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Acute viral infections induce immune deficiencies, as shown by unresponsiveness to mitogens and unrelated
antigens. T lymphocytes isolated from mice acutely infected with lymphocytic choriomeningitis virus (LCMV)
were found in this study to undergo activation-induced apoptosis upon signalling through the T-cell receptor
(TcR)-CD3 complex. Kinetic studies demonstrated that this sensitivity to apoptosis directly correlated with the
induction of immune deficiency, as measured by impaired proliferation in response to anti-CD3 antibody or to
concanavalin A. Cell cycling in interleukin-2 (IL-2) alone stimulated proliferation of LCMV-induced T cells
without inducing apoptosis, but preculturing ofT cells from acutely infected mice in IL-2 accelerated apoptosis
upon subsequent TcR-CD3 cross-linking. T lymphocytes isolated from mice after the acute infection were less
responsive to IL-2, but those T cells, presumably memory T cells, responding to IL-2 were primed in each case

to die a rapid apoptotic death upon TcR-CD3 cross-linking. These results indicate that virus infection-induced
unresponsiveness to T-cell mitogens is due to apoptosis of the activated lymphocytes and suggest that the
sensitization of memory cells by IL-2 induced during infection will cause them to die upon antigen recognition,
thereby impairing specific responses to nonviral antigens.

Many acute or persistent infections caused by viruses
such as measles virus, cytomegalovirus, Epstein-Barr virus
(EBV), and human immunodeficiency virus (HIV) suppress
the host's immune responses. This is demonstrated by the
inability of lymphocytes to respond to the mitogenic lectins
concanavalin A (ConA), phytohemagglutinin, and pokeweed
mitogen or to specific protein antigens (9, 22, 29). Patients
suffering from measles virus infection have long been known
to have suppressed skin responses and immunological activ-
ity against tuberculin, Candida albicans, and diphtheria
toxoid, and acute virus infections predispose individuals to a
secondary infection by another pathogen. The focus of much
current interest has been on the immunosuppressive nature
of HIV. Long before the symptoms of AIDS evolve, the
response of HIV-infected individuals to a variety of T-cell
mitogens is reduced, and their anamnestic responses to
antigens such as tetanus toxoid are severely impaired (9).
A variety of mechanisms for virus-induced immune sup-
pression have been proposed, including the generation of
suppressor T cells, production of prostaglandins by macro-
phages, the encoding or direct induction of immunosuppres-
sive cytokines by viruses, and the direct lysis or dysfunction
of lymphoid cells caused by virus infection or virus-encoded
proteins (29).

Recent studies have shown that subtle differences in
intracellular signalling induced by growth factors, cytokines,
or other cell surface interactions may determine productive
versus abortive lymphocyte activation, resulting in a char-
acteristic mode of programmed cell death known as apopto-
sis (7). During ontogeny, programmed cell death is believed
to be involved in the shaping of the mature peripheral
lymphocyte repertoire (14, 25, 36, 45); experiments in vari-
ous T-cell receptor (TcR) or B-cell receptor transgenic mice,
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in which the lymphocyte antigen receptors are specific for a
defined antigen, have shown the exquisite sensitivity of
immature lymphocytes to die apoptotically upon antigen
receptor cross-linking by the specific antigen and hence be
deleted in vivo (10, 27, 40). For example, T-cell tolerance to
the male minor histocompatibility antigen, H-Y, in male
mice carrying an anti-H-Y TcR is achieved by deletion via
apoptotic death in the thymus (38). Recent work in some
systems suggests that mature T lymphocytes in the periph-
ery may also be susceptible to apoptotic cell death upon
activation through their TcR (activation-induced cell death)
(6, 16, 28, 42). T-cell hybridomas undergo growth arrest and
die by apoptosis upon activation through their TcR with
antireceptor antibody or specific antigen (3, 35). In addition,
T cells from TcR transgenic mice stimulated in vitro with
antigen die apoptotically when their antigen receptors are
subsequently cross-linked with antibody to the TcR-CD3
complex (30). The VP-specific immune response to both
exogenous (bacterial) and endogenous (retroviral) superan-
tigens results in the apoptotic death of the responding T
lymphocytes subsequent to an antigen-mediated expansion
in vivo (15, 46). CD5 B cells in the peritoneal cavity of mice
carrying an erythrocyte-specific immunoglobulin M trans-
gene are induced to die apoptotically upon antigen exposure
(24). The mechanism(s) and immunological consequences of
this activation-induced cell death of lymphocytes in the
periphery are not well understood.

Recently, it has been shown that T lymphocytes from
individuals with HIV or EBV infection are conditioned in
vivo to die by apoptosis in vitro (9, 22, 43). It is thus possible
that a major and universal mechanism of virus-induced
immune deficiency may be the stimulation of T cells into
apoptotic death upon antigenic challenge. To address this
question, we have examined the well-defined acute lympho-
cytic choriomeningitis virus (LCMV) infection of the mouse.
The LCMV infection results in a characteristic antiviral
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T-cell response that is concomitantly associated with a
transient immune deficiency (12, 23, 29, 31, 32), character-
ized by a failure of lymphocytes to proliferate in response to
mitogens and by impaired cellular and humoral immunity to
unrelated protein antigens. We show here that the induction
of immune deficiency in LCMV-infected mice correlates
with the generation of the T-cell response to the acute
infection and with the concomitant sensitivity of the T cells
to undergo apoptosis upon stimulation through their TcR-
CD3 complex. This phenomenon is greatly accelerated by
preculture of the T cells in interleukin-2 (IL-2), which could
sensitize memory T cells, specific for nonviral antigens, for
apoptotic death.

MATERIALS AND METHODS

Infection of mice. Six- to twelve-week old C57BL/6J male
mice, obtained from The Jackson Laboratory (Bar Harbor,
Maine), were used in all experiments. Mice to be infected
received 2 x 104 PFU of LCMV-Armstrong by intraperito-
neal injection.

