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Viral infections which induce strong T-cell responses are often characterized by a period of transient
immunodeficiency associated with the failure of host T cells to proliferate in response to mitogens or to mount
memory recall responses to other antigens. During acute infections, most of the activated, proliferating
virus-specific T cells are sensitized to undergo apoptosis on strong T-cell receptor (TCR) stimulation, but it has
not been known why memory T cells not specific for the virus fail to proliferate on exposure to their cognate
antigen. Using a lymphocytic choriomeningitis virus (LCMYV) infection model in which LCMV-immune Thy
1.1" splenocytes are adoptively transferred into Thy 1.2* LCMYV carrier mice, we demonstrate here that T cells
clearly defined as not specific for the virus are sensitized to undergo activation-induced cell death on TCR
stimulation in vitro. This bystander sensitization was in part dependent on the expression of Fas ligand (FasL)
on the activated virus-specific cells and gamma interferon (IFN-y) receptor expression on the bystander T
cells. We propose that FasL from highly activated antiviral T cells may sensitize IFN-y-conditioned T cells not
specific for the virus to undergo apoptosis rather than to proliferate on encountering antigen. This may in part
explain the failure of memory T cells to respond to recall antigens during acute and persistent viral infections.

In 1908 von Pirquet reported that individuals acutely in-
fected with measles virus failed to mount a delayed-type hy-
persensitivity reaction to tuberculin even though they had been
previously immunized (35). After resolution of the infection,
responsiveness to this memory recall antigen returned. Similar
types of transient immune deficiencies have subsequently been
reported during many viral infections, including those caused
by Epstein-Barr virus, cytomegalovirus, and human immuno-
deficiency virus (HIV) in humans and by lymphocytic chorio-
meningitis virus (LCMV) in the mouse model (7, 21, 25, 27). In
addition to the failure to respond to memory recall antigens, T
cells from infected individuals fail to proliferate in response to
signals delivered via the T-cell receptor (TCR) by mitogenic
lectins, superantigens, or anti-CD3 antibody. In several infec-
tions, this transient immune deficiency has been correlated
with the induction of apoptosis in the highly activated T cells,
which express CD95 (Fas) and CD95 ligand (FasL) (1, 7, 21,
25).

Apoptosis by activation-induced cell death (AICD) is now a
well-characterized feature of activated T-cell populations that
become strongly signaled through their TCR. The interaction
of Fas with FasL after TCR stimulation causes Fas to associate
with the intracytoplasmic Fas-activated death domain, which
initiates the apoptotic pathway (16). Recent work has shown
that most of the T cells proliferating in response to viral in-
fections are highly activated virus-specific cells, which would be
expected to eventually undergo AICD on appropriate signal-
ling (9, 23). This would explain the failure of the virus-induced
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T-cell population to respond to nonspecific T-cell mitogens,
but this observation does not explain why memory T cells
should have deficient responses to their specific cognate anti-
gens. These deficient memory responses might be a conse-
quence of a dilution of memory cells by the proliferating virus-
specific cells, of a redistribution of memory T cells such that
they are no longer present in the peripheral blood or spleen
populations used for testing their function, or of the action of
immunosuppressive factors which inhibit their ability to func-
tion. Alternatively, as shown here, these non-virus-specific T
cells may become sensitized in a bystander fashion to undergo
AICD on receptor stimulation.

The distinctions between virus-specific and nonvirus-specific
T cells can be blurred because many memory T cells can be
stimulated during viral infections by cross-reactive interactions
(29). We have therefore developed models to clearly identify,
in the same systems, T cells that are specific and those that are
not specific for viral antigens (38). In this way, one can ask
whether bystander events occurring as a consequence of the
T-cell response to viral infections alter the activity of T cells
whose receptors are not being triggered by the virus. We have
used the highly defined LCMYV infection of the mouse to ex-
plore these processes. The acute LCMYV infection is associated
with a marked expansion of the CD8 T-cell population, and
most of the activated T cells during the LCMYV infection are
virus specific (23, 25, 29, 38). Between 6 and 12 days postin-
fection, the host undergoes a transient but severe state of
immune deficiency characterized by impaired proliferative re-
sponse in vitro and by the induction of apoptosis in those T
cells (25). This immune deficiency, however, is not found in
mice harboring persistent LCMV infection as a consequence
of congenital infection. Those persistently infected “LCMV
carrier” mice clonally delete their LCMV-specific T cells but
can make normal T-cell responses to other antigens (11, 14). If
T cells from Thy 1.1"7 LCMV-immune mice are transferred
into the tolerant Thy 1.2% carrier mice, they proliferate in
response to the viral antigens present, but the host cells, which
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cannot respond to LCMV antigens, do not increase in number
(11, 12, 38). This model can therefore be used to ask how a
vigorous antiviral T-cell response can affect the biology of T
cells defined as being virus nonspecific but nevertheless coex-
isting in this milieu.

Here we show that a potent antiviral T-cell response causes
T cells not participating in the immune response to undergo
AICD rather than to proliferate on TCR stimulation. This
bystander sensitization to AICD may explain the immunosup-
pression that follows infections with many viruses.

