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Cytotoxic T cells (CTL) play a central role in the control of viral infections. Their antiviral activity can be
mediated by at least two cytotoxic pathways, namely, the granule exocytosis pathway, involving perforin and
granzymes, and the Fas-FasL pathway. However, the viral factor(s) that influences the selection of one or the
other pathway for pathogen control is elusive. Here we investigate the role of viral replication levels in the
induction and activation of CTL, including their effector potential, during acute Friend murine leukemia virus
(F-MuLV) infection. F-MuLV inoculation results in a low-level infection of adult C57BL/6 mice that is
enhanced about 500-fold upon coinfection with the spleen focus-forming virus (SFFV). Both the low- and
high-level F-MuLV infections generated CD8* effector T cells that were essential for the control of viral
replication. However, the low-level infection induced CD8* T cells expressing solely FasL but not the cytotoxic
molecules granzymes A and B, whereas the high-level infection resulted in induction of CD8" effector T cells
secreting molecules of the granule exocytosis pathway. By using knockout mouse strains deficient in one or the
other cytotoxic pathway, we found that low-level viral replication was controlled by CTL that expressed FasL
but control of high-level viral replication required perforin and granzymes. Additional studies, in which
F-MuLV replication was enhanced experimentally in the absence of SFFV coinfection, supported the notion
that only the replication level of F-MuLV was the critical factor that determined the differential expression of

cytotoxic molecules by CD8" T cells and the pathway of CTL cytotoxicity.

CD8™" cytotoxic T cells (CTL) are the key players in the
immune response against intracellular pathogens including vi-
ruses. CTL can eliminate target cells by two independent cy-
tolytic pathways, the granule exocytosis pathway and the Fas
pathway (37). In the first pathway the membrane-disrupting
protein perforin and the two principal serine proteases, termed
granzymes A and B, are secreted by the CTL and act together
to induce apoptosis in the target cell (31). The second pathway
involves the binding of the cell death receptor Fas on the target
cell to its cognate ligand FasL on the killer cell membrane.
This engagement results in caspase-dependent apoptosis of the
target (23, 40). Previous studies demonstrated that both cyto-
toxic pathways are of relevance, though differentially, for the
control of individual viral infections. For example, studies with
knockout mice provide evidence for the granule exocytosis
pathway as the key mechanism in recovery from lymphocytic
choriomeningitis virus (3, 21, 41), ectromelia virus (mouse pox
virus) (27, 33), and Friend retrovirus infection (44). Other
studies showed that certain viruses are readily controlled by
the Fas pathway (3, 8, 32). However, the viral factor(s) respon-
sible for the differential induction of CTL-associated cytotoxic
molecules during infection is largely unknown.

We have used the Friend virus (FV) model to determine
whether the level of viral replication is a key factor for CTL in
the induction and usage of different cytotoxic pathways for
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antiviral defense. FV is a complex comprised of two retrovi-
ruses, the replication-competent but nonpathogenic helper vi-
rus, known as Friend murine leukemia virus (F-MuLV), and
the replication-defective but pathogenic spleen focus-forming
virus (SFFV) (20). Infection of adult mice with the FV com-
plex induces various degrees of acute viremia and splenomeg-
aly depending on the genetic background of the mouse strain
(7, 17). Susceptible strains progress to lethal erythroleukemia
after FV infection (28), whereas resistant mice, such as the
C57BL/6 (B6) mice used in the current experiments, recover
from acute splenomegaly and do not develop leukemia. Previ-
ous studies showed that both virus-specific humoral and cellu-
lar immune responses, in particular CD8* CTL, are essential
for the recovery of resistant mice from primary FV infection
(17, 19).

The F-MuLV helper virus expresses all the relevant T-cell
epitopes that are necessary for recovery from disease as well as
for vaccine protection against FV (12, 13). Thus, the current
study focuses on the CTL response to F-MuLV during acute
infection and compares the mechanisms of specific CTL-me-
diated virus control during low- and high-level F-MuLV infec-
tion. Infection of adult mice with the F-MuLV helper virus
alone results in poor viral replication without any clinical
symptoms. However, replication of F-MuLV can be greatly
enhanced by coinfection with the replication-defective SFFV.
SFFV encodes an envelope protein that binds to the erythro-
poietin receptor, leading to activation and polyclonal prolifer-
ation of erythroid precursor cells, which are the most impor-
tant target cells for F-MuLV (20).