Cell preparations. Mice were sacrificed by cervical dislo-
cation, and spleens were aseptically removed. Single cell
splenocyte suspensions were prepared by grinding spleens
between glass slides and hypotonic lysis of erythrocytes with
0.8% ammonium chloride and then resuspended in RPMI
1640 medium (Sigma Chemical Co., St. Louis, Mo.) contain-
ing 5% fetal calf serum (Sigma), 100 U of penicillin G per ml,
100 ,ug of streptomycin sulfate per ml, 2 mM L-glutamine, 5
x 10-5 M 2-mercaptoethanol (Sigma), 0.1 ,M sodium pyru-
vate (GIBCO), 0.1 mM nonessential amino acids (GIBCO),
and 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid (HEPES). T lymphocytes were isolated from
splenocyte preparations by either of two methods. (i) For the
method using nylon wool columns, 1.5 x 108 splenocytes
were loaded onto a nylon wool column equilibrated for 30
min at 37°C in RPMI medium. Incubation was continued for
45 min at 37°C, and then nonadherent cells were eluted with
warm RPMI medium. (ii) For antibody and complement
depletion, granulocytes and B cells were removed from
splenocyte suspensions by antibody Jlld and complement
treatment. Jlld was used at 1 ml of undiluted culture
supernatant per 2 x 107 cells. Cells were incubated in
antibody for 30 min on ice and then washed twice with RPMI
medium. Cells were then resuspended in rabbit complement
(Pel-Freez Clinical Systems, Brown Deer, Wis.), diluted 1/3
in RPMI medium at 0.5 ml/2 x 107 cells, and incubated for 1
h at 37°C with constant agitation. Cells were washed twice in
RPMI medium, dead cells were removed by density separa-
tion over Lympholyte-M (Cedarlane, Hornby, Ontario, Can-
ada), and cells were then washed twice with RPMI medium.

Splenic dendritic cells were isolated as described previ-
ously (20). Briefly, 1 x 108 to 2 x 108 splenocytes were
incubated in tissue culture dishes at 37°C for 2 h, and
nonadherent cells were washed off. The remaining adherent
cells were cultured overnight in medium alone, and nonad-
herent cells were subsequently aspirated off, washed, re-
counted, and used as a source of dendritic cells. Unless
otherwise stated, all splenic T-cell cultures were supple-
mented with 200 to 500 dendritic cells per well.

Reagents. ConA (Sigma) was added to cultures to a final
concentration of 2 ,ug/ml. Anti-CD3 monoclonal antibody
(MAb) was either an ascites fluid or an ammonium sulfate
cut of tissue culture supernatant from hybridoma 145-2C11
(17). Anti-CD3 MAb was either added directly to cultures at
a final concentration of 1/20 (vol/vol) or immobilized onto

plastic as follows. Plates were coated with anti-CD3 ascites
fluid at 1/200 dilution (in phosphate-buffered saline [PBS]) at
4°C overnight and washed extensively with PBS prior to use.
IL-2 (Cellular Products, Buffalo, N.Y., or Amgen, Thousand
Oaks, Calif.), when used, was added to cultures at 10 U/ml
(final concentration). When given, IL-2 concentration is
presented in Amgen units per milliliter. Cyclosporin A (CsA;
Sandoz, East Hanover, N.J.) was used at 200 ng/ml (final
concentration). The T-cell hybridoma 2R50.2 (41) was kindly
provided by David Parker, University of Massachusetts
Medical School, Worcester.

Proliferation assays. T cells were cultured at 106 cells per
ml in a 0.2-ml volume in flat-bottom 96-well plates (Costar,
Cambridge, Mass.), in triplicate or quadruplicate, with var-
ious stimuli for the indicated length of time. Cultures were
pulsed for the final 6 h of incubation with 1 ,uCi of [3H]thy-
midine (Amersham, Arlington Heights, Ill.) per well. The
contents of each well were harvested onto glass fiber filters,
and the incorporated radioactivity was determined on a 1205
BetaPlate liquid scintillation counter (Pharmacia LKB Nu-
clear Inc., Gaithersburg, Md.).
Flow cytometry. Cells undergoing apoptosis were identi-

fied by flow cytometry. The ability of cells to stain with the
dye propidium iodide (PI) coupled with simultaneous light
scatter analysis was used to identify dying cells (8, 13, 18, 34,
37). Unfixed cells, cultured variously in 48-well plates in a
1-ml volume, were stained with PI (added to a final concen-
tration of 20 ,ug/ml) in RPMI medium and analyzed immedi-
ately on either a FACS 440 (Becton Dickinson, San Jose,
Calif.) or FACStar Plus (Becton Dickinson). Data were
analyzed by using either the Cytomation software (Cytoma-
tion Corp., Fort Collins, Colo.) or PC-Lysys software (Bec-
ton Dickinson). Light scatter data are presented on linear
scales, and PI fluorescence is presented on a log scale.
Apoptotic cells were also identified by their orthogonal (side)
and forward light scatter, acquired and analyzed as de-
scribed above.
DNA fragmentation analrsis. A total of 106 cells were

labeled with 20 ,uCi of 1 I-iododeoxyuridine ('"I-IUdR;
ICN Radiochemicals, Irvine, Calif.) for 6 h at 37°C. Excess
isotope was washed off, the cells were recultured overnight,
and then cellular DNA were isolated and fractionated on
1.5% agarose gels as described previously (13). Gels were
dried and exposed to Kodak X-Omat autoradiography film
with intensifying screens at -70°C.

Centrifugal elutriation. Cells were separated on the basis
of size at 3,200 rpm, using a Beckman JE-6B elutriation
system (Beckman Instruments, Palo Alto, Calif.) as de-
scribed previously (4). Large blast-size cells were eluted at
flow rates above 28 ml/min, whereas small cells were eluted
at flow rates between 15 and 22 ml/min.

RESULTS

Apoptotic cell death of LCMV-elicited T lymphocytes upon
activation in vitro. Figure 1A shows the proliferative re-
sponse of splenic T lymphocytes, isolated from mice various
days after inoculation with LCMV, after activation in vitro
with various T-cell mitogens in the presence of added
dendritic cells from uninfected mice as a source of costimu-
latory signals to the T cells (19). The ability of the T cells
from the acutely infected animals to mount a proliferative
response to either ConA or MAb to the TcR-CD3 complex
(anti-CD3) was severely impaired. This deficiency in mito-
gen responsiveness was transient. A proliferative response
comparable to that of uninfected mice was obtained from T
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FIG. 1. Response of splenic T lymphocytes from mice infected 0, 6, 8, 10, or 17 days previously with LCMV to mitogens or IL-2. (A)

Response to ConA and soluble anti-CD3 MAb (aCD3 sol.) added to the culture without prior attachment onto plastic; (B) response to
recombinant IL-2 alone. Proliferation was assayed at 24 and 48 h after initiation of culture.

cells isolated from mice 17 days postinfection, a time at
which the acute infection has subsided. Similar results have
been published previously by Saron et al. (31, 32) and Jacobs
and Cole (12).