MATERIALS AND METHODS

Mice. Conventionally housed male and female C57BL/6, B6Smn.C3H-Fasis™,
B6.MLR-Fas'", and B6.PLThy1*/C mice were purchased from the Jackson Lab-
oratory (Bar Harbor, ME). C57BL/6 HY-transgenic mice, whose transgenic TCR
recognizes the male-specific antigen HY in the context of H2-D”, were a gift from
B. J. Fowlkes (National Institutes of Health, Bethesda, Md.) (26). 129 SV/EV
mice, homozygous for a targeted mutation that disrupts the murine gamma
interferon (IFN-y) gene, were a gift from M. Aguet (University of Zurich,
Zurich, Switzerland) (22). HY transgenic and IFN-y receptor knockout mice
strains were bred and maintained under microisolator conditions in the Univer-
sity of Massachusetts Medical School Department of Animal Medicine. Persis-
tently infected LCMV carrier C57BL/6, B6.MLR-Fas", and IFN-y receptor
knockout mice were bred in the Biocontainment Suite at the University of
Massachusetts Medical School Department of Animal Medicine. All mice ex-
amined were major histocompatibility complex compatible, and except for the
IFN-y receptor knockout 129/SV mice, all were congenic strains on the C57BL/6
background.

Virus. The LCMV Armstrong strain was propagated in baby hamster kidney
(BHK21) cells. Unless otherwise noted, mice were injected intraperitoneally i.p.
with 4 X 10* PFU of virus.

Antibody and complement depletion. Spleens were isolated and ground be-
tween the frosted ends of two glass microscope slides. The cell suspension was
then passed through a fine nylon mesh to obtain a single-cell suspension. Eryth-
rocytes were lysed by briefly suspending the spleen cell pellet in a 0.84% NH,Cl
solution. To enrich for T cells prior to in vitro culture, granulocytes and B cells
were eliminated by treatment with antibody J11d (2) and complement. After
counting, 5 X 107 spleen leukocytes were treated with 50 1 of J11d (ammonium
sulfate-precipitated ascites) for 45 min at 4°C and then washed twice with com-
plete RPMI 1640. The cells were incubated at 37°C for 45 min in a humidified
5% CO, incubator with 2 ml of a 1:10 dilution of rabbit C' (Pel-Freez Clinical
Systems, Brown Deer, Wis.). They were washed twice in complete RPMI 1640
and recounted. In vitro T-cell depletions were performed as above, except that 25
wl of either anti-Thy1.1 or anti-Thy1.2 antibody (Pharmingen, San Diego, Calif.)
was used instead of J11d.

Adoptive transfer of immune spleen cells to LCMYV carrier mice. A total of 2 X
107 to 4 X 107 spleen leukocytes from LCMV-immune B6.PL Thy1?/Cy mice
(Thy 1.1") were injected intravenously via the retro-orbital sinus into C57BL/6
LCMV carrier mice (Thy 1.2%). These unfractionated donor cell populations
consisted of about 10% CD8 T cells and 20% CD4 T cells. At 6 days after
adoptive transfer, spleen cell populations were examined for reconstitution with
donor Thy 1.1" T cells. As shown previously (38), few (<1%) donor T cells were
observed in spleen lymphocytes of recipient mice injected with LCMV-naive
donor T cells whereas about 5% (with some variation) of lymphocytes were
donor T cells in mice inoculated with LCMV-immune Thy 1.1" cells. By day 6,
the great majority (>70%) of donor T cells in the recipients were CD8™ cells and
more than 80% of the donor CD8 and CD4 T cells expressed high levels of the
activation/memory marker CD44. In the host Thy 1.2* T-cell populations from
mice reconstituted with naive donor cells, about one-third of the host CD8 T cells
were defined as CD44™ and the proportion of CD44* host CD8 T cells declined
slightly after the adoptive transfer (38). Similar trends were seen with the CD4
T-cell population (data not shown). Spleens from recipient mice were harvested
at 6 days posttransfer, subjected to J11d antibody and complement depletion,
and then stimulated with plate-bound anti-CD3 (see above). Prior to culture, the
T-cell-enriched populations originating from Thy 1.2* LCMV carrier mice re-
constituted with naive donor cells were 44 to 55% Thy 1.27; cultures originating
from Thy 1.2" LCMV carrier mice reconstituted with Thy 1.1 LCMV-immune
donor cells ranged from 33 to 42% host Thy 1.2 cells and 4 to 13% donor
Thyl.17 cells.

Flow cytometry. After being stained, cells were analyzed or sorted by flow
cytometry using a FACSTAR apparatus (Becton-Dickinson, San Jose, Calif.).
Data analysis was performed using the program Cell Quest (Becton-Dickinson).
Flow cytometry for the expression of Fas was done using phycoerythrin-conju-
gated hamster anti-mouse Fas immunoglobulin G monoclonal antibody clone
Jo2, purchased from Pharmingen.

Detection of transgenic T cells. Spleen cells from HY-TCR-transgenic mice
were prepared as described above, and 10° cells were incubated with normal rat
serum for 20 min at 4°C. The cells were then incubated with the monoclonal
antibody T3.70 (a kind gift from Hung-sia Teh, University of British Columbia,
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Vancouver, Canada) for 30 min on ice (26). The cells were then washed twice
and blocked again with normal rat serum at 4°C for 20 min. They were stained
with anti-CD8-phycoerythrin (Gibco/BRL, Grand Island, N.Y.) and rabbit anti-
mouse immunoglobulin G1-fluorescein isothiocyanate (Cappel, Aurora, Ohio)
for 25 min at 4°C. They were then washed twice and fixed with 2% paraformal-
dehyde.