In the current paper we show that in B6 mice F-MuLV
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FIG. 1. Levels of infection in F-MuLV versus F-MuLV-plus-SFFV-challenged mice. C57BL/6 mice were infected with 10,000 FFU F-MuLV,
and the outcome of infection was determined 10 days later. In one group the animals were coinjected with SFFV to enhance F-MuLV replication.
(A) F-MuLV infection levels in the spleen (infectious centers [IC]) were determined at 10 days postinfection. (B and C) Expansion of the Ter119*
erythroid precursor cell population (B) and spleen weights (C) are shown to demonstrate proliferation of the F-MuLV target cells. Experiments

were repeated three times with comparable results.

replication is about 500 times lower in the absence than in the
presence (coinjected) of SFFV. However, both infection pro-
tocols induced virus-specific CTL responses that were critical
for controlling viral replication. Interestingly, protective CTL
generated during low-level infection with F-MuLV expressed
only FasL, whereas CTL induced during high-level infection
expressed granzymes in addition, which in conjunction with
perforin were required for efficient virus control. The results
demonstrate that in FV infection the level of viral replication
has a strong impact on the mode of the antiviral CTL activity.

MATERIALS AND METHODS

Mice. Inbred C57BL/6 (B6) and gld (35) mice as well as the knockout mouse
strain perforinXgranzymeAXB (perfXAXB™/7) (39) were maintained under
pathogen-free conditions. The knockout mice were originated from B6 embry-
onic stem cells. Fas-deficient mice (Fas™/~) were generated in S. Nagata’s lab (1)
and were kindly provided by M. Klein (Ziirich, Switzerland). In all experiments
3- to 6-month-old mice were used.

Viral infection. In all viral infection experiments, mice were injected intrave-
nously with 0.5 ml phosphate-buffered saline containing 10,000 focus-forming
units (FFU) of F-MuLV. The titer of SFFV in the F-MuLV-plus-SFFV stock was
10,000 spleen FFU. Both virus stocks were free of lactate dehydrogenase-ele-
vating virus.

Infectious-center assays. Titrations of single-cell suspensions from infected
mouse spleens were plated onto susceptible Mus dunni cells (22), cocultivated for
3 days, fixed with ethanol, stained with F-MuLV envelope-specific monoclonal
antibody 720 (34), and developed with peroxidase-conjugated goat anti-mouse
antibodies and aminoethylcarbazol to detect foci.

Lymphocyte depletion. CD4" and CD8" T-cell and NK cell depletions were
performed essentially as described previously (18, 26, 29). Briefly, mice were
inoculated intraperitoneally with 0.5 ml of supernatant fluid obtained from
hybridoma cell culture for the CD4-, CDS-, or NK1.1-specific monoclonal anti-
bodies 191.1, 169.4, and PK136, respectively. Mice were inoculated every other
day four times starting on the day of FV infection. The treatment depleted 92%
of CD4™ cells, 90% of CD8™ cells, and 86% of NK1.1" cells in the spleens of the
respective mice (measured at 10 days postinfection).

Tetramer staining. For the detection of activated virus-specific CD8" T cells,
5 X 10° nucleated spleen cells were stained with anti-CD8- and anti-CD43-
labeled (Pharmingen, Heidelberg, Germany) and phycoerythrin-labeled major
histocompatibility complex class I H-2DP tetramers specific for the immunodom-
inant GagL CTL epitope gPr805*¢85-93 (6) for 15 min at room temperature. The
tetramers contained modified versions of the Gag epitope in which all three
cysteine residues were replaced with aminobutyric acid (38). After washing, cells

