type B (T10,
T14, and T15).
Th2 and Th0-Type B Cells Are Resistant to AICD When

Activated Through the TCRyCD3 Complex. To determine why
the Th1 and Th0-type A clones do not proliferate in response
to CD3 stimulation, we examined the ability of the clones to
undergo AICD (7–9). We have employed an ELISA that
correlates with the DNA ladder technique for detecting apo-
ptosis. We tested the panel of T cell clones described in Fig. 1
for their ability to undergo AICD following ligation of the
CD3yTCR complex. All of the Th1 and Th0-type A clones
underwent AICD when stimulated with antibodies to CD3
alone. In contrast, the Th2 clones and the Th0-type B clones
were resistant to apoptosis (Fig. 3a). Two Th0 clones, P2
(AICD sensitive) and T15 (AICD resistant), were further

FIG. 1. Cytokine profiles of T cell clones. Clone 59.5 is mycobac-
terial-specific and generated from a tuberculoid leprosy patient (21).
PPD and TT-reactive clones were generated from immunized donors,
and are distinguished by the prefix P and T, respectively. Clones T1,
T3, T10, T14, and T15 were derived from a tetanus toxoid-reactive
donor. Clones P3, P4, P7, and P2 were derived from a normal
individual who is PPD-reactive. Clone P13 was generated from another
PPD-reactive normal individual.

FIG. 2. Proliferative responses of T cell clones to antibodies to
CD3. T cell clones (1 3 104) were stimulated by immobilized anti-
bodies to CD3. Proliferation was measured at 72 hr by incorporation
of an 8-hr pulse of [3H]thymidine. Data are presented as counts per
min (cpm).
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tested for apoptosis as a duration of CD3 stimulation. There
was a time dependent increase in apoptotic activity in clone P2
(Fig. 3b). DNA fragmentation is an early event in apoptosis,
whereas cell membrane disintegration occurs later; therefore,
the apparent decrease of apoptotic activity in clone P2 at 19 hr
is due to complete cell lysis (Fig. 3b). No apoptosis was
observed in the T15 clone at any time (Fig. 3b), ruling out a
temporal delay in the induction of apoptosis in the resistant
clones.
Role of a Fas–FasL Pathway in AICD to CD3 Stimulation.

To test for a Fas–FasL pathway of AICD (7–9), induction of
apoptosis was carried out in three AICD-sensitive clones (59.5,
T17, and P4), in the presence or absence of a Fas–Fc fusion
protein that blocks Fas–FasL interaction. Apoptosis is sub-
stantially inhibited by the presence of the fusion protein (Fig.
4a), indicating a role for a Fas–FasL pathway in the AICD-
sensitive clones. It has been observed that resistance of
Th2-type clones to AICD is associated with decreased expres-
sion of FasL (28–30). However, by immunofluorescence, we
observed no differences in the expression of either FasR or
FasL between AICD-resistant (P3, T3, T10, T14) and sensitive
clones (59.5, T17, P2, and P13) (Fig. 4b). To further determine
if the FasL expressed by the resistant clones is functional we
carried out a bystander cytotoxicity assay. TwoAICD-resistant

(T3 and T15) and two-susceptible (P2 and P13) clones were
either stimulated with anti-CD3 antibodies to induce FasL
expression or left untreated. The clones were then tested for
their ability to induce DNA fragmentation in Jurkat T cells
that constitutively express only the FasR and not the FasL
(data not shown). As shown in Fig. 4c all four clones, following
activation, demonstrated a dose-dependent cytotoxicity for the
target Jurkat cells. Unactivated cells were not cytotoxic. When
Fas–Fc fusion protein was included in cultures containing a
target to effector ratio of 1:4, cytotoxicity was substantially
inhibited (Fig. 4c). These data indicate that the FasL expressed
by the apoptosis-resistant T cell clones is functional, since it is
able to ligate the FasR on the target Jurkat cells and induce
their apoptosis.
Both AICD-Susceptible and -Resistant Clones Undergo