Coincident with the severe impairment of T cells from
acutely infected mice to respond to mitogens (which cross-

link the TcR-CD3 complex on the T-cell surface) was an

enhanced ability to respond to exogenous IL-2 (Fig. 1B).
This was probably due to activation of the T cells by the
virus infection and the concomitant acquisition of IL-2
receptors (IL-2R) on these cells. Maximal response to IL-2
was at day 6 postinfection and declined thereafter. This
result formally shows that the unresponsiveness of the
virus-induced T cells is limited to those agents analyzed
which cross-link the TcR, as there is no inherent inability of
the T cells to proliferate in response to IL-2.
We examined whether this mitogen unresponsiveness was

due to the induction of an activation-induced cell death upon
TcR stimulation by the mitogen. Figure 2A shows the

activation-induced apoptosis of a T-cell hybridoma, 2R50.2,
as assessed by PI staining and light scatter analysis by flow
cytometry (see Materials and Methods). As is apparent, cells
not stimulated on the immobilized antibody were viable (i.e.,
cells are PIl"W). When their TcR-CD3 complex was stimu-
lated on the MAb-coated plate, a majority of the cells
became plhigh with low forward scatter (small), characteris-
tic of apoptotic cells. Some subcellular particles (very low
forward scatter) with intermediate levels of PI staining,
probably representing the DNA-containing apoptotic bodies
resulting from the breakup of the dying cells, were seen also
(Fig. 2A). Figure 2B shows a PI/forward light scatter analy-
sis of splenic T cells isolated from control (uninfected) or day
8 LCMV-infected mice. The level of spontaneous cell death
was relatively high in all cultures, because mouse splenic T
lymphocytes die at a relatively high rate upon explant.
Control T cells (from uninfected mice) underwent extensive
blastogenesis in response to stimulation with anti-CD3 added
to the culture for 48 h, as shown by [3H]thymidine uptake

0

0
° 6U
0

,> 8
0
0.

a)
l

QUIn
17

0 10 30

gw

i I I

J. VIROL.

I

L-w-
I

I

6



ft

--

Unnfected

(Fig. 1A) and flow cytometry (Fig. 2). In contrast, in the T
cells from the day 8 LCMV-infected mice, upon stimulation
with anti-CD3 MAb, few blast cells were seen by forward
light scatter (Fig. 2B) and [3H]thymidine incorporation (Fig.
1A). Concomitantly, a large number of Phighcells was seen,
indicative of extensive cell death (Fig. 2B).
The preceding experiments were performed with the anti-

CD3 MAb directly added to the T-cell cultures. Other
studies have shown that the anti-CD3 MAb is presented to
the T cells on the surface of accessory cells (e.g., macro-
phages) present in the T-cell population. Since previous
work has suggested a virus-induced macrophage defect
during acute LCMV infection (12), we questioned whether
defects in residual accessory cells present in the T-cell

* population could be responsible for the aberrant response of
a. the T cells to the mitogenic stimulus. Therefore, we pre-

sented the anti-CD3 MAb to the T cells in a highly cross-
linked form by immobilization onto plastic. Splenic dendritic
cells from uninfected syngeneic animals were, as in the
experiments described above, included in all cultures as a
source of costimulatory signal(s) to the T cells (11) (see
Materials and Methods). Control T cells proliferated exten-

' sively in response to immobilized anti-CD3 MAb over sev-
eral days of culture. Day 8 T cells showed some proliferation
(Fig. 3), which was less than that of control cells but greater
than that obtained by stimulation with nonimmobilized anti-
CD3 (Fig. 1A). At 48 h, control T cells continued to undergo
blastogenesis in response to immobilized anti-CD3 and the

A number of viable cells expanded, whereas the level of pjhigh
o cells was relatively low and comparable to background
" levels (Fig. 2B). In marked contrast, the day 8 T cells by 48
* h underwent extensive cell death, as indicated by the pres-

ence of a large number of PIhigh cells and a small number of
viable cells (PIl"W with high forward light scatter). To further
examine the effects of the presentation of the anti-CD3 MAb
to the cells, we compared immobilized versus soluble (not
immobilized) anti-CD3 presented to the cells in the same

o experiment. After 48 h of stimulation, the two treatments
0, resulted in equivalent [3H]thymidine incorporation of the
s8 day 0 cells (155,262 +- 11,492 cpm with immobilized anti-

CD3 and 169,036 + 37,655 cpm with soluble anti-CD3) and
recoveries of PI"OW cells of 48 versus 39%, respectively.
However, in the day 8 cells, stimulation with immobilized or

0 soluble anti-CD3 MAb led to reduced cell recoveries (19
w versus 6% PI"OW cells, respectively) and [3H]thymidine in-
a corporation (68,780 + 2,501 cpm versus 1,346 +- 1,003 cpm,

respectively). Of note is that immobilized anti-CD3 led to
considerably more proliferation of the day 8 cells than did
soluble anti-CD3, but both treatments ultimately led to cell
death. Thus, although the proliferative response of LCMV-

s2 induced T cells is transiently influenced by the nature of the
2 anti-CD3 presentation, the ultimate fate of the T cells
C4 remains unchanged.
2 The total number of viable (trypan blue-excluding) cells
e recovered from the cultures was also reduced in the day 8
0 cells treated with immobilized anti-CD3. At an initial seeding