were analyzed by flow cytometry. Dead cells were excluded by 7-aminoglycoside
adenylyltransferase (Becton Dickinson, Heidelberg, Germany) staining.
Intracellular granzyme staining and flow cytometry. Cell surface staining was
performed using Becton Dickinson (Heidelberg, Germany) reagents. T-cell an-
tibodies were anti-CD43, directed against the activation-associated glycosylated
isoform of CD43 (1B11), anti-CD44 (Pgp-1), anti-CD8 (53-6.7), anti-CD127
(A7R34), and anti-CD107a (1D4B). Ter119 (Ly-76) was used as a marker for
erythroblasts. Dead cells (7-aminoglycoside adenylyltransferase or propidium
iodide positive) were excluded from all cell surface analyses. Intracellular gran-
zyme A (polyclonal rabbit anti-mouse granzyme A immunoglobulin G [IgG],
protein A purified) and granzyme B (monoclonal anti-human granzyme B anti-
body, allophycocyanin conjugated, clone GB12; Caltag Laboratories, Hamburg,
Germany) staining was performed using the Cytofix/Cytoperm intracellular stain-
ing kit (Becton Dickinson). After being labeled for cell surface markers the
spleen cells were washed and intracellular staining for granzyme B was per-
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FIG. 2. Depletion of T cells or NK cells during acute infection of
mice with F-MuLV. C57BL/6 mice were infected with F-MuLV or
F-MuLV plus SFFV and depleted for their CD8", CD4", or NK1.1*
cells by injecting monoclonal antibodies. Ten days postinfection the
mice were sacrificed and analyzed for viral loads in the spleen. The
results for depleted, infected animals were compared with those from
untreated FV-infected mice. Each dot represents the results from a
single mouse. Statistically significant differences between the groups
are given in the figures. Differences between the group of infected
wild-type mice and the groups of depleted mice were compared by
using the unpaired ¢ test. Statistically significant differences between
the groups are given in the figure. Experiments were repeated two
times with comparable results. IC, infectious centers.
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FIG. 3. CD8" T-cell activation in mice with low- versus high-level F-MuLV replication. C57BL/6 mice were infected with F-MuLV or F-MuLV
plus SFFV, and their CD8" T cells were analyzed by flow cytometry. (A) Gated CD8" T cells from infected mice were stained for the
activation-associated glycoform of CD43 to detect effector T cells at 10 days post-F-MuLV infection. (B) CD43™" T cells were also positive for CD69
and CD44 and mostly negative for CD127, showing their effector phenotype. Percentages of positive (upper right quadrant) and negative (lower
right quadrant) cells are given right next to the dot blots. (C) The percentages of virus-specific CD8™ T cells reactive with D"gagL class I tetramers
are shown. (D) The representative costaining experiment indicates that all tetramer”™ CD8" T cells expressed the CD43 activation marker.
Percentages of tetramer™ T cells of whole CD8™ cells are given in the upper right quadrant. Each dot represents an individual mouse. The mean
percentage for each group is indicated by a line. Differences between the two groups were analyzed by using the unpaired ¢ test. Statistically
significant differences between the groups are given in the figures. Experiments were repeated three times with comparable results.

formed according to the manufacturer’s protocol. Granzyme A was reacted with
a polyclonal rabbit anti-mouse granzyme A IgG antiserum (45) and stained with
a fluorescein isothiocyanate-conjugated goat anti-rabbit IgG secondary antibody
(Dianova, Hamburg, Germany). Analysis was always done on gated CD8" T
cells. To test for the resolution of the granzyme staining assay, we engineered a
10-fold dilution of spleen cells from F-MuLV-plus-SFFV-infected mice with
splenocytes from naive mice. In these control samples only 1.5 to 3% of the
CD8" cells were CD43™ in comparison to 15 to 25% of the CD8™ cells from
infected animals. However, in the diluted and undiluted samples 20 to 40% of the
activated CD8™" T cells were positive for granzyme A or B, indicating the high
resolution of the assay. Data were acquired on a FACSCalibur flow cytometer
(Becton Dickinson) from 10,000 to 30,000 lymphocyte-gated events per sample.
Analyses were done using BD Cellquest Pro software (version 4.0.1; Becton
Dickinson).

FasL staining. Spleen cells were isolated after gradient centrifugation with
70% Percoll (Sigma, Taufkirchen, Germany) and stimulated for 1 h with
anti-mouse CD3 and CD28 (Becton Dickinson, Heidelberg, Germany) in
RPMI medium with 10% fetal calf serum, 107> M 2-mercaptoethanol, and

10 pwmol/liter metalloproteinase inhibitor TAPI-1 (Calbiochem, Bad Soden,
Germany). The expression of FasL was measured by flow cytometry after
staining with anti-mouse FasL (CD178.1) antibody (Becton Dickinson, Hei-
delberg, Germany).