Apoptosis When FasR Is Directly Ligated. Since AICD is
Fas-mediated in this system, we hypothesized that the AICD-
resistant clones would also be resistant to apoptosis when their
FasR was directly ligated by anti-Fas antibodies. Contrary to
what we expected, the Th2 and Th0-type B clones were
susceptible to apoptosis when the FasR was directly ligated by
soluble anti-Fas antibodies. As shown in Fig. 5a, clones T3
(Th2-type) and T15 (Th0-type B) were resistant to apoptosis
when stimulated with anti-CD3 antibodies. However, in the
presence of anti-Fas antibodies alone, both these AICD-
resistant clones underwent apoptosis. In parallel, we examined
apoptotic responses of two AICD-sensitive Th0-type A clones
(P2 and P13) to anti-CD3 and anti-Fas antibodies. As ex-
pected, both clones exhibited high apoptotic activity when
stimulated with either anti-CD3 or anti-Fas antibodies.
Activation Through TCRyCD3 Complex-Induced Resis-

tance of Th2 Cells to Fas-Mediated Apoptosis.We next tested
if signals generated through the TCRyCD3 receptor were
affecting the sensitivity of the Th2 and Th0-type B cells to
FasR ligation. Stimulation of Th2 and Th0-type B clones with
anti-CD3 for 30 min prior to addition of soluble anti-Fas
antibody induced resistance to apoptosis. As shown in Fig. 5b,
anti-CD3 stimulation alone did not induce apoptosis in clones
T3 and T14. In the presence of Fas antibodies significant
apoptosis was observed in both clones. However, prior stim-
ulation with anti-CD3 antibodies abrogated apoptosis induced
by the Fas antibodies (Fig. 5b). In the AICD-sensitive clone
P13, CD3-stimulation was not able to induce resistance to
apoptosis by anti-Fas antibodies (Fig. 5b).

DISCUSSION

Our study suggests that fundamental regulatory differences
exist between Th1- and Th2-type cells in response to CD3-
receptor ligation. Th1 clones undergo AICD when stimulated
with antibodies to CD3. In contrast, Th2 clones resist AICD.
Several in vivo studies have demonstrated that after encounter
with either superantigens (31–33) or specific antigens (34, 35),
the majority of activated T cells are deleted by AICD. How-
ever, it has been consistently observed in these systems that the
deletion is never complete. Relevant to our observations, the
residual cells that are not deleted after in vivo activation
express a high level of Th2-type cytokines, indicating that Th2
cells are resistant to AICD even in vivo (36).
The Th0 clones tested include both AICD-sensitive and

-resistant clones, raising an intriguing possibility that acquisi-
tion of an AICD-resistant or -susceptible phenotype precedes
commitment to the Th1 or Th2 subset. Th1 cytokines, includ-
ing TNF-a (3) and IFN-g (37, 38), induce apoptosis in T cells.
That all the Th0 clones that we have tested produce TNF-a and
IFN-g and can nevertheless be subdivided into susceptible and
resistant phenotypes, indicate that AICD in our system is
mediated by neither TNF-a nor IFN-g. Using Fas–Fc fusion
protein that prevents the ligation of FasL to FasR, we then

FIG. 3. (a) AICD in T cell subsets. T clones (4 3 104) were
stimulated with antibodies to CD3, and apoptosis was measured by
ELISA. (b) Kinetics of apoptosis induction. At appropriate time points
after CD3 stimulation, cells were harvested and assayed for apoptosis
by ELISA. Maximum apoptosis occurred between 8–12 hr poststimu-
lation.
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demonstrated that in Th1 and Th0-type A cells AICD was
mediated via Fas–FasL interaction.
There is some evidence to suggest that Th1 cells express