TdT-mediated dUTP biotin nick end labeling (TUNEL) flow cytometry. Forty-
eight-well plates (Costar) were coated overnight at 4°C with a 1:25 dilution of
anti-CD3 (Pharmingen). The next day, the plates were washed twice with phos-
phate-buffered saline (PBS), and 10° T-cell-enriched spleen cells were added to
each well. After 2 days of in vitro culture in the presence of plate-bound anti-
CD3, apoptotic cells were detected by flow cytometry using the method of Ralph
Budd (University of Vermont College of Medicine) adapted from reference 34.
Surface staining of approximately 10° lymphocytes was performed as described
above, and the cells were then fixed with 1% paraformaldehyde for 15 min at 4°C.
After being washed with PBS, the cells were permeabilized by treatment with
70% ethanol for 15 min at 4°C. The permeabilized cells were then washed twice
with cold PBS and suspended for 1 h at 37°C in reaction buffer containing 1X
terminal deoxyribonucleotidyltransferase (TdT) buffer, 2.5 mM cobalt chloride,
10 U of TdT, and 0.5 nmol of biotin-dUTP (Boehringer-Mannheim, Indianap-
olis, Ind.). After being washed twice, the cells were stained with streptavidin-
TRICOLOR (Caltag, San Francisco, Calif.) for 22 min at 4°C and fixed in 1%
paraformaldehyde.

Proliferation assay. After 2 days of in vitro culture with plate-bound anti-CD3,
2 X 10° cells in 200 ul of RPMI-MLC medium were placed in 96-well U-bottom
microtiter plates (Falcon). Each well was then pulsed with 50 ul of complete
RPMI medium containing 5 X 107> M 2-mercaptoethanol and 1 pCi of [*H]
thymidine (Amersham) and incubated for 6 h at 37°C in a humidified 5% CO,
incubator. The plates were then harvested onto fiberglass filter mats, and [°H]
thymidine incorporation was determined using a Betaplate scintillation counter
(Wallac, Gaithersburg, Md.).

RESULTS

Bystander sensitization of T cells to AICD during an anti-
viral T-cell response. Transfer of Thy 1.1" T cells from
LCMV-immune mice into Thy 1.2" persistently infected
LCMYV carrier mice results in a proliferation of donor cells and
a partial and sometimes complete clearance of infectious virus
(11, 12, 38). We have shown that the potent antiviral T-cell
response mounted by the LCMV-specific memory T cells after
transfer did not result in any detectable increase in the num-
ber, size, or activation antigen status of the LCMV-tolerant
host CD8 T cells (38). Here we questioned whether, on TCR
stimulation, the proliferation of those host T cells was im-
paired and whether they underwent AICD. Thus, after adop-
tive transfer of Thy 1.1" LCMV-immune spleen cells into Thy
1.2" LCMV carrier mice, splenocytes were harvested, enriched
for T cells, and cultured with plate-bound anti-CD3, and after
2 days TUNEL flow cytometry was performed. As shown in
Fig. 1, anti-CD3 treatment resulted in the apoptosis of CD8™"
T cells from mice 8 days after LCMV infection, consistent with
the earlier report that these highly activated T cells are very
susceptible to AICD (25). Here we use the TUNEL stain
exclusively as an indicator of apoptosis, but we have docu-
mented apoptosis in anti-CD3-stimulated day 8 T-cell popula-
tions previously by several other techniques, including DNA
ladder analysis and propidium iodide/light scatter/forward-
scatter flow cytometric analyses (24, 25). Conversely, CD8"
cells from LCMYV carrier mice underwent very little apoptosis
during the 2 days in culture with anti-CD3; T cells from unin-
fected control mice behaved similarly to those from carrier
mice (data not shown but documented by us in reference 19).
This result is consistent with the fact that naive or resting T
cells will proliferate on TCR cross-linking. In LCMV carrier
mice adoptively reconstituted with LCMV-immune spleen
cells, the activated donor CD8™" T cells, much like T cells from
acutely infected mice, underwent apoptotic cell death after
exposure to anti-CD3. In contrast to the CD8™ T cells taken
from the unmanipulated LCMV carrier mice, the CD8 " host T
cells present in the adoptively reconstituted mice also under-
went apoptotic cell death after TCR stimulation. This result,
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FIG. 1. CD8™ host cells in LCMV carrier C57BL/6 mice become sensitized
to undergo apoptosis after adoptive transfer of LCMV-immune C57BL/6 mouse
spleen cells. Splenocytes enriched for T cells by treatment with J11d monoclonal
antibody and complement were cultured with plate-bound anti-CD3 for 48 h and
tested for apoptosis by the TUNEL assay. T-cell preparations were from un-
treated LCMV carrier mice, which are similar to uninfected control mice, as
shown in reference 19 (A), or from normal mice 8 days after acute LCMV
infection (B). In panels C and D, T-cell-enriched splenocytes were taken from
Thy 1.27 LCMV-carrier mice 6 days after transfer of 4 X 107 LCMV-immune
Thy 1.1* spleen cells. By gating on host Thy 1.2* (C) or donor Thy 1.1* (D)
cells, apoptosis in each population was determined by TUNEL stain.

which was obtained in over 10 separate experiments, strongly
supports the hypothesis that CD8" T cells not specific for the
virus are sensitized during a potent antiviral T-cell response to
undergo AICD after TCR stimulation.

To determine whether these host CD8™ T cells were capable
of proliferating in response to anti-CD3, [°H]thymidine incor-
poration assays were performed. The results of a representa-
tive experiment are shown in Table 1. Spleen cells from both
C57BL/6 mice and LCMV carrier mice proliferated well after
culture with anti-CD3. However, splenocytes taken from mice
on day 8 after LCMYV infection or from LCMYV carrier mice 6
days after adoptive transfer of LCMV-immune spleen cells
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incorporated very little [*H]thymidine, consistent with the fact
that these cells were undergoing apoptosis rather than prolif-
erating. In 10 individual experiments, the reduction in [*H]
thymidine incorporation between LCMV carrier mice (either
unreconstituted or reconstituted with naive cells) and immune-
cell adoptively reconstituted LCMV carrier mice ranged from
a high of 242-fold to a low of 3-fold, with an average of 60-fold.
Because most of the T cells put into culture were of host origin,
this suggests that there was a marked inhibition of proliferation
of the host T cells.