Quantitative PCR. Total RNA was extracted from 1 X 10° CD8" T cells by
using the RNeasy Micro kit (QIAGEN, Hilden, Germany) according to the
manufacturer’s instructions. mRNA was transcribed by incubating total RNA
with an oligo(dT),, ;s primer (500 ng; Pharmacia, Freiburg, Germany) and
RevertAid H Minus Moloney murine leukemia virus reverse transcriptase (Fer-
mentas, St. Leon-Rot, Germany) as advised by the manufacturer. The resulting
c¢DNA was used as a template for 18S rRNA (housekeeping gene) amplification
in the LightCycler system (Roche Diagnostics, Mannheim, Germany) by using
FastStart DNA Master SYBR green I (Roche, Basel, Switzerland). Plasmid
vectors expressing FasL or 18S rRNA were used for quantification of mRNA
molecules.

The primers were as follows: FasL, 5" TAG ACAGCA GTG CCA CTT CAT 3’
and 5" AAC TCA CGG AGT TCT GCC AGT 3', and 18S rRNA, 5" GCC CGA
GCC GCC TGG ATA C 3’ and 5" CCG GCG GGT CAT GGG AAT AAC 3'.
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FIG. 4. Production of granzymes and FasL and detection of degranulation in effector CD8™ T cells from mice with low- and high-level F-MuLV
replication. Flow cytometry was used to detect intracellular granzymes, degranulation marker CD107a, or Fas ligand in activated effector CD8™
T cells (CD43%) at 10 days post-F-MuLV infection. In one group the animals were coinjected with SFFV to enhance F-MuLV replication.
(A) Percentages of effector CD8" T cells expressing granzyme A. Accumulated results are shown on the left with representative flow data on the
right. The percentages of CD43" cells that were positive for granzyme A are given in the upper right quadrants. (B) Percentages of effector CD8*
T cells expressing granzyme B. Accumulated results are shown on the left with representative flow data on the right. The percentages of CD43*
cells that were positive for granzyme B are given in the upper right quadrants. (C) Percentages of effector CD8" T cells expressing the
degranulation marker CD107a. (D) Percentages of CD8" T cells expressing FasL after restimulation with anti-CD3 and anti-CD28 antibodies in
vitro. (E) mRNA levels for FasL in CD8" T cells isolated from F-MuLV-infected mice. The 18S rRNA was used as an internal standard. Each
dot represents an individual mouse. The mean percentage for each group is indicated by a line. Differences between the two groups were analyzed
by using the unpaired ¢ test. Statistically significant differences between the groups are given in the figures. All experiments except those for panel
E were repeated three times with comparable results.

RESULTS sor cells resulted in a mild and temporary splenomegaly (Fig.
1C). However, both infection protocols did not lead to any
other symptoms of acute or chronic disease (data not shown).

Next we investigated the involvement of the three different
cytotoxic lymphocyte subsets, reported before to be critical in

cytolysis of virus-infected target cells (37), i.e., CD4™ T cells,

Both low- and high-level F-MuLV replications were con-
trolled by CD8* T cells. To investigate the mechanism of
CTL-mediated immune control of low- and high-level retrovi-
ral infection, B6 mice were inoculated with F-MuLV in the
absence or presence of SFFV. At 10 days postinfection levels

of F-MuLV replication were determined in splenocytes using
an infectious-center assay. Inoculation of mice with F-MuLV
alone resulted in a low-level infection (Fig. 1A). In contrast,
coinjection of the same dose of F-MuLV together with SFFV
led to an almost-500-fold increase in F-MuLV loads. This
enhanced viral replication was due to an SFFV envelope-me-
diated activation and proliferation of Ter119-positive erythro-
blasts (Fig. 1B), which created an expanded target cell pool for
F-MuLV infection. The proliferation of the erythroid precur-