elevated levels of FasL and are sensitive to AICD, whereas Th2
cells do not express FasL and are AICD resistant (28).
However, other reports demonstrate the expression of FasL on
both Th1 and Th2 cells (39). In our system the resistance of
Th2 and Th0-type B clones to AICD is not due to lack of
expression of either FasR or FasL, since both the apoptosis
sensitive and resistant clones express equivalent amounts of
both FasR and FasL. In addition, we also show that the FasL
expressed by the resistant clones is functional. Consequently,
we hypothesized that the Fas signal transduction pathway was
impaired in the AICD-resistant clones. However, direct liga-
tion of the FasR induced apoptosis in the AICD-resistant
clones. These results were initially surprising, since it appeared
paradoxical that AICD-resistant clones would be susceptible
to Fas-mediated apoptosis. We then made the observation that
activation through TCRyCD3 complex induced resistance in
the Th2 and Th0-type B clones to Fas-mediated apoptosis.
These data indicate that in AICD-susceptible clones the signal
for apoptosis is generated on ligation of the FasR. However,
in the resistant clones (Th2 and Th0-type B) the death signal
that is transmitted following ligation of Fas to its receptor is
prevented when the cells are simultaneously activated through
their TCRyCD3 complex. Consistent with our observations,
apoptosis of naive spleen cells induced by soluble Fas ligand
can also be prevented by prior activation of the cells with mAbs
to CD3yTCR complex (40). In Th1 and Th2 cells, CD3yTCR
complex selectively engages different intracellular biochemical
signaling pathways (41). This may explain why CD3 stimulation
provides resistance to Fas-mediated apoptosis only in Th2 and
Th0-type B clones.
The FasR-mediated signal transduction pathway leading to

apoptosis is initiated by trimerization of the receptor (42). This
is followed by sequential recruitment of two proteins to the
receptor, a Fas-associating protein with death domain
(FADD) and a cytosolic protease designated FLICE (43).
Activation of FLICE leads to the characteristic structural
changes in the cell leading to apoptosis. Bcl-2 and Bcl-xL
proteins are potent inhibitors of apoptotic cell death induced
by several stimuli, including FasR (44–46). Only recently has
the molecular link between the Bcl-2 family of anti-apoptotic
proteins and FLICE been described. Bcl-2 interacts with and
modulates CED-4 (or its mammalian equivalent) which in turn

P2, P13, T10, and T14) were stimulated with anti-CD3 antibodies in the
presence (for FasL) or absence (for FasR) of 25 mM of the metal-
loprotease inhibitor KB8301. Addition of KB8301 prevents FasL
cleavage, resulting in high levels of cell surface expression of FasL
After 3 hr the cells were washed in PBS containing 2% serum and
reacted with biotinylated antibody to FasR (C) or to the FasL (B)
(PharMingen) or no antibody (A) for 45 min at 48C. Cells were washed
and developed with streptavidin-conjugated phycoerythrin (PE) for 30
min at 48C. Immunofluorescence was measured by an electronically
programmable individual cell sorter flow cytometer. Data are pre-
sented as percentage of T cells that are positive for FasR and FasL
expression. The Figure includes representative fluorescence-activated
cell sorter profiles of an AICD-resistant and -susceptible clone. (c)
Bystander activation-induced cytotoxicity. Target cells (Jurkat T cells
expressing Fas constitutively) were labeled with [3H]thymidine (10
mCiyml). Anti-CD3-activated (filled symbols) or untreated (open
symbols) effector cells (P2, T3, P13 and T15) were combined with 23
104 labeled targets at target to effector ratios of 1:2, 1:4, and 1:6,
respectively. Eight hours later unfragmented-high-molecular-weight
DNA was harvested and radioactivity was measured in a scintillation
counter. Data are expressed as percent specific cytotoxicity and are
representative of one of two individual experiments. Cytotoxicity for
Jurkat T cells by effector cells was also carried out in the presence of
10 mgyml of Fas–Fc fusion protein at the target to effector ratio of 1:4
(represented as E)