.j )O of 106 viable cells, treatments with anti-CD3 for 48 h doubled
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FIG. 2. Death of day 8 LCMV-elicited T cells by apoptosis upon
TcR-CD3 cross-linking. Flow cytometry was performed as de-
scribed in Materials and Methods. (A) Activation-induced apoptosis
of T-cell hybridoma 2R50.2 upon stimulation with anti-CD3 MAb
(aCD3); (B) splenic T cells from control or day 8 LCMV-infected
mice analyzed as described above at 48 h postculture. sol., soluble.
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FIG. 3. Proliferative response of control (uninfected) versus day 8 post-LCMV infection-elicited splenic T lymphocytes toward
immobilized anti-CD3 MAb (aCD3). Exogenous IL-2 and CsA were added as described in Materials and Methods.

the recovery of viable day 0 cells (5.4 x 105 + 0.4 x 105 for
medium-only control versus 1 x 106 + 0.1 x 106 for
immobilized anti-CD3 treatment) but halved the recovery of
day 8 cells (1.1 x 106 + 0.2 x 106 for medium-only control
versus 4.8 x 105 + 0.6 x 105 for immobilized anti-CD3
treatment).
One potential trivial explanation for these results could be

that since the LCMV-induced T cells have cytolytic activity,
they may lyse and induce apoptotic death in lymphocytes to
which they are cross-linked by ConA or anti-CD3. We
believe it unlikely that the plate-immobilized anti-CD3 MAb
could effectively cross-link lymphocytes. Further, work by
others showed that in vitro depletion of CD8+ cells did not
restore the response to mitogens (32), and the addition of
LCMV-induced lymphocytes to control lymphocytes did not
impair the proliferative response of the control lymphocytes
(32). This finding strongly suggests the apoptotic death of the
LCMV-induced T cells to be a cell-autonomous suicide.
Anti-CD3 MAb-induced apoptosis is not blocked by exoge-

nous IL-2 but is blocked by CsA. T cells from LCMV-infected
animals are deficient in IL-2 production upon mitogenic
stimulation (32). We therefore tested whether addition of
exogenous IL-2 to the cultures would alter the response of
the day 8 LCMV-induced T cells. Addition of IL-2 to the day
8 T cells stimulated with anti-CD3 MAb did not block the
induction of cell death in these cultures; only a few large
viable (PI"oW) cells were seen (Fig. 2B). IL-2, in the absence
of TcR-CD3 stimulation, caused the day 8 T cells to undergo
blastogenesis and proliferation (Fig. 1B and 3) without any
increases in cell death (pjhigh cells) over the background
level (Fig. 2B). We also examined another morphologic
characteristic of apoptotic cells, that of increased orthogonal
(side, 900) light scatter, a measure of the granularity of the
cell surface (37). This parameter can detect the blebbing of
the plasma membrane, a characteristic of apoptotic cell
death. As shown in Fig. 4, in T cells from mice either day 6
or day 10 into the LCMV infection stimulated with IL-2
alone, there was a large population of cells with high forward
scatter (blast cells responding to IL-2). However, when
these same cells were stimulated for 48 h on an anti-CD3
MAb-coated plate in the presence of IL-2, the vast majority
of the cells acquired high orthogonal light scatter (and were
low in forward scatter). Hence, independent morphologic

criteria showed that stimulation of the LCMV-induced T
cells via the TcR delivers a signal(s) which results in apop-
totic death of these cells. Note that T cells from uninfected
animals (day 0 in Fig. 4; Fig. 2B) do not respond by
blastogensis to IL-2 alone, whereas they undergo blastogen-
esis (high forward scatter) when stimulated on an anti-CD3-
coated plate in the presence of IL-2.

In addition to morphologic characteristics, fragmentation
of cellular DNA into oligonucleosome-size fragments is a
hallmark of apoptotic cell death (7). To show that day 8
LCMV-induced T cells fragmented their DNA upon TcR-
CD3 cross-linking, we labeled day 8 T cells cultured over-
night in IL-2 with 125I-IUdR (a DNA precursor). Hence,
these cells driven in cycle with IL-2 incorporated the label
into their DNA. These cells were then recultured overnight
either in IL-2 alone or on an anti-CD3-coated well plus IL-2.
Cellular DNA was then isolated and fractionated by electro-
phoresis. DNA analyses of cells from uninfected mice were
not performed, as these cells respond poorly to this concen-
tration of IL-2 (byproliferating) and hence their DNA cannot
be labeled with 1 I-IUdR. Lane A in Fig. 5 shows DNA
isolated from cells cultured in IL-2 alone. As is apparent,
most of the DNA was unfragmented (and migrated only a
short distance within the gel). However, oligonucleosomal
fragments are still seen; this was due to the spontaneous
death of murine T cells in vitro, as mentioned previously. In
lane B of Fig. 5 is the DNA isolated from cells stimulated via
their TcR-CD3 complex. Very little, if any, of the DNA was
unfragmented, and most of the DNA was degraded into
oligonucleosomal fragments. This finding supports, by a
more traditional but less quantitative technique, the data
presented earlier showing the apoptotic death ofT cells upon
TcR-CD3 signalling.
Having shown that induction of apoptotic cell death in the

LCMV-induced T cells required cross-linking of the TcR
(with antibody), we tested whether CsA, a compound capa-
ble of blocking TcR-mediated signalling (33), would block
the induction of this death. As shown in Fig. 2B, CsA
blocked the induction of blastogenesis and apoptotic death in
the day 8 T cells induced by CD3 cross-linking. At the dose
used, CsA quenched the anti-CD3-induced blastogenesis of
control T cells (Fig. 2B). This result further indicates that
TcR-CD3 signaling is necessary for the induction of activa-
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FIG. 4. LCMV-induced T cells exhibit morphologic characteristics of apoptotic cells upon stimulation through their TcR-CD3 complex.

