
Engagement of the TCR can lead to a variety of conse-
quences, such as cell proliferation, clonal anergy (1-3),

and programmed cell death (4, 5) . These consequences are
critical for clonal selection, providing responses to nonself
while preserving self-tolerance. Thus, the mechanisms that
determine which of these responses will result are an essen-
tial component of self-nonself discrimination by T cells . In
this report, we show that antiTCR/CD3 stimulation in the
absence of costimulatoryy signals leads to cell death of Thl
clones, and that IFN-y plays a critical role in this process .
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Summary
We have used anti-T cell monoclonal antibodies (mAbs) as mimic ligands to study the effects
of T cell receptor (TCR) ligation of cloned T helper type 1 cells in the presence or absence
of accessory cells. Our results demonstrate that ligation of the TCR in the absence of accessory
cells rapidly induces cell death . Cell death can be prevented by addition of spleen adherent cells,
leading to strong clonal expansion . Induced cell death is inhibited by rclosporin A and by
anti-interferon y (IFN-y), and is restored by adding exogenous recombinant IFN-y to ryclosporin
A-treated cells . These results demonstrate that IFN-y plays a critical role in cell death induced
by antiTCR mAbs in the absence of costimulatory cells. We propose that induced cell death
of active effector T cells provides a third mechanism oftolerance in addition to intrathymic deletion
of developing autoreactive T cells and peripheral inactivation of mature, naive T cells.

Mice, Antibodies, and Cells.

	

BALB/cByJ mice were purchased
from TheJackson laboratory (Bar Harbor, ME) . Adult mice of >6
wk of age were used . mAbs specific for Thy-1 (Y19) and CD3 e
chain (YCD3-1) were prepared in this lab and have been described
previously (6, 7) . mAbs specific for all TCR-tx//3 (H57-597) were
kindly provided by Dr. Ralph Kubo (8) (National Jewish Center
for Immunology and Respiratory Medicine, Denver, CO) . mAbs
to 11,2 (S4B6.34) (9) and IFN-'y (XMG 1.2) (10) were kindly
provided by Dr. Tim Mosmann (University of Alberta, Edmonton,
Canada) . All antibodies were purified from hybridoma superna-
tant through a protein G-Sepharose column (Pharmacia Fine Chem-
icals, Piscataway, NJ) .
The cloned Thl cells 5 .9 were prepared in this laboratory and

have been described (11) . This clone was derived from BALB/cByJ
mice and recognizes OVA presented by I-Ad .

Proliferation Response of T Cell Clones to 11,2 in the Presence of
Crosslinked AntiTCR/CD3 mAb mAbs were diluted in PBS and
incubated in 96-well flat-bottomed tissue culture plates (40 jiI/well)

for 2 h at 37°C . At the end of the incubation, the plates were
washed three times with Click's Eagle's Hank's amino acid (EHAA;
Irvine Scientific, Santa Ana, CA) medium containing 5% FCS.
Cloned T cells (2 x 10'/well) were cultured in the presence of
murine rIL2 (50 U/ml) for 42 h . These cultures were pulsed with
1 PCi [3H]TdR for an additional 6 h and [ 3H]TdR incorporation
was determined .

Evaluation ofCellDeath by Trypan BlueExclusionandbyFlow Cytom-
etry with Propidium Iodide-Stained Cells. T cell clones were incubated
in 96-well plates coated with anti-T cell mAb (5,ug/ml) or medium
controls for 16-20 h . The cells were harvested by pipetting and
diluted 1 :2 with 0.1% trypan blue in PBS. The live and dead cells
were counted in a hemocytometer. The percentage of specific cell
death was calculated according to the following formula . Percent
specific cell death = 100 x (percent dead cells in sample - percent
dead cells in medium)/(100% - percent dead cells in medium) .

For FACS analysis of cell death, T cell clones were suspended
in Click's EHAA medium containing 5% FCS at a density of 3
x 105/ml . This cell suspension was incubated in 24-well tissue
culture plates (1 ml/well) that were precoated with anti-T cell mAb
(5 hg/ml) at 37°C in humidified air containing 5%C02. Cells
were harvested after a 16-h incubation, washed once with PBS,
and suspended in PBS containing propidium iodide (2 jig/ml) . The
fluorescence intensity was determined with a FACS 440 (Becton
Dickinson & Co., Mountain View, CA) .