FIG. 4. (a) AICD is inhibited by Fas–Fc fusion protein. Apopto-
sis-sensitive clones 59.5, P4, and T17 were stimulated with anti-CD3
antibodies in the absence (h) or presence (■) of 10 mgyml of Fas–Fc
fusion protein and assayed for apoptosis by ELISA. Fusion protein
Fas–Fc is composed of human Fas and a human immunoglobulin
constant region. (b) Expression of FasR and FasL on subsets of T cell
clones. For immunofluorecence, 1 3 106 T clones (59.5, T17, P3, T3,
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binds FLICE. In the absence of Bcl-2 binding, CED-4 can
activate FLICE resulting in apoptosis (47, 48). Based on the
above model of the FasR signal transduction pathway, several
testable predictions can be made for the ability of a subset of
T cells to resist AICD. In AICD-resistant clones, CD3 stim-
ulation could prevent oligomerization of the FasR, or inhibit
recruitment of either FADD or FLICE to the FasR. Alterna-
tively, CD3 stimulation may differentially up-regulate Bcl-2
and Bcl-xL genes in the AICD-resistant and susceptible clones
(44, 45). FasR ligation also results in the hydrolysis of sphin-
gomyelin to generate ceramides (49, 50) that is associated with
activation of proteases. CD3 stimulation could interfere in the
generation of ceramides in the AICD-resistant clones.
The differentiation and maintenance of T cell subsets is

influenced by the strength of the activation signal that is
generated from the antigen-presenting cell in association with
its costimulatory molecules (51). Several experiments have
suggested that both Th1 and Th2 cells require costimulation,
during their differentiation (52, 53), but once established Th2

cells are less dependent on costimulation than Th1 cells (54).
Thus, altering the signals generated through CD3yTCR liga-
tion, either with different doses of anti-CD3 antibodies, or by
coligating the CD28 molecule could alter the responses of Th1
and Th2 cells to AICD. Intracellular pathogens modify acces-
sory cell functions and it is conceivable that antigen presen-
tation by these modified macrophages alters the strength of the
activation signal. For example, lipoarabinomanan, a mycobac-
terial-specific lipid that is secreted in large amounts by the
bacteria can down-regulate antigen presentation functions of
macrophages (55). Macrophages derived from the granulomas
of schistosome-infected mice express reduced amounts of the
costimulatory molecule B7, and specifically induce anergy in
cells of the Th1-type (56). Thus, absence or presence of
reduced costimulation could lead to preferential anergy and
apoptosis of Th1 cells.
The biological relevance of the differential ability of Th1 and

Th2 subsets of T cells to undergo AICD is underscored by the
ability of the T cell subsets to influence disease outcome (22,
24). Th1 response is associated with protection from intracel-
lular pathogens such as leishmania, while Th2 response results
in exacerbation of disease (22). In contrast, preferential acti-
vation of Th1 response is central to the pathogenesis of many
autoimmune diseases (57, 58) and Th2 immune response is
associated with disease resistance (59). Many recent studies
implicate a role for Fas–FasL pathway in the peripheral
deletion of autoimmune T cells (60, 61). The data presented
here suggest that increased susceptibility of Th1 type cells to
AICD may be a protective mechanism of the host to delete
potentially autoreactive T cells. On the other hand in chronic
infections parasites exploit this to preferentially eliminate Th1
cells and switch a protective Th1 immune response to a
pathogenic Th2 response. Thus, AICD may play a significant
role in the suppression of Th1-dependent effector functions,
thereby providing a new paradigm to explain the switch from
Th1 to Th2-type cytokines, that is associated with many
chronic infections (18, 21, 62–64). We have established a
framework to further examine the molecular mechanisms
regulating subset-specific AICD, that in the future may pro-
vide targets for therapeutic intervention in diseases where T
cell apoptosis is dysregulated.
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