To determine which cell populations in the transferred do-
nor leukocyte preparations were required to induce bystander
sensitization to AICD, LCMYV carrier mice were reconstituted
with LCMV-immune spleen cells, either treated in vitro with
antibody and complement to deplete Thy 1* T cells or treated
with complement alone. Spleen cells from unmanipulated
LCMV carrier mice survived (Fig. 2A) and proliferated
(61,917 = 14,639 cpm), whereas splenocytes taken from carrier
mice reconstituted with complement-treated LCMV-immune
spleen cells underwent significantly more apoptosis (Fig.
2B) and proliferated less than did unmanipulated carriers
(30,993 = 2,379 cpm). In contrast, spleen cells taken from mice
reconstituted with spleen cells treated with anti-Thyl.2 plus
complement survived (Fig. 2C) and incorporated nearly as
much [*H]thymidine (53,864 = 8,939 cpm) as did the unma-
nipulated carriers. This result suggests that the donor T cells
are required to sensitize the host T cells to AICD.

Naive splenocytes transferred into LCMV carrier mice do
not substantially expand in number or effect the clearance of
virus (11, 12, 38). Splenocytes from LCMYV carrier mice recon-
stituted with 3 X 107 LCMV-naive spleen cells proliferated to
the same extent as did splenocytes from unmanipulated LCMV
carrier mice and displayed no evidence of sensitization to
AICD after anti-CD3 stimulation (data not shown). Thus,
LCMYV carrier mice and LCMV carrier mice that received
naive spleen cells were used interchangeably as controls. It
should also be noted that after the 2 days in culture with
anti-CD3, the level of CDS expression was often dim, making
it sometimes difficult to determine which cells were CD8™
versus CD8 . As a result, host and donor cell populations were
distinguished based on expression of the strongly staining Thy
1 allotypic markers in most of the following experiments.

Exogenous accessory cells cannot rescue host T cells from
AICD. The proliferation of T cells in vitro often requires the
presence of accessory cells such as antigen-presenting cells
(APCGCs) in the culture (9). It has also been suggested that the
inability of T cells to proliferate during acute viral infections
may be the result of an APC defect (5, 6, 10, 27). To determine
if bystander sensitization to AICD was the result of the ab-
sence of some vital APC-derived positive signal that was re-
quired for the proliferation of host T cells in vitro, exogenous
APCs were added to culture wells containing splenocytes taken
from the adoptively reconstituted LCMV carrier mice. These

TABLE 1. Inhibition of proliferation of T cells from LCMV carrier
mice adoptively reconstituted with LCMV-immune splenocytes

Mouse Proliferation”
CSTBL Ottt aseaesessaseaesenne 200 + 10
CS57BL/6 8 days after LCMV infection . 1605
LCMYV CAITIET ..ttt esesaesens 164 = 18
Adoptively reconstituted Carrier........coeeeeereueeevereeeuereeeuenenen 1.0 = 0.0

“ Numbers represent 10°> mean cpm = standard deviation after a 6-h pulse with
1 pCi of [*H]thymidine after 2 days of culture with plate-bound anti-CD3 anti-
body.
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FIG. 2. Donor T cells are required to induce susceptibility to AICD. TUNEL
flow assays were performed on splenocytes from unmanipulated Thy 1.2* LCMV
carrier C57BL/6 mice (A), LCMV carrier C57BL/6 mice adoptively reconstituted
with 2.5 X 107 complement-treated LCMV-immune Thy 1.2% C57BL/6 mouse
spleen cells (B), or LCMV carrier C57BL/6 mice adoptively reconstituted with
2.5 X 107 LCMV-immune spleen cells depleted of T cells by treatment with
anti-Thy 1.2 antibody and complement (C). Histograms represent the incorpo-
ration of the TdT label on the gated T-cell populations.

exogenous APCs were T-depleted spleen cells from uninfected
C57BL/6 mice. T cells from unmanipulated LCMV carrier
mice proliferated vigorously (174,583 + 36,381 cpm) and did
not undergo apoptosis (Fig. 3A), whereas spleen cells taken
from LCMV carrier mice previously reconstituted with Thy
1.1" LCMV-immune splenocytes underwent apoptosis (Fig.
3B) and proliferated very poorly (2,224 = 91 cpm). The addi-
tion of T-depleted normal spleen cells as accessory cells failed
to rescue the host T cells from apoptotic death (Fig. 3C) or
to substantially increase their [H?*]thymidine incorporation
(4,490 = 261 cpm). This result was seen in two other experi-
ments and demonstrates that the lack of a vital APC-derived
signal could not explain the observed immune suppression
after in vitro stimulation with anti-CD3.

Activated accessory cells do not suppress proliferative T-cell
responses under the test conditions. It has been reported that
in some systems, adherent accessory cells from virus-infected
hosts may inhibit the proliferation of T cells (13), and while we
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have found similar types of inhibition under certain high-cell-
density culture conditions, significant levels of inhibition did
not occur under the culture conditions of this study. Table 2
shows that mixtures of unfractionated or T-cell-depleted
spleen leukocytes from adoptively reconstituted LCMYV carrier
mice with control leukocytes or with leukocytes from unrecon-
stituted LCMYV carrier mice caused very low or modest levels
of inhibition of proliferation, other than that accounted for by
the 1:2 dilution occurring as a consequence of the mixture.
This is consistent with two earlier reports which showed that
day 8 splenocytes from acutely LCMV-infected mice did not
inhibit the proliferation of day 0 splenocytes (25, 28). These
experiments and those in the section above argue that the
bystander sensitization to apoptosis and proliferative inhibition
is not, under the conditions of these assays, a function of non-T
accessory cells and argue that a sensitization to apoptosis may
be occurring in vivo before the cells are put in culture.
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FIG. 3. Exogenous APCs do not rescue host T cells from AICD. TUNEL
flow assays were performed on splenocytes from unmanipulated LCMV carrier
C57BL/6 mice (A), LCMV carrier C57BL/6 mice adoptively reconstituted with
3 X 107 LCMV-immune spleen cells (B), or LCMV carrier C57BL/6 mice
adoptively reconstituted with 3 X 107 LCMV-immune Thy 1.1" spleen cells and
then cultured 1:1 in the presence of T-cell-depleted spleen cells from uninfected
C57BL/6 mice (C). Histograms represent the incorporation of the TdT label in
the host Thy 1.2* cells.
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TABLE 2. Proliferation of T cells after coculture with splenocytes
from adoptively reconstituted LCMV carrier mice