Results and Discussions
Crosslinking the TCR on Th1 Clones in the Absence ofCo-

stimulatory Signals Induces Cell Death . Proliferation of clone
5 .9 to anti-CD3/TCR mAbs requires both crosslinking
antibodies and costimulatory signals from accessory cells.
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Figure 1 .

	

Induction of cell death of 5 .9 cells by anti-T cell mAbs. Data
shown are percentages of specific cell death as determined by trypan blue
exclusion of clone 5 .9 cells 24 h after stimulation in plates coated with
5 Wg/ml ofmAb. Similar data were obtained when T cells were stimulated
with 0.05 ug/ml of mAb.

Plastic-adsorbed antiTCR and anti-CD3 mAb do not induce
proliferation in the absence of accessory cells (data not shown) .
However, these mAbs do induce death of clone 5.9 cells as
determined by trypan blue dye exclusion after 16 h of culture
(Fig. 1), fluorescence-activated cell sorter (FACS is a regis-
tered trademark of Becton Dickinson and Company) staining
with propidium iodide (Fig. 2), and loss of responsiveness
to 11r2 (Fig. 3) . As shown in Fig . 1, -65-70% of specific
cell death was recorded by trypan blue dye exclusion . When
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Figure 3 .

	

Inhibition of proliferation to 11:.2 (50 U/ml) of 5 .9 cells by
various amounts of plate-bound antiTCR/CD3 mAb. Data shown are
means of duplicates from a 48-h assay.

5 .9 cells were stained with propidium iodide, anti-CD3
mAb-treated cultures contained a significant proportion of
brightly stained cells (ti18%), while antiThy-1- or medium-
treated cells contained <7% of brightly stained cells (Fig.
2) . Furthermore, there is a marked reduction in the viable
cells from anti-CD3-coated wells as determined by forward
scatter, suggesting that some dead cells do not stain with
propidium iodide .

Another manifestation of cell death is the loss of respon-
siveness to 11x2 (Fig . 3) . T cells cultured with medium or

Figure 2.

	

Analysis of cell death by flow cytometry. 5 .9 cells were cultured with plate-coated anti-CD3 mAb (5 ug/ml) for 24 h, and cells recovered
were stained with propidium iodide (2 ttg/ml) to show dead cells.



Figure4.

	

Rescue of proliferation of clone 5.9 to IL2 by accessory cells .
TheT cells (2 x 10 4/well) were cultured with IL2 (50 U/ml), given con-
centrations of plate-bound anti-CM mAb, in the presence (shaded ban)

or absence (solid bars) of mitomycin C-treated, T-depleted spleen cells
(105/well) for 48 h, and proliferation was determined by 13H]TdR incor-
poration . Proliferation of mitomycin C-treated, Tdepleted spleen cells is
always <1,000 cpm.

with plates coated with antiThy-1 mAb proliferate in response
to exogenous IIr2, while such proliferative responses were
significantly inhibited in the presence of plate-bound anti-
CD3 or antiTCR mAb. A similar level of cell death was
observed in all of five other Thl clones tested, but not in
any of the Th2 clones tested (data not shown) . Thus, the
TCR ligation, which induces clonal expansion ofcloned Thl
cells in the presence of accessory cells (data not shown), in-
duces cell death when presented without accessory cells.

Accessory Cells Prevent Induced Cell Death.

	

The loss of
proliferation in response to IIr2 provides a second quantita-
tive assay for the death of Thl clones . To test if accessory

Specific cell death
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Inhibition of cell death by anti-IFN-y mAb. 5.9 cells (2 x
104/well) were cultured with plate-bound anti-CD3 mAb (5 hg/ml) in
the presence of anti-IFN-y and anti-IIT2 mAbs (200 ug/ml), andcell death
was determined at 16 h by trypan blue exclusion.

cells could rescue the Thl clones from death inducedby anti-
CD3 mAb, we measured the proliferation of the Thl clone
5.9 to IIr2 in the presence or absence of anti-CD3 mAb and
T-depleted spleen adherent cells. As shown in Fig. 4, the
proliferative response of clone 5.9 to exogenous 1172 was in-
hibited by plate-coated anti-CD3 mAb, and the degree of
inhibition is proportional to the concentration of anti-CD3
mAb added . This inhibition is reversed by the addition of
spleen-adherent cells .