Cells were analyzed for orthogonal (y axis) versus forward (x axis) light scatter by flow cytometry 48 h after culture with the various stimuli.
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tion-induced apoptotic death in LCMV-induced T cells.
Inclusion of IL-2 into the culture with anti-CD3 and CsA
allowed, as did IL-2 alone, for some blastogenesis and
proliferation (Fig. 3) without significant death over the

A B

FIG. 5. DNA fragmentation analysis of LCMV-induced day 8 T
cells. Lane A, cells cultured in IL-2 only overnight after labeling
with 125I-IUdR; lane B, cells cultured on anti-CD3 coated plates with
IL-2 overnight after labeling.

background level in the day 8 T cells (Fig. 2B), again
suggesting that quenching of the TcR-CD3 signal will block
induction of death, even when these cells cycle in response
to exogenous IL-2.
TcR-induced apoptosis correlates precisely with immune

deficiency during acute infection. Having shown that agents
which cross-link the TcR on LCMV-induced T cells result in
their death, we explored the course of acute LCMV infection
in vivo in terms of the ability of the T cells to die upon
stimulation. The ability of splenic T cells to proliferate
without any added stimuli or in response to exogenous IL-2
alone varied during the course of the infection (Fig. 1B). In
culture medium alone, the proportion of cells with high
forward light scatter (indicative of blastogenesis) decreased
from days 6 through 10 postinfection (Fig. 6). This decrease
parallels the silencing of the immune response to infection as

virus is cleared in vivo (47). The number of blast-size cells
induced by exogenous IL-2 (Fig. 6) decreased from days 6
through 10 postinfection (as reflected by [3H]thymidine
incorporation data; Fig. 1B); this may reflect the in vivo
clearance of IL-2-responsive cells elicited during the infec-
tion. Stimulation with ConA or anti-CD3 (either added to the
culture or immobilized onto plastic) in the absence or

presence of exogenous IL-2 (Fig. 6) allowed day 0 and 17 T
cells to undergo blastogenesis with only background levels
of cell death. In sharp contrast, the day 6, 8, and 10 T cells
underwent extensive cell death with few viable (PI"ow) cells
present. These data, taken together with the proliferative
unresponsiveness during the acute LCMV infection (Fig.
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FIG. 7. Effects of IL-2 preculture on priming T cells from mice during (day 6) and after (day 15) LCMV infection to die by apoptosis. (A)
PI/forward light scatter analysis of splenic T lymphocytes cultured for 96 h in 10 U of IL-2 per ml alone or on an anti-CD3 MAb-coated well
for the last 12 to 16 h of culture; (B) [3H]thymidine incorporation by the day 6 or 15 T cells in a parallel culture during a 6-h pulse. No
exogenous dendritic cells were added to any of the cultures. Percentages refer to PIl"w and PIhigh cell populations obtained by electronic
gating.

1A), show a precise correlation between the TcR-induced
apoptosis of the LCMV-induced T cells and the proliferative
unresponsiveness to mitogen seen during the acute viral
infection.

IL-2 preculture primes LCMV-induced T lymphocytes iso-
lated during and after acute infection to a rapid TcR-induced
apoptosis. Lenardo (16) has recently demonstrated that ex-
posure of murine Thl clones or lymph node T cells in vitro
to high concentrations of IL-2 primes cells for apoptosis
upon subsequent TcR-CD3 cross-linking. This finding sug-
gests that T-cell cycling driven by IL-2 predisposes to
abortive lymphocyte activation upon antigen receptor cross-
linking. In the experiments described below, we were inter-
ested in specifically examining the antigen receptor-induced
death of activated T cells cycling in IL-2. Hence, in all

subsequents experiments, in order to prevent the activation
and proliferation of the small resting T cells (11) and the
resulting ambiguity of the analysis, no exogenous dendritic
cells were added.
We tested whether the sensitivity to TcR-induced death of

the LCMV-induced T lymphocytes, which express IL-2R,
could be enhanced by preculture in IL-2 prior to TcR
stimulation. Figure 7A shows that T cells isolated from day
6 post-LCMV infection mice became blast sized when cul-
tured in IL-2 alone (without any exogenous dendritic cells
added) at 10 U/ml for 96 h. However, these IL-2-cultured
cells died (pIhigl cells with low forward scatter accumulate)
when, during a short overnight incubation, their TcR-CD3
complex was cross-linked with plate-immobilized anti-CD3
MAb in the continued presence of IL-2. The kinetics of the

a
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induction of death under these conditions were very rapid in
that death occurred within 12 h. These results show that cell
cycling in IL-2 primes in vivo-elicited T cells to die rapidly
upon TcR stimulation in vitro.

Since IL-2-dependent cell cycling poises T cells from
acutely infected mice to die upon TcR engagement, we
questioned whether T cells from the spleens of mice after
acute infection would be similarly susceptible to TcR-in-
duced death upon IL-2 preculture. We therefore cultured in
IL-2 splenic T lymphocytes from mice 15 days after inocu-
lation with LCMV. At this time (in contrast to day 6
postinfection), only a small percentage of cells should be
IL-2 responsive. After 96 h of culture, a subpopulation of
about 12% of the cells were large in size, representing cells
which were in cycle under the influence of the added IL-2 (as
reflected by [3H]thymidine incorporation; Fig. 7B). When
these cells were stimulated for the last 12 h of culture on an
anti-CD3-coated well in the continued presence of IL-2, the
large viable cells (PI"OW, high forward scatter) disappeared.
This disappearance in blast-size cells was also reflected by

IL-2 only

the decrease in [3H]thymidine uptake (Fig. 7B). Concomi-
tantly, the percentage of apoptotic cells (plhigh) increased.
Most of the small cells remained small upon TcR-CD3
occupancy (no blast-size cells seen by forward scatter),
since, as mentioned above, no additional dendritic cells were
added to these cultures, and hence costimulation was not
delivered to these resting T cells for their activation. These
observations suggest that IL-2-responsive cells from mice
during the acute LCMV infection are indistinguishable from
the much smaller percentage of cells after the acute infection
in terms of their ability to be primed by IL-2 to die a
TcR-induced death.
To formally show that the IL-2-responsive blast-size cell

population, and not the resting cells, died apoptotically upon
TcR-CD3 stimulation, these populations were separated by
centrifugal elutriation and assessed for apoptosis upon re-
ceptor triggering. Splenic T cells from mice either 17 or 60
days after LCMV infection were precultured in 10 U of IL-2
per ml for 4 or 5 days, respectively. The IL-2-responsive
blast-size cells were then separated from the small cells by

a-CD3 coat/IL-2

h

S

FIG. 8. Flow cytometric analysis of cell death of T cells from mice 17 days after infection with LCMV. Splenic T cells were precultured
in IL-2 and separated on the basis of size by centrifugal elutriation. The small and blast-size fractions were then recultured for 48 h in IL-2
alone or on an anti-CD3 MAb (a-CD3)-coated plate plus IL-2 and subjected to PI/forward scatter analysis. No exogenous dendritic cells were
added to any of the cultures.
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IL-2 only a-CD3 coat/IL-2