Bystander 10° Reconstituted 10° 10°
o Bystander . b Reconstituted Coculture

cells carrier cells -

cpm cpm cpm
C57BL/6 121 =21 Anti-Thy + C’ 30+ .3 59 = 4.1
C57BL/6 110 =16  Thy~ (FACS) 355 54 *+5.7
C57BL/6 176 = 6.3  Unseparated 22+ .0 46 = 0.5
C57BL/6 119 =18  Unseparated 47+ 2 21 0.9
B6 carrier 99 =13  Anti-Thy + C’ 4.6+ .6 112 £ 9.1
B6 carrier 55 *=9.7 Thy  (FACS) 35+5 43 £99
B6 carrier 169 =20  Unseparated 30+ .3 34+0.2
B6 carrier 232+ 9.6  Unseparated 3547 96 =42

“ Bystander cell spleen leukocytes from normal C57BL/6 or LCMV carrier
C57BL/6 (B6 carrier) mice were placed into culture in the presence of anti-CD3
for 2 days and pulsed with [*H]thymidine, as described in Materials and Meth-
ods.

® Spleen leukocytes from LCMV-carrier mice that had been adoptively recon-
stituted for 6 days with splenocytes from LCMV-immune mice were isolated,
processed as described in Materials and Methods, and either tested directly
(unseparated) or after depletion of T cells with either monoclonal antibody to
Thy 1.2 + complement (C') or by staining with monoclonal antibody to Thy 1
and removal of the T cells by fluorescence activated cell sorting. These cells were
examined for proliferation identically to the bystander cells.

¢ Cocultured cells were 1:1 mixtures of the bystander and reconstituted carrier
populations, dispensed at total cell concentrations equal to the totals of the
separated cell populations. Thus, the cocultures have the same total number of
cells as the individual bystander or reconstituted carrier cultures; consequently,
there is a 1:2 dilution of the component cell numbers in the cocultures.

Roles of donor and host T cells in the proliferative re-
sponses. The experiments described above showed that deple-
tion of donor T cells in the LCMV-immune splenocyte popu-
lations before adoptive transfers into carrier mice eliminated
the ability of donor cell populations to sensitize host T cells to
proliferative inhibition and to apoptosis. Experiments were
done to test if donor T cells were required within the in vitro
proliferative assay that occurred after the adoptive reconstitu-
tion. Donor T cells were depleted from the reconstituted T-cell
population by staining them with anti-Thy 1.1 and sorting them
away from the remaining cells. Spleen cells from unmanipu-
lated LCMV-carrier mice proliferated strongly after anti-
CD3 treatment (116,029 = 3,387 cpm), whereas splenocytes
from reconstituted LCMV carrier mice proliferated poor-
ly (28,762 + 2,515). Removal of the Thy 1.1" donor cells
from the population increased the proliferation only slightly
(41,170 = 7,485). Flow TUNEL data for apoptotic cells in
this experiment showed 33% apoptotic cells in the cultures
of the unreconstituted mice but over 50% apoptotic cells in
the reconstituted cell cultures, with or without Thy 1.1 cell
depletion (results not shown). Similar patterns of prolifer-
ation and TUNEL results were also noted in reconstituted
mice whose cells were treated with anti-Thyl.1 antibody and
complement to deplete donor cells, but data are presented only
for the sorted cells, whose depletions were the most quantita-
tive. These experiments indicate that even though donor T
cells were required in vivo to bring about this sensitized state,
the continued presence of highly activated donor T cells in the
cultures was not required for sensitivity of the host cells to
proliferative inhibition and to apoptosis ex vivo.

Experiments were also performed to determine if host Thy
1.2 cells purified by cell sorting were refractory to prolifera-
tion in response to anti-CD3. Table 3 lists five experiments
showing that highly purified (>92% pure) host Thy 1.2 cells
from unreconstituted or naive cell-reconstituted carrier mice
proliferated substantially better than did Thy 1.2" host cells
purified from carrier mice reconstituted with LCMV-immune
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splenocytes. This inhibition in proliferation of purified host
cells was not as great that seen in the presence of donor T and
activated accessory cells (Table 1), but the proliferative re-
sponse of the purified host T cells was clearly weakened by
their previous in vivo exposure to a T-cell response to a viral
infection.