The Induction of Cell Death in Cloned TO Cells Requires
Production ofIFN-y. To analyze the mechanism of anti-
CD3/TCRinduced cell death, cyclosporin A (CsA) was added
to cultures of clone 5.9 cells . As seen in Fig. 5, CsA sig-
nificantly inhibits the death of cloned Thl cells induced by
anti-CD3 .

Because CsA inhibits cell death induced by anti-CD3, a

Figure 5.

	

Inhibition ofanti-CD3-induced cell
death by C&A and restoration of cell death by
rIFN-y . 5.9 cells (2 x 104/well) were cultured,
with plate-bound anti-CD3 mAb (5 Fog/ml) and
C&A (100 ng/ml) for 24 h, and cell death was de-
termined by trypan blue e=lusion. IFN-y (1,000
U/ml) was added at the beginning of culture.
Specific cell death of clone 5.9 is -0.4% when
treated with CsA (100 ng/ml) and IFN-y (1,000
U/ml) in the absence of anti-CD3 .



possible role ofcytokines in the induced death ofcloned Thl
cells was examined . As we can detect a large amount of IL-2
(100 U/ml) and IFN-y (1,000 U/ml) in anti-CD3-induced
clone 5.9 supernatants, we tested the ability of anti-IL-2 and
anti-IFN-y mAbs to inhibit cell death . As shown in Fig . 6,
anti-IFN-y mAb inhibits cell death induced by anti-CD3,
while anti-IL2 mAb has no effect . Similarly, anti-IFN-y mAb
reversed the inhibition of IL2 responsiveness induced by anti-
CD3 mAb (data not shown) . The role ofIFN-y was confirmed
by reconstitution experiments, which demonstrate that IFN-'y
restored cell death that had been inhibited by CsA (Fig. 5),
and also reconstituted inhibition ofIL2 responsiveness (data
not shown) . Thus, IFN-y appears to be required for this re-
sponse. Its removal by anti-IFN-y prevents cell death, and
its provision to Thl cells blocked by CSA restores cell death.
However, IFN-y alone is not sufficient for cell death, since
IFN-y treatment of unstimulated clone 5.9 cells is not cyto-
toxic, and IFN-y is produced in large amounts when clone
5.9 is stimulated by anti-TCR mAb and accessory cells, which
does not cause cell death . Further experiments show that the
missing factor is not a cytokine, as anti-CD3-stimulated 5.9
supernatant can induce death of CsA-treated 5.9 cells only
in the presence of crosslinked anti-CD3 (data not shown) .

In summary, our results demonstrate that TCR crosslinking

References

induces death of Thl clones unless costimulatory cells are
present. The mechanism of Thl cell death may resemble that
of TT hybridomas reported previously by Ashwell and co-
workers (12, 13) . There are, however, two clear differences
in our results . First, one can not examine signals required
for clonal expansion as opposed to cell death of TT hybrid-
omas, and indeed, T cell hybrids are not rescued by addition
of costimulatory cells. Second, the role ofIFN-y has not been
addressed in studies by Ashwell and coworkers (12, 13) . As
lack of costimulatory signals is a characteristic of nonlym-
phoid tissue cells (14), our finding that ligation of the TCR
in the absence ofcostimulatory signals leads to cell death of
effector T cells suggests that such processes may play a role
in eliminating activated effector T cells specific for tissue an-
tigens. Furthermore, the requirement for IFN-y in this pro-
cess implies that this proposed self-tolerance mechanism is
likely to apply to activated T cells rather than naive T cells .
We speculate that the induced death of effector T cells reported
here provides a third mechanism ofimmune tolerance, which,
together with clonal deletion of developing T cells in the
thymus (15) and clonal anergy of naive T cells in theperiphery
(1-3), serves to eliminate autoreactive T cells . These issues
are discussed more fully elsewhere (16) .

This work was supported by National Institutes of Health grant AI-26810 to C . A . Janeway. Y Liu is
a recipient of an Irvington post-doctoral fellowship .

Address correspondence to Charles A. Janeway, Jr., Section ofImmunobiology, 424 FMB, Yale University,
310 Cedar Street, New Haven, CT 06510.

Received for publication 24 May 1990 and in revisedform 11 September 1990.