CD8" T cells, and NK cells, in the control of low- versus
high-level F-MuLV replication. Thus, B6 mice were depleted
of CD4*, CD8™, or NK1.1% cells by antibody treatment start-
ing at the time of infection. On day 10 postinfection numbers
of F-MuLV-infected cells in the spleen were significantly
higher in mice depleted of CD8™ cells during both F-MuLV
and F-MuLV-plus-SFFV infection than in untreated controls
(Fig. 2). In contrast, following depletion of CD4™ cells, only
splenocytes from F-MuLV- but not from F-MuLV-plus-SFFV-
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FIG. 5. Production of granzymes and FasL and detection of degranulation in virus-specific (tetramer*) CD8" T cells from mice with low- and
high-level F-MuLV replication. Flow cytometry was used to detect intracellular granzymes or degranulation marker CD107a in activated
virus-specific CD8" T cells (tetramer™) at 10 days post-F-MuLV infection. In one group the animals were coinjected with SFFV to enhance
F-MuLV replication. (A) Percentages of virus-specific CD8" T cells expressing granzyme A. Accumulated results are shown on the left with
representative flow data on the right. The percentages of tetramer™ cells that were positive for granzyme A are given in the upper right quadrants.
(B) Percentages of virus-specific CD8" T cells expressing granzyme B. Accumulated results are shown on the left with representative flow data on
the right. The percentages of tetramer® cells that were positive for granzyme B are given in the upper right quadrants. (C) Percentages of
virus-specific CD8" T cells expressing the degranulation marker CD107a. Accumulated results are shown on the left with representative flow data
on the right. The percentages of tetramer™ cells that were positive for CD107a are given in the upper right quadrants. Each dot represents an
individual mouse. The mean percentage for each group is indicated by a line. Differences between the two groups were analyzed by using the
unpaired ¢ test. Statistically significant differences between the groups are given in the figures. All experiments were repeated three times with

comparable results.

challenged mice showed an increased viral replication, which
was, however, lower than that of CD8" T-cell-depleted mice.
Depletion of NK cells had no effect on the viral load by either
of the two infection protocols. These data suggest that CD8™"
CTL are the most critical effectors for the control of both low-
and high-level F-MuLV infection. Consequently, we investi-
gated the expression of cytotoxic molecules by CD8" T cells
and determined their role in the immune control of retroviral
infections with different replication kinetics.

Low-level retroviral infection was controlled by FasL-medi-
ated CTL activity, whereas the granule exocytosis pathway was
required for the control of a high-level infection. Since CD8™
T cells were critical for the control of F-MuLV infection, the
activation and specificity of these cells were determined. Flow

cytometry analysis at 10 days postinfection demonstrated that
CD8™ T cells were activated, as measured by the expression of
the activation-associated glycoform of CD43 (15), after infec-
tion of mice with both F-MuLV (mean of 5.5%) and F-MuLV
plus SFFV (mean of 19%) (Fig. 3A). The increased frequency
of CD8" CD43™" T cells in F-MuLV-plus-SFFV- compared to
F-MuLV-infected mice correlated with the level of viral repli-
cation following the two infection protocols (Fig. 1A). During
both infections the majority of the CD43™ T cells also ex-
pressed the early activation marker CD69 but only a few cells
expressed CD127 (the interleukin-7 [IL-7] receptor), indicat-
ing that these cells had an effector phenotype (Fig. 3B). In
addition, the CD43™" cells coexpressed CD44, showing that
they had encountered antigen. A subpopulation of the CD43™
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effector T cells recognized the H-2D"-restricted F-MuLV gly-
cosylated gag epitope (Fig. 3C), demonstrating their viral spec-
ificity. Whereas the numbers of tetramer* CD8" T cells were
higher during high-level (mean of 4.4%) than during low-level
(mean of 0.6%) F-MuLV infection (Fig. 3A and C), no signif-
icant differences were found regarding the cell surface pheno-
type of the CTL populations after the different infections.

Thus, we could compare the expression of cytotoxic mole-
cules in CTL during a low-level infection with that during
high-level infection with the same virus. To this end, the ex-
pression of three key effector proteins of cytolytic CD8" T
cells, granzymes A and B and Fas ligand, was measured in
CD8" T cells.