Role of IFN-vy in bystander sensitization to AICD. We have
recently reported that T cells derived from mice genetically
deficient in the IFN-y receptor are relatively resistant to AICD
after acute LCMV infection (19). To ascertain what role, if
any, IFN-y played in bystander sensitization of host T cells to
AICD, LCMV-immune Thy 1.1* spleen cells were adoptively
transferred into Thy 1.2" LCMV carrier mice lacking the
IFN-v receptor. Under these conditions, the host T cells would
be unable to respond to the IFN-y that was produced by the
activated proliferating donor cells. The results of these adop-
tive-transfer experiments are shown in Fig. 4 and Table 4. T
cells from persistently infected IFN-y receptor knockout mice
and T cells from IFN-y receptor knockout mice reconstituted
with LCMV-naive splenocytes were relatively resistant to
AICD (Fig. 4A and B). In IFN-y receptor knockout mice
adoptively reconstituted with LCMV-immune Thy 1.1" spleen
cells (Fig. 4C), the extent of apoptosis was slightly greater than
that seen in IFN-y receptor knockout carrier mice reconsti-
tuted with LCMV-naive spleen cells (42 and 32%), respectively)
but not nearly as extensive as that seen in immune cell-recon-
stituted persistently infected normal mice capable of respond-
ing to IFN-y (42 and 71%, respectively [Fig. 4D]). The [*H]
thymidine incorporations from three separate reconstitution
experiments involving persistently infected IFN-y receptor
knock-out mice are shown in Table 4. In agreement with the
TUNEL data, the inhibition of proliferation after reconstitu-

TABLE 3. Impaired proliferation of purified bystander LCMV
carrier host T cells from Thy 1.2" LCMV carrier mice adoptively
reconstituted with LCMV-immune Thy 1.1* splenocytes®

. 3
Expt® Reconstitution of Host cell 10° Host cell

carrier mice cpm * SD

1 None Thy 1.2" 123 =18
LCMV-immune cells Thy 1.2* 54+59

2 None Thy 1.2 56 £3.9
LCMV-immune cells Thy 1.2" 3559

3 Naive cells Thy 1.2" 158 £ 9.1
LCMV-immune cells Thy 1.2* 113 = 6.1

4 Naive cells Thy 1.2* 127 7.8
LCMV-immune cells Thy 1.2" 5389

Naive cells CD8" Thy 1.2 98 =34
LCMV-immune cells CD8" Thy 1.2* 36+ 14

5 Naive cells Thy 1.2" 98 + 16
LCMV-immune cells Thy 1.2* 54+98

Naive cells CD8" Thy 1.2 62+ 10
LCMV-immune cells CD8" Thy 1.2* 34+12

“ Spleen leukocytes from LCMV carrier Thy 1.2* C57BL/6 mice, either un-
treated or reconstituted with naive or LCMV-immune Thy 1.1" C57BL/6 spleen
leukocytes, were purified by flow cytometry, stimulated with anti-CD3 antibody,
and examined for proliferation by the uptake of [*H]thymidine.

> Experiments 1 and 2 used the method described in Materials and Methods.
Experiments 3 to 5 used a slightly different method, in which 10° responder cells
from the treated mice were placed into 96-well flat-bottom microtiter plates
along with 6 X 10° spleen leukocytes from control C57BL/6 mice depleted of T
cells with anti-Thy 1.2 and complement, as feeder/accessory cells. [*'H|thymidine
was added directly to those wells after 2 days of stimulation.



VoL. 74, 2000

o
=

A

22%

32%

0 51015202530

O

| 71%

10 20 30 40

o]

0 4

10 10 10

TdT LABEL >

FIG. 4. Bystander sensitization to apoptosis is inhibited in IFN-y receptor
knockout mice. TUNEL flow assays were performed on splenocytes from unma-
nipulated IFN-y receptor knockout LCMV carrier 129/SV mice (A), IFN-y
receptor knockout 129/SV LCMV carrier mice reconstituted with 3 X 107
LCMV-naive C57BL/6 mouse spleen cells (B), IFN-y receptor knockout LCMV
carrier 129/SV carrier mice reconstituted with 3 X 107 LCMV-immune Thy 1.1*
C57BL/6 spleen cells (C), or wild-type LCMV carrier C57BL/6 mice reconsti-
tuted with 3 X 107 LCMV-immune C57BL/6 mouse spleen cells (D). LCMV
carrier normal 129/SV mice were not available for this experiment, but we have
shown previously that T cells from these mice become highly sensitized to
apoptosis during the acute LCMYV infection (19). Histograms represent the
incorporation of the TdT label in the host Thy 1.2* T cells.

tion was not as profound when the host T cells cannot respond
to IFN-v. This result suggests that IFN-y may play a role in
sensitizing host cells to undergo apoptosis after TCR ligation.
Some sensitization, however, clearly can take place in the ab-
sence of IFN-vy.

Role of FasL in bystander sensitization to apoptosis. Fas
and FasL play key roles in regulating T-cell apoptosis. To see
what, if any, role this receptor-ligand pair plays in inducing
bystander AICD, the gld mouse, which harbors a point muta-
tion (Phe to Leu) in the carboxy terminus of the FasL molecule
(20, 31), ablating its ability to induce apoptosis in Fas-express-
ing cells, was used as a source of LCMV-immune T cells. In
these experiments Thy 1.2 LCMV carrier mice were adop-
tively reconstituted with splenocytes from Thy 1.2" LCMV-
immune gld mice (Table 5; experiments 1 to 3); we have shown
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TABLE 4. T-cell proliferation after adoptive reconstitution of
LCMYV carrier mice lacking the IFN-y receptor

Expt Reconstitution” Proliferation”
1 None 196 £ 18
LCMYV naive 116 = 13
LCMV immune 36 £ 1.8
Control® 22+0.1
2 None ND“
LCMV naive 115 £0.8
LCMV immune 47 =21
Control® 47+09
3 None 154 £ 17
LCMYV naive 100 = 15
LCMV immune 46 £ 8.9
Control® 11+22

“TFN-y receptor knockout LCMV carrier 129/SV mice were reconstituted
with 3 X 107 of the indicated C57BL/6 spleen cells.

® Numbers represent 10° mean cpm = standard deviation after a 6-h pulse with
1 pCi of [*H]thymidine after 2 days of culture with plate-bound anti-CD3.