1 . Jenkins, M.K ., D.M. Pardoll, J. Mizuguchi, H . Quill, and R.H.
Schwartz . 1987 . Tcell unresponsiveness in vivo and in vitro :
fine specificity of induction and molecular characterization of
the unresponsiveness state. Immunol. Rev. 95 :113 .

2 . Burkly, L ., D . Lo, O. Kanagawa, R.L . Brinster, and R.A .
Flavell . 1989 . T cell tolerance by clonal anergy in transgenic
mice with nonlymphoid expression ofMHC class II, I-E . Na-
ture (Lond.). 342:562 .

3 . Morahan, G., J . Allison, and J . F.A.P. Miller. 1989 . Tolerance
of histocompatibility antigens expressed extrathymically. Na-
ture (Lon4 339:622 .

4 . Smith, C.A., G.T. Williams, R . Kingston, E .J . Jenkinson, and
JJT Owen . 1989. Antibodies to the CD3/T cell receptor com-
plex induce apoptosis (controlled cell death) in immature T
cells in thymic culture. Nature (Lond.). 337:181.

5 . Matsubara, H., H . Kosaka, S. Sogo, S . Maruo, S . Sugihara,
Y Asano, Y Kohno, M. Kimoto, G. Suzuki, K. Ishimura,
H . Fujita, T Hamaoka, and H. Fujiwara. 1990 . T cell clones
are killed by a thymic stromal cell monolayer following stimu-
lation of T cell receptor with antigen and/or H-2 molecules
on the monolayer. Inc. Immunol. 2:755 .

6 . Jones, B. 1982 . Functional activities ofantibodies against brain

1738

	

Interferon .y Plays a Critical

7 .

8 .

9 .

associated T cell antigens. II . Stimulation of T cell induced
B cell proliferation . Eur. J. Immunol. 12:30.
Portoles, P, J . Rojo, A. Golby, M. Bonneville, S. Gromokowski,
L . Greenbaum, C.A . Janeway, Jr., D.B. Murphy, and K. Bot-
tomly. 1989 . Monoclonal antibodies to murine CD3e define
distinct epitopes, one of which mayinteract with CD4 during
T cell activation . J. Immunol. 142:4169 .
Kubo, RT, W Born, J.W. Kappler, P Marrack, and M. Pi-
geon . 1989 . Characterization ofa monoclonal antibody which
detects all murine «R T cell receptors .J. Immunol. 142:2736 .
Mosmann, TR., H . Cherwinski, MW Bond, M.A . Giedlin,
and R.L . Coffman . 1986 . Two types of murine T cell clones .
I . Definition according to profiles oflymphokine activities and
secreted proteins. ,.J. Immunol. 136:2348 .
Finkelman, F., I.M . Katona, TR. Mosmann, and R.L . Cof
man . 1988 . Inteferon-y regulates the isotypes of Ig secreted
during in vivo humoral immune response] Immunol. 140:1022 .
Conrad, P., and C.A . Janeway, Jr. 1984 . The expression of
I-Ed molecules in Fl hybrid mice detected with antigen-
specific, I-Ed-restricted cloned T cell lines. Immunogenetics .
20:311 .
Mercep, M., J.A . Bluestone, P.D. Nogushi, and J.D . Ashwell .12 .

Role in Induced Effector T Cell Death



1988. Inhibition of transformed T cell growth in vitro by mono-
clonal antibodies directed against distinct activating molecules .
J. Immunol. 140:324 .

13 . Mercep, M., P.D . Noguchi, andJ.D. Ashwell. 1989 . The cell
cycle block and lysis of an activated T cell hybridoma are dis-
tinct processes with different Cal' requirements and sensi-
tivity to cyclosporine A. Science (Wash. DC). 142:4085.

14 . Lafferty, K.J., S.J . Prowse, and C.J . Simeonovic. 1983 . Im-
munobiology of tissue transplantation : a return to passenger

1739

	

Liu and Janeway

leukocyte concept. Annu . Rev. Immunol. 1:143 .
15 . Kappler, J.W., N. Roehm, and P. Marrack. 1987 . T cell toler-

ance by clonal elimination in the thymus . Cell. 49:273 .
16 . Janeway, Jr . C.A ., and Y Liu. 1990 . Activation-induced cell

death effector T cells: a third mechanism of immune toler-
ance? In Molecular Mechanism of Immunological Self
recognition . F. Alt and H.J . Vogel, editors. Academic Press,
San Diego, CA. In press.