Figure 4A and B show that a mean of 29% and 31% of
effector (CD43™) CD8" T cells from F-MuLV-plus-SFFV-
infected mice expressed granzymes A and B, respectively,
whereas granzymes were not detectable in effector CD8" T
cells from F-MuLV-infected mice. The granule exocytosis
pathway was further analyzed by examining cell surface expres-
sion of CD107a (LAMP-1) on CD8" T cells. CD107a is lo-
cated at the luminal side of the membranes of cytotoxic vesicles
and becomes exposed on the cell surface as a result of exocy-
tosis (4, 36). Thus, cell surface expression of CD107a indicates
recent cytotoxic granule degranulation and has been used as a
surrogate marker for granzyme/perforin-meditated killing by
CTL in the FV model (45). A mean of 22% of the CD43"
CD8™" T cells from mice with high-level F-MuLV replication
expressed CD107a on their surface, whereas no evidence of
degranulation was found in cells from mice with low-level viral
replication. Similar findings were obtained when tetramer™
CD8" T cells were analyzed. Figure 5 shows that tetramer™ T
cells did not produce granzymes or express CD107a after F-
MuLV infection. In contrast, after F-MuLV-plus-SFFV infec-
tion around 20% of the virus-specific CD8" T cells expressed
granzymes and more than 10% showed evidence for recent
degranulation. These results indicate that only the virus-spe-
cific CTL generated during high-level F-MuLV replication de-
granulate in response to antigenic stimulation. When enriched
CD8" T-cell populations were tested for the expression of
FasL, cells from both F-MuLV- and F-MuLV-plus-SFFV-in-
fected mice were found to express this molecule and the ex-
pression was only slightly higher on CD8" T cells from mice
with high-level F-MuLV replication (Fig. 4D). By quantifying
FasL transcripts, even more mRNA molecules were observed
in CD8" T cells from F-MuLV-infected than from F-MuLV-
plus-SFFV-infected mice, but the differences were not statis-
tically significant (Fig. 4E). The results suggest that the CTL-
mediated control of low-level F-MuLV infection was mainly
elicited by the FasL-Fas pathway, whereas the exocytosis path-
way was required for the control of high-level viral replication.

To support this hypothesis, the course of low- and high-level
F-MuLV infection was monitored in mutant mouse strains
with defects in either the exocytosis or the Fas-FasL pathway.
At 10 days postinfection F-MuLV loads in the spleen were
measured as a surrogate marker for CTL-mediated control of
viral replication (Fig. 6). As shown in Fig. 6, in the case of a
F-MuLV infection, viral replication was significantly increased
in comparison to wild-type mice in Fas and gld (FasL /") mice
but not in mice lacking perforin and granzymes A and B. In
contrast, during high-level F-MuLV infection viral replication
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FIG. 6. Infection with F-MuLV versus F-MuLV plus SFFV of mice
deficient for perforin, granzyme A, and granzyme B or the Fas-FasL pathway.
C57BL/6 wild-type mice and knockout mice that lack the cytotoxic molecules
perforin, granzyme A, and granzyme B or Fas or FasL (gld mice) were
infected with F-MuLV. In half of the groups, animals were coinjected with
SFFV to enhance F-MuLV replication. Ten days postinfection the mice were
sacrificed and analyzed for viral loads. The results for the knockout mice
indicated were compared with those from wild-type animals. Viral loads were
measured in the spleens of the infected mice. Each dot represents the results
from a single mouse. The mean value for each group is indicated by a bar.
Differences between the group of infected wild-type mice and the groups of
knockout mice were compared by using the unpaired ¢ test. Statistically sig-
nificant differences between the groups are given in the figure. Experiments
were repeated three times with comparable results. IC, infectious centers.

was significantly increased compared to that in wild-type mice
in animals with defects in the exocytosis pathway but in neither
of the Fas/FasL-knockout mice, supporting previous findings
(44). These results indicate that different F-MuLV replication
kinetics were selectively controlled by different pathways of the
cytotoxic CD8™ T-cell response.