¢ Wild-type LCMV carrier C57BL/6 mice reconstituted with 3 X 107 of the
same LCMV-immune spleen cells used to reconstitute persistently infected
IFN-vy receptor knockout mice. Wild-type LCMV carrier normal 129/SV controls
were not available for this experiment, but we have documented the high sensi-
tivity of T cells from acutely LCMV-infected 129/SV mice elsewhere (19).

4ND, not done.

that gld mice have normal numbers of memory cytotoxic T
lymphocytes as detected by the limiting-dilution assay (19).
Reconstitution of these cells in this Thy 1.2-syngeneic system
was demonstrated by an increase in the percentage of CD8
splenocytes expressing activation markers (large CD44Me"
CD62L"Y-expressing cells) 6 days postinfection. To further
confirm that adoptively transferred T cells from gld mice can
otherwise function properly in vivo, 3 X 107 splenocytes from
naive or LCMV-immune C57BL/6 mice or gld mice were trans-
ferred intravenously into 6-week-old C57BL/6 mice infected 1
day previously with 5 X 10* PFU of LCMYV intraperitoneally.
The next day, spleens were harvested and the titer of LCMV
plaques was determined; a reduction in PFU has been shown
in this system to be a function of MHC-restricted CDS8 T cells
(39). Splenocytes from LCMV-immune C57BL/6 and gld mice

TABLE 5. T-cell proliferation after adoptive reconstitution of
LCMV carrier mice with spleen cells from LCMV-immune or naive

gld mice
Expt Reconstitution” Proliferation”
1 LCMV-naive gld 222 =11
LCMV-immune gld 53 +44
2 None 212 =17
LCMV-immune C57BL/6 25x15
LCMV-immune gld 141 =33
3 None 174 = 36
LCMV-immune C57BL/6 22+0.1
LCMV-immune gld 179 = 12
4 LCMV-immune C57BL/6 59x20
LCMV-immune gld 41 =51

“LCMV carrier mice were reconstituted with 3 X 107 to 4 X 107 of the
indicated C57BL/6 or congenic gld mutant spleen cells.

> Numbers represent 10° mean cpm = standard deviation after a 6-h pulse with
1 wCi of [*H]thymidine after 2 days of culture with plate-bound anti-CD3 anti-
body.
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each led to similar 1-log-unit reductions in viral titers (log,,
PFU/spleen after reconstitution with splenocytes from naive
C57BL/6, 4.4 = 0.1; immune C57BL/6, 3.2 + 0.1; naive gld,
42 * 0.4; immune gld, 3.3 = 0.0), arguing that transferred
gld-immune T cells functioned properly in vivo to clear the
virus. However, when LCMV carrier mice were reconstituted
with spleen cells from LCMV-immune gld mice, the inhibition
in [H’]thymidine incorporation was significantly lower than
that seen when FasL™* LCMV-immune spleen cells were
used for reconstitution. In Table 5 experiment 1, there ap-
peared to be some effect of the immune gld cells, but it was
much smaller than that seen with normal immune cells in the
experiment in Table 1 and in experiments 2 to 4 in Table 5. In
one experiment, Thy 1.1 LCMV carrier mice, which were of
very limited availability, were reconstituted with cells from
LCMV-immune Thy 1.2" gld mice (Table 5, experiment 4) and
the proliferation was substantially lower in mice reconstituted
with LCMV-immune normal C57BL/6 mouse control cells
than with LCMV-immune gld cells. Figure 5 shows the results
of one of three similar TUNEL experiments, indicating that T
cells in adoptively reconstituted carrier mice were not sub-
stantially sensitized to undergo apoptosis if reconstituted
with LCMV-immune gld mouse splenocytes. These data sug-
gest that expression of FasL on the activated donor cells is
important for the sensitization of host T cells for antiprolifera-
tive and apoptotic effects.

Similar types of experiments were done using LCMV carrier
Ipr mice, which have a mutation in Fas (36, 37), as recipients
for normal LCMV-immune T cells. There was no induced
inhibition of host T-cell proliferative responses (data not
shown), but these experiments were uninterpretable because T
cells from /pr mice are in general resistant to AICD (19) and
because fluorescence analyses indicated that Thy 1.1" donor
cells did not reconstitute in the Thy 1.2 [pr mice; this may be
due to the reported elevations in the levels of /pr mouse FasL
(37), which may interfere with the expansion of activated T
cells in a manner similar to the phenomenon that we are
describing here.

Inhibition of proliferation in LCMV-infected HY transgenic
mice. To examine the effects of a more typical acute viral
infection on T cells known not to be specific for the virus,
HY-specific transgenic T-cell C57BL/6 mice were used. These
mice have a “leaky” transgenic T-cell repertoire in that they
contain a considerable array of T cells that do not express both
the a and B chains of the HY-specific TCR; about 30% of the
CDS8 T cells express both receptors and have HY specificity.
We have shown that LCMV induces in these mice a strong
T-cell response that does not elicit the proliferation of the
transgenic T cells, which are detectable by the monoclonal
antibody T3.70 (38). By 8 days postinfection, 15 to 25% of the
CDS8 T cells express the HY-specific transgene (37), yet [°H]
thymidine incorporation assays showed that these total T-cell
populations proliferated extremely poorly in response to anti-
CD3. Splenocytes from uninfected HY transgenic mice prolif-
erated well after culture with anti-CD3 (cpm ranging in three
experiments from 111,218 * 21,424 to 257,934 = 363). In
contrast, splenocytes from HY transgenic mice 8 days after
LCMYV infection proliferated very poorly, from a low of 424 =
23 cpm up to a maximum of only 5,463 = 77 cpm after culture
with anti-CD3. Predictively, TUNEL stains showed high levels
of cell death in these cultures; however, HY " cells could not be
distinguished from the rest of the T cells because they could
not be detected after anti-CD3 stimulation, either because of
cell loss by apoptosis or because of receptor downregulation.
Nevertheless, the extremely impaired uptake of the radiolabel,
the low recovery of cells after stimulation, and the high fre-
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FIG. 5. Immune splenocytes from C57BL/6 congenic gld mice are inefficient
at sensitizing cells from adoptively reconstituted LCMV carrier mice to apoptosis
on anti-CD3 stimulation. LCMV carrier C57BL/6 Thy 1.2* mice were either
unreconstituted (A) or reconstituted with splenocytes from LCMV-immune con-
trol C57BL/6 (B) or LCMV-immune gld (C) Thyl.2* mice, in a method similar
to that used in Fig. 1. This figure shows the results for the total T-cell populations
from these mice, since both host and donor cells were Thy 1.2*.