FIG. 9. Flow cytometric analysis of cell death of T cells from LCMV-immune mice (60 days postinfection). Splenic T cells were
precultured in IL-2 and separated on the basis of size by centrifugal elutriation. The small and blast-size fractions were then recultured for
24 h in IL-2 alone or on an anti-CD3 MAb (a-CD3) coated plate plus IL-2 and subjected to PI/forward scatter analysis. No exogenous dendritic
cells were added to any of the cultures.

elutriation, and the cells were recultured for 24 to 48 h either
in wells containing IL-2 alone or onto immobilized anti-CD3
mAb-coated wells in the continued presence of IL-2. These
results are graphically displayed in three-dimensional plots
in Fig. 8 and 9. The blast cell fractions (all cells eluting above
28 ml/min) contained cells capable of responding to IL-2
alone (with background levels of cell death). When these
same cells were stimulated by anti-CD3 and IL-2, extensive
levels of cell death were seen. Also apparent from Fig. 8 and
9 is that the small cell fraction (fraction 2) did not respond to
IL-2 alone by blastogenesis, and after anti-CD3-IL-2 stimu-
lation, because of the absence of dendritic cells, very few of
the small cells had undergone blastogenesis. The majority
remained small and viable (PI"ow). The pjhigh cells were
further shown to be undergoing apoptosis by their increased
orthogonal and reduced forward light scatter (data not
shown).
Hence, IL-2-mediated expansion of IL-2-responsive T

cells from mice shortly after the acute infection or from
immune mice 60 days postinfection stimulated them into the

cell cycle and primed only the cycling cells to die apoptoti-
cally upon receptor triggering. As IL-2R molecules are
expressed on activated T cells and on T cells expressing the
memory cell phenotype (1, 2, 5; unpublished data), these
results suggest that T cells elicited during the acute infection
are indistinguishable from memory cells from immune mice
in their susceptibility to a TcR-induced death subsequent to
cell cycle progression induced by IL-2.

DISCUSSION

We describe here the induction of apoptotic death in
LCMV infection-elicited T lymphocytes upon stimulation
through their TcR-CD3 complex and show that this death
correlated precisely with the induction of immune deficiency
in the T-cell compartment during the acute infection. As
many viral infections are potent stimulators of T-cell activa-
tion, it is likely that a similar pathway of activation-induced
cell death is associated with immune deficiency in those
infections (29). This universal mechanism for mitogen unre-
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sponsiveness would require only that a significant proportion
of the isolated T cells be activated in vivo. Such a mecha-
nism for immune deficiency excludes the need for direct
infection of lymphoid cells or other virus-induced immuno-
pathologies.

In contrast to the lethal effects of TcR triggering, LCMV-
induced T cells proliferated in response to IL-2. IL-2 did not,
however, prevent their apoptotic death but instead sensi-
tized T cells to die upon TcR triggering. T cells isolated from
spleens both during and after the acute infection were
indistinguishable in terms of their susceptibility to TcR-
induced apoptosis subsequent to IL-2-driven expansion.
That cell cycling in IL-2 alone did not induce cell death but
instead primed cells to die upon subsequent TcR cross-
linking is in agreement with the work of Lenardo, who first
demonstrated that vigorous T-cell cycling driven by IL-2
results in sensitivity to death upon antigen receptor cross-
linking (16). These results point to a pivotal role of the TcR
in determining the fate of the T cell, depending on its cell
cycling status.

Resting Go T cells are normally productively stimulated to
enter the cell cycle, proliferate, and differentiate upon TcR
signalling in the presence of the appropriate costimulatory
signal(s), but at least in some cases, activated T cells
progressing through the cell cycle are stimulated to die upon
antigen receptor triggering (30). It is paradoxical that TcR
signalling can drive the cell into such diametrically opposed
fates: either entrance into a proliferative/differentiative cycle
or exit from cycle and subsequent death. That immature T
cells die in the thymus upon antigen recognition shows that
antigen receptor signalling can, under the correct circum-
stances, drive a cell into death in vivo. However, only
recently has the concept of death of mature peripheral
lymphocytes upon antigen receptor signalling emerged. An-
tigen recognition by mature T cells can clearly result in
expansion and differentiation of the lymphocyte precursors
and the development of an immune response. However, the
fact that antigen (in the appropriate context) can produc-
tively drive a resting cell does not necessarily imply a similar
outcome on cells which are already activated and progress-
ing through the cell cycle, and it seems from our work and
that of others (16, 26, 30) that strong cross-linking through
the TcR of actively cycling cells can deliver a signal for
death. An example is our demonstration of the effect of IL-2
in kinetically accelerating TcR-induced death. Perhaps cells
not actively cycling do not receive a signal leading to their
death and instead give rise to the memory pool.
T lymphocytes from EBV- or HIV-infected individuals

have recently been shown to die by apoptosis in vitro (9, 22,
43). In the EBV study (43), spontaneous apoptotic cell death
upon explant was exclusively manifest in the activated T-cell
pool (expressing CD45RO). In the study with asymptomatic,
HIV-infected individuals (9), the proliferative unresponsive-
ness to mitogen and resulting apoptosis was partial and not
as profound as that seen in the acute LCMV infection. This
moderate unresponsiveness may have occurred because
only a relatively small percentage of the T cells are actually
activated in the persistent asymptomatic HIV infection.
Since during the acute LCMV infection as many as 90% of
the splenic T cells are activated and responding to the
infection (21), a vast population of T cells is susceptible to
TcR-induced apoptosis, as we have observed.

Antigen-specific immune deficiency has been associated
with acute viral infections in many systems (29). As men-
tioned earlier, individuals immunized with particular anti-
gens, such as tuberculin, may not mount a recall (memory)

response to these antigens during acute virus infections; this
phenomenon has been referred to as anergy. Recall re-
sponses to tetanus toxoid are severely impaired in HIV-
infected individuals undergoing chronic T-cell responses to
HIV (9). Cells bearing the memory phenotype have been
shown to express high-affinity IL-2R and are believed to
have less stringent activation requirements compared with
naive T cells (44). Memory cells, in the presence of stimu-
lating antigen, enter the cell cycle in the presence of low
levels of IL-2 (2, 39). However, cells expressing high-affinity
IL-2R can, at a higher concentration of IL-2, actively cycle
in the absence of added antigen. The production of high
levels of IL-2 during acute or chronic infections may thus
impair the responses of IL-2R-bearing memory T cells by
sensitizing them to undergo TcR-induced apoptotic death.
These hypotheses are supported by our demonstration that
IL-2-responsive T cells isolated from immune mice long after
the acute infection has subsided are still susceptible to
TcR-induced apoptosis.