The pathway of CTL-mediated virus control was dictated by
the level of F-MuLV replication and not by SFFV coinfection.
It is generally accepted that a major consequence of a simul-
taneous challenge of mice with F-MuLV and SFFV is the
amplification of F-MuLV replication in erythroblasts. How-
ever, we could not completely rule out that the SFFV infection
might have had some direct effects on CD8™ T-cell responses.
To verify that only the level of F-MuLV replication but not the
SFFV infection itself was responsible for the different induc-
tion of cytotoxic effector molecules, we increased F-MuLV
replication by means other than SFFV coinfection. Bleeding of
mice induces anemia and subsequent proliferation of Ter119™
erythroid precursor cells to replenish the deprived hematopoi-
etic compartment, thus creating an expanded pool of target
cells for the virus. Using the protocol depicted in Fig. 7, F-
MuLV replication was significantly enhanced by bleeding com-
pared to that in untreated mice infected with F-MuLV (Fig.
7A). The enhanced F-MuLV replication resulted in a signifi-
cant expansion of the populations of virus-specific (tetramer ™)
as well as activated (CD43") CD8" T cells (Fig. 7B and C),
with a mean of 14% to 30% expressing granzyme A or B or the
degranulation marker CD107a (Fig. 7D and E). As seen be-
fore, CD43" CD8™" T cells from untreated mice infected with
F-MuLV were negative for all three markers. The data indicate
that the level of F-MuLV replication rather than SFFV infec-
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FIG. 7. Detection of T-cell responses in mice after enhancement of F-MuLV replication due to an experimental induction of anemia. The
bleeding of mice pre- and postinfection with F-MuLV results in anemia and subsequent activation and proliferation of Ter119™" target cell for the
virus. (A) Spleen viral loads in mice with and without experimentally induced anemia were compared at 10 days postinfection. IC, infectious
centers. (B and C) Flow cytometry was used to detect virus-specific (tetramer™) (B) and activated (CD43™) (C) CD8" T cells in both groups. (D
to F) In addition, intracellular granzyme A (D), granzyme B (E), or degranulation marker CD107a (F) in activated effector CD8" T cells was
measured. Accumulated results are shown as percentages of the CD43" CD8" T-cell population. Each dot represents an individual mouse. The
mean percentage for each group is indicated by a line. Differences between the two groups were analyzed by using the unpaired ¢ test. Statistically
significant differences between the groups are given in the figures. Experiments were repeated three times with comparable results.

tion itself determined the different expression of cytotoxic mol-
ecules in CTL.

Similar findings were made when the inoculation dose of
F-MuLV plus SFFV was reduced in titer. Figure 8A clearly
shows that low doses of F-MuLV plus SFFV (100 to 1,000
spleen FFU) resulted in a low-level F-MuLV infection of
spleen cells. This was associated with a weak but detectable
activation of virus-specific CD8* T cells (Fig. 8B and C). How-

ever, these activated (CD43™) CD8" T cells did not express
granzyme A or B or the degranulation marker CD107a. In
contrast, the inoculation of mice with 10,000 spleen FFU or
more of the two viruses resulted in high F-MuLV loads in the
spleen (Fig. 8A) and induced strong activation of virus-specific
CD8™" T cells (Fig. 8B and C). Furthermore, a mean of 15 to
30% of the activated (CD43™) as well as tetramer™ (data not
shown) T cells expressed granzyme A or B or CD107a (Fig. 8D
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FIG. 8. Detection of T-cell responses after infection of mice with different doses of F-MuLV plus SFFV. Mice were infected with four different
doses of F-MuLV plus SFFV to investigate the effect of the inoculation dose on the type of T-cell response. (A) Spleen viral loads were compared
between the different groups (doses of 100 to 40,000 spleen FFU) at 10 days postinfection. IC, infectious centers. (B and C) Flow cytometry was
used to detect virus-specific (tetramer ) (B) and activated (CD43™) (C) CD8" T cells in all groups. (D to F) In addition, intracellular granzyme
A (D), granzyme B (E), or degranulation marker CD107a (F) in activated effector CD8" T cells was measured. Accumulated results are shown
as percentages of the CD43" CD8" T-cell population. Each dot represents an individual mouse. Experiments were repeated two times with

comparable results.

to F). These results indicate that for the induction and degran-
ulation of granzymes, a certain threshold of viral replication is
mandatory.

DISCUSSION

Cell-mediated cytotoxicity delivered by CTL comes from
either the exocytosis pathway or the FasL-Fas pathway. Al-
though both pathways have been shown to be of importance
for the control of viral infections, it was unknown which viral
factors determine the differential expression of cytotoxic mol-
ecules in CTL (37). Here we show that the level of viral rep-
lication is a critical factor in this process and that the same
virus can be controlled by one or the other pathway. We have
previously shown that high-level replication of F-MuLV is con-
trolled by CTL that secrete the cytotoxic molecules granzyme
A, granzyme B, and perforin, all of which mediated nonredun-
dant antiviral functions (44). The current data indicate that a
threshold of viral replication is mandatory to induce the ex-
pression of these molecules in virus-specific effector CD8" T
cells. CD8™" T cells were also activated by F-MuLV replication
below this threshold, and they developed antiviral activity, but
they expressed only FasL and used this pathway for the control
of viral spread. The data suggest that the different pathways of