quency of TUNEL staining in the remaining cells indicates that
the “bystander” HY™ cells died in these cultures.

DISCUSSION

Here we show that T cells clearly defined as being not virus
specific fail, during a potent antiviral immune response, to
proliferate on TCR ligation but instead undergo apoptosis.
This bystander sensitization to AICD occurred as a conse-
quence of an ongoing virus-specific T-cell response and ap-
peared to be dependent on the expression of FasL on the
activated proliferating cells, since sensitization did not occur
when the virus-specific T cells lacked expression of FasL. This
might indicate that FasL on the virus-specific cells interacts
with Fas on the bystander cells before, during, or after receptor
engagement and directs them into a death pathway. The im-
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portance of Fas could not be easily assessed in the adoptive-
transfer model because donor T cells failed to repopulate in
Fas-mutant /pr mice, perhaps because splenocytes from Ipr
mice have upregulated FasL, which can be toxic for activated T
cells and therefore may have prevented their repopulation
(37). Experiments with IFN-y receptor knockout mice suggest
that the ability of the non-virus-specific T cells to respond to
IFN-v plays a significant role in inducing this susceptible state.
T cells from IFN-y receptor-deficient mice are themselves
somewhat resistant to AICD (19), and we show here that this
deficiency could not be overcome by the presence of wild-type
activated T cells. IFN-y is reported to upregulate Fas expres-
sion, and this may in part explain its role in sensitizing cells to
apoptosis (18, 19).

Other factors may also be involved in this bystander sensi-
tization to apoptosis, including interleukin-2 (IL-2), which
would be produced by the virus-specific activated T cells. After
exposure to high concentrations of IL-2, murine Th1 clones or
lymph node T cells undergo apoptosis on TCR ligation (15).
The data presented here do not directly address the role of
IL-2 in bystander sensitization to AICD, but we have previ-
ously shown in the LCMV system that in vitro exposure to IL-2
greatly augments the sensitization of T cells to AICD (25). It is
also noteworthy that IL-2 can induce the synthesis of IFN-y,
which itself may regulate apoptosis (19).

During acute infections of humans and animals with many
viruses, there is a transient period in which the ability to mount
a T-cell response to other antigens is severely compromised
(27, 35). The results detailed here suggest a mechanism by
which those T cells not responding to the virus become sensi-
tized, in a bystander fashion, to undergo AICD on receptor
triggering. This period when the T cells are susceptible to
AICD is transient, because the ability to respond to recall
antigens returns after the acute phase of the antiviral immune
response has passed. Careful quantification of memory cyto-
toxic T-lymphocyte precursors, however, has recently revealed
that acute viral infections can cause significant and permanent
reductions in the total number of T cells specific to viruses
from previous infections (30). In addition, studies have shown
that the total numbers of T cells not specific for LCMV decline
by 30 to 50% during an acute LCMV infection, and such
reductions are greatest in bystander T cells expressing the
CD44 activation/memory marker (38; J. M. McNally, C. C.
Zarozinski, and R. M. Welsh, FASEB J. 13:982, 1999, ab-
stract). Thus, T cells not specific for a virus may become de-
stabilized, possibly in the FasL-rich environment, and undergo
some attrition even in the absence of high-affinity receptor
stimulation, but in the presence of strong ligands they may
quickly undergo apoptosis. TNF-TNF receptor interactions
can sometimes substitute for Fas-FasL interactions in the
AICD of CD8 T cells (16), and it would be interesting to
explore the role of that receptor-ligand pair in this system. It is
noteworthy that after clearance of virus, the overall T-cell
numbers decline normally in an environment lacking Fas or
FasL (17, 24), but this is probably due to a distinctly different
mechanism from AICD and is probably related to removal of
growth and survival factors for activated lymphocytes.

Bystander sensitization to apoptosis may also be a mecha-
nism for immune deficiencies associated with persistent viral
infections and autoimmune conditions involving chronic T-cell
responses. In HIV infection, the immune response is chronic,
and the T cells are in an environment in which there is a
continual T-cell response threatening attrition of other cells.
The T cells undergoing apoptosis in HIV- and SIV-infected
lymph nodes are predominantly uninfected bystander cells (4).
Previous work has shown that CD8" T cells from HIV-infected
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asymptomatic individuals respond poorly to anti-CD3 stimula-
tion in vitro and undergo apoptosis (8, 33) and that CD8* T
cells derived from asymptomatic HIV-positive individuals were
in a “preapoptotic” state in vivo and could undergo apoptosis
after overnight culture in media (17). Our work presented here
is consistent with those results and indicates in a defined ex-
perimental system that uninfected bystander cells that are
clearly not virus specific can become destabilized in the envi-
ronment of an activated T-cell response.
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