ACKNOWLEDGMENTS
We thank P. R. Rogers, K. E. Ellerman, and L. K. Selin for

helpful comments on the manuscript and M. McFadden, T.
Krumpoch, and B. Fournier for flow cytometry.

This work was supported by NIH research grants AI17672,
AR35506, and CA34461 and training grant A107349. E.S.R. is the
recipient of a predoctoral research fellowship from The Institute for
Advanced Studies in Immunology and Aging.

REFERENCES
1. Akbar, A. K., P. L. Amlot, K. Ivory, A. Timms, and G. Janossy.

1990. Inhibition of alloresponsive naive and memory T cells by
CD7 and CD25 antibodies and by cyclosporine. Transplantation
50:823-829.

2. Akbar, A. K., M. Salmon, and G. Janossy. 1991. The synergy
between naive and memory T cells during activation. Immunol.
Today 12:184-188.

3. Ashwell, J. D., R. E. Cunningham, P. D. Noguchi, and D.
Hernandez. 1987. Cell growth cycle block of T cell hybridomas
upon activation with antigen. J. Exp. Med. 165:173-194.

4. Biron, C. A., and R. M. Welsh. 1982. Blastogenesis of natural
killer cells during viral infection in vivo. J. Immunol. 129:2788-
2795.

5. Buckle, A.-M., and N. Hogg. 1990. Human memory T cells
express intercellular adhesion molecule-1 which can be in-
creased by interleukin-2 and interferon--y. Eur. J. Immunol.
20:337-341.

6. Carlow, D. A., S. J. Teh, N. S. C. van Oers, R. G. Miller, and
H.-S. Teh. 1992. Peripheral tolerance through clonal deletion of
mature CD4-CD8+ T cells. Int. Immunol. 4:599-610.

7. Cohen, J. J., R. C. Duke, V. A. Fadok, and K. S. Sellins. 1992.
Apoptosis and programmed cell death in immunity. Annu. Rev.
Immunol. 10:267-293.

8. Dancescu, M., M. Rubio-Trujillo, G. Biron, D. Bron, G. De-
lespesse, and M. Sarfati. 1992. Interleukin 4 protects chronic
lymphocytic leukemic B cells from death by apoptosis and
upregulates Bcl-2 expression. J. Exp. Med. 176:1319-1326.

9. Groux, H., G. Torpier, D. Monte, Y. Mouton, A. Capron, and
J. C. Ameisen. 1992. Activation-induced death by apoptosis in
CD4+ T cells from human immunodeficiency virus-infected
asymptomatic individuals. J. Exp. Med. 175:331-340.

10. Hartley, S. B., M. P. Cooke, D. A. Fulcher, A. W. Harris, S.
Cory, A. Basten, and C. C. Goodnow. 1993. Elimination of
self-reactive B lymphocytes proceeds in two stages: arrested
development and cell death. Cell 72:325-335.

11. Inaba, K., and R. M. Steinman. 1984. Resting and sensitized T
lymphocytes exhibit distinct stimulatory (antigen-presenting
cell) requirements for growth and lymphokine release. J. Exp.
Med. 160:1717-1735.

12. Jacobs, R. P., and G. A. Cole. 1976. Lymphocytic choriomen-

J. VIROL.



ACTIVATION-INDUCED DEATH OF LCMV-ELICITED T CELLS 5765

ingitis virus-induced immunosuppression: a virus-induced mac-
rophage defect. J. Immunol. 117:1004-1009.

13. Janssen, O., S. Wesselborg, B. Hecki-Ostereicher, K. Pechhold,
A. Bender, S. Schondelmaier, G. Moldenhauer, and D. Kabelitz.
1991. T cell receptor/CD3-signaling induces death by apoptosis
in human T cell receptor lyb T cells. J. Immunol. 146:35-39.

14. Jenkinson, E. J., R. Kingston, C. A. Smith, G. T. Williams, and
J. J. T. Owen. 1989. Antigen-induced apoptosis in developing T
cells: a mechanism for negative selection of the T cell receptor
repertoire. Eur. J. Immunol. 19:2175-2177.

15. Kawabe, Y., and A. Ochi. 1991. Programmed cell death and
extrathymic reduction of VI8'CD4' T cells in mice tolerant to
Staphylococcus aureus enterotoxin B. Nature (London) 349:
245-248.

16. Lenardo, M. J. 1991. Interleukin-2 programs mouse ac T
lymphocytes for apoptosis. Nature (London) 353:858-861.

17. Leo, 0., M. Foo, D. H. Sachs, L. E. Samelson, and J. A.
Bluestone. 1984. Identification of a monoclonal antibody specific
for a murine T3 polypeptide. Proc. Natl. Acad. Sci. USA
84:1374-1378.

18. Liu, Y., and C. A. Janeway. 1990. Interferon -y plays a critical
role in induced cell death of effector T cell: a possible third
mechanism of self-tolerance. J. Exp. Med. 172:1735-1739.

19. Liu, Y., and C. A. Janeway. 1992. Cells that present both
specific ligand and costimulatory activity are the most efficient
inducers of clonal expansion of normal CD4 T cells. Proc. Natl.
Acad. Sci. USA 89:3845-3849.

20. Matzinger, P., and S. Guerder. 1989. Does T-cell tolerance
require a dedicated antigen-presenting cell? Nature (London)
338:74-76.

21. McFarland, H. I., S. R. Nahill, J. W. Maciaszek, and R. M.
Welsh. 1992. CD11b (Mac-1): a marker for CD8+ cytotoxic T
cell activation and memory in virus infection. J. Immunol.
149:1326-1333.