CTL-mediated cytotoxicity described for several viruses (27)
might reflect their different replication capacities in vivo. As
shown here, in many viral infections, initial viral replication
level might be influenced by the inoculation dose. As a conse-
quence the viral dose might determine the expression of cyto-
toxic molecules in CTL during an acute viral infection. In a
large number of natural viral infections the inoculation dose is
rather low. The current data imply that in such infections acute
viral replication might be controlled by FasL-expressing CTL
rather then CD8™ T cells expressing granzymes and perforin.
In several chronic infections T cells that control viral replica-
tion via the Fas-FasL pathway also seem to play an important
role. During such chronic infections, e.g., those with hepatitis
C virus, human immunodeficiency virus, or FV, viral loads are
usually low but at the same time CD8™" T cells often develop an
impairment in the exocytosis pathway (2, 24, 25, 42, 45). In the
FV model we could show that Fas-FasL-mediated cytotoxicity
becomes important to control the low-level viral replication
during chronic infection (44). However, in this model CD4* T
cells rather than CD8" T cells were critical for this control
(18). Interestingly, the depletion experiments in the current
study showed that CD4 ™" T cells had an antiviral activity during
F-MuLV but not F-MuLV-plus-SFFV infection. It is likely that
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these cells also mediated their antiviral activity by Fas-FasL
interaction, which was effective during low-level but not high-
level infection. Thus, it might be a common feature of the
immune system to control low-level viral infections by T cells
using the Fas-FasL pathway rather than the exocytosis path-
way. However, the biological advantages of this strategy re-
main to be determined. It is, for example, possible that FasL-
expressing CTL might be easier to induce than CTL expressing
molecules of the exocytosis pathway or that such cells have a
lower potential to induce immunopathology. For the latter
scenario it would make biological sense to activate only the
less-powerful weapons against a weak enemy to avoid self-
damage during the battle.

An important question to answer is how the activation of the
different cytotoxic pathways is regulated and what the signals in
this regulation are. One likely answer to this question is that
the dose of antigen available for CTL stimulation is one critical
factor. The current data and data from others (5, 14) show that
CTL frequencies and the level of CTL activation were strongly
influenced by the level of viral replication. Viral replication is
the key factor that determines the dose of antigen available for
the induction and activation of T cells. In fact, Wherry et al.
(43) reported that the magnitude of a CTL response generated
in vivo after vaccinia virus infection of mice is proportional to
the CTL epitope density. Our current data strongly suggest
that the antigen dose also determines the cytotoxic path-
way that CTL use for immune control of virus-infected cells.
Beside the antigen dose the cytokine milieu induced by a viral
infection might also play a role in antiviral CTL activity. Most
viral infections induce inflammatory responses that are char-
acterized by the production of different cytokines. Some of
these cytokines have been shown to play an important role in
CD8™" T-cell activation and function. Along theses lines, it has
been reported that CD8 T cells that respond to antigen and
costimulation in the absence of a third signal, such as IL-12 (9),
alpha interferon (IFN-a) (11), or IFN-y (16), fail to develop
cytolytic functions. In these studies, the expression of granzyme
B was strongly dependent upon IL-12 as the third signal in
T-cell activation (10). For the experiments described here, it is
therefore possible that the low- and high-level F-MuLV infec-
tions might differ in their abilities to induce inflammation and
cytokine production, such as that of IL-12 or IFN-«. This could
then result in differences in CTL activation and function. How-
ever, we infected IL-12- and type I IFN receptor-knockout
mice with F-MuLV plus SFFV and found that the expression
of granzymes in CTL of these mice was comparable to that of
wild-type mice (data not shown). Thus, either these signals did
not play a role in the differential expression of cytotoxic mol-
ecules in CTL in vivo or the system is redundant in that other
cytokines could compensate for the lack of IL-12 or the type I
IFN signaling.

The current results have some relevance for monitoring im-
mune responses in human infectious diseases. The evidence for
a protective role of T cells in human viral infections remains
mainly indirect, and in most studies, the expression of perforin
or IFN-v is used as a surrogate marker for CD8" T-cell func-
tions. Low antigen loads during acute or chronic viral infec-
tions are often associated with low expression of cytotoxic
molecules of the exocytosis pathway or antiviral cytokines by
CD8™ T cells (30). However, according to our data this does
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not always mean that such T cells must be functionally inactive.
In contrast, they might be very important for the control of the
low-level infection but use other pathways to mediate their
antiviral activity.
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