22. Meyaard, L., S. A. Otto, R. R. Jonker, M. J. Mijnster, R. P. M.
Keet, and F. Miedema. 1992. Programmed death of T cells in
HIV-1 infection. Science 257:217-219.

23. Mims, C. A., and S. Wainwright. 1968. The immunodepressive
action of lymphocytic choriomeningitis virus in mice. J. Immu-
nol. 101:717-724.

24. Murakami, M., T. Tsubata, M. Okamoto, A. Shimizu, S. Kum-
agai, H. Imura, and T. HoDijo. 1992. Antigen-induced apoptotic
death of Ly-1 B cells responsible for autoimmune disease in
transgenic mice. Nature (London) 357:77-80.

25. Murphy, K M., A. B. Heimberger, and D. Y. Loh. 1990.
Induction by antigen of intrathymic apoptosis of CD4+CD8+
TCR'° thymocytes in vivo. Science 250:1720-1723.

26. Nau, G. J., R. L. Moldwin, D. W. Lancki, D.-K. Kim, and F. W.
Fitch. 1987. Inhibition of IL-2-driven proliferation of murine T
lymphocyte clones by supraoptimal levels of immobilized anti-T
cell receptor monoclonal antibody. J. Immunol. 139:114-122.

27. Nemazee, D. A., and K. Burki. 1989. Clonal deletion of B
lymphocytes in a transgenic mouse bearing anti-MHC class I
antibody genes. Nature (London) 337:562-566.

28. Newell, M. K., L. J. Haughn, C. R. Maroun, and M. K. Julius.
1990. Death of mature T cells by separate ligation of CD4 and
the T-cell receptor for antigen. Nature (London) 347:286-288.

29. Rouse, B. T., and D. W. Horohov. 1986. Immunosuppression in
viral infections. Rev. Infect. Dis. 8:850-873.

30. Russell, J. H., C. L. White, D. Y. Loh, and P. Meleedy-Rey.
1991. Receptor-stimulated death pathway is opened by antigen
in mature T cells. Proc. Natl. Acad. Sci. USA 88:2151-2155.

31. Saron, M. F., J. H. Colle, A. Dautry-Varsat, and P. Truffa-

Bachi. 1991. Activated T lymphocytes from mice infected by
lymphocytic choriomeningitis virus display high affinity IL-2
receptors but do not proliferate in response to IL-2. J. Immunol.
147:4333-4337.

32. Saron, M.-F., B. Shidani, M. A. Nahori, J.-C. Guillon, and P.
Truffa-Bachi. 1990. Lymphocytic choriomeningitis virus-in-
duced immunodepression: inherent defect of B and T lympho-
cytes. J. Virol. 64:4076-4083.

33. Schreiber, S. L., and G. R. Crabtree. 1992. The mechanism of
action of cyclosporin A and FK506. Immunol. Today 13:136-
142.

34. Shi, Y., J. M. Glynn, L. J. Guilbert, T. G. Cotter, R. P.
Bissonnette, and D. R. Green. 1992. Role for c-myc in activation-
induced apoptotic cell death in T cell hybridomas. Science
257:212-214.

35. Shi, Y., B. M. Sahai, and D. R. Green. 1989. Cyclosporin A
inhibits activation-induced cell death in T-cell hybridomas and
thymocytes. Nature (London) 339:625-626.

36. Smith, C. A., G. T. Williams, R. Kingston, E. J. Jenkinson, and
J. J. T. Owen. 1989. Antibodies to CD3/T-cell receptor complex
induce death by apoptosis in immature T cells in thymic
cultures. Nature (London) 337:181-184.

37. Swat, W., L. Ignatowicz, and P. Kisielow. 1991. Detection of
apoptosis of immature CD4+8+ thymocytes by flow cytometry.
J. Immunol. Methods 137:79-87.

38. Swat, W., L. Ignatowicz, H. von Boehmer, and P. Kisielow. 1991.
Clonal deletion of immature CD4+8+ thymocytes in suspension
culture by extrathymic antigen-presenting cells. Nature (Lon-
don) 351:150-153.

39. Tabi, Z., F. Lynch, R. Ceredig, J. E. Allan, and P. C. Doherty.
1988. Virus-specific memory T cells are pgp-l+ and can be
selectively activated with phorbol ester and calcium ionophore.
Cell. Immunol. 113:268-277.

40. Teh, H.-S., H. Kishi, B. Scott, and H. von Boehmer. 1989.
Deletion of autospecific T cells in T cell receptor (TCR) trans-
genic mice spares cells with normal TCR levels and low levels of
CD8 molecules. J. Exp. Med. 169:795-806.

41. Tony, H.-P., and D. C. Parker. 1985. Major histocompatibility
complex-restricted, polyclonal B cell responses resulting from
helper T cell recognition of antiimmunoglobulin presented by
small B lymphocytes. J. Exp. Med. 161:223-241.

42. Ucker, D. S., J. Meyers, and P. S. Obermiller. 1992. Activation-
driven T cell death. II. Quantitative differences alone distin-
guish stimuli triggering nontransformed T cell proliferation or
death. J. Immunol. 149:1583-1592.

43. Uehara, T., T. Miyawaki, K. Ohta, Y. Tamaru, T. Yokoi, S.
Nakamura, and N. Taniguchi. 1992. Apoptotic cell death of
primed CD45RO' T lymphocytes in Epstein-Barr virus-induced
infectious mononucleosis. Blood 80:452-458.

44. Vitetta, E. S., M. T. Berton, C. Burger, M. Kepron, W. T. Lee,
and X.-M. Yin. 1991. Memory B and T cells. Annu. Rev.
Immunol. 9:193-217.

45. von Boehmer, H. 1990. Developmental biology of T cells in T
cell-receptor transgenic mice. Annu. Rev. Immunol. 8:531-556.

46. Webb, S., C. Morris, and J. Sprent. 1990. Extrathymic tolerance
of mature T cells: clonal elimination as a consequence of
immunity. Cell 63:1249-1256.

47. Welsh, R. M., and W. F. Doe. 1980. Cytotoxic cells induced
during lymphocytic choriomeningitis virus infection of mice:
natural killer cell activity in cultured spleen leukocytes concom-
itant with T-cell-dependent immune interferon production. In-
fect. Immun. 30:473-483.

VOL. 67, 1993


