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CD4™ T Cells Develop Antiretroviral Cytotoxic Activity in the
Absence of Regulatory T Cells and CD8" T Cells
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Conventional CD4" T cells play an important role in viral immunity. In most virus infections, they provide essential help for
antiviral B and T cell responses. In chronic infections, including HIV infection, an expansion of regulatory T cells (Tregs) has
been demonstrated, which can suppress virus-specific CD4™ T cell responses in vitro. However, the suppressive activity of Tregs
on effector CD4™ T cells in retroviral infection is less well documented in vivo. We took advantage of a transgenic mouse in
which Tregs can be selectively depleted to determine the influence of such cells on retrovirus-specific CD4* T cell responses dur-
ing an ongoing infection. Mice were infected with Friend retrovirus (FV), and Tregs were depleted during the acute phase of the
infection. In nondepleted mice, activated CD4™" T cells produced Th1-type cytokines but did not exhibit any antiviral cytotoxic-

ity as determined in a major histocompatibility complex (MHC) class II-restricted in vivo cytotoxic T lymphocyte (CTL) assay.
Depletion of Tregs significantly increased the numbers of virus-specific CD4" T cells and improved their cytokine production,
whereas it induced only very little CD4™ T cell cytotoxicity. However, after dual depletion of Tregs and CD8* T cells, conven-
tional CD4* T cells developed significant cytotoxic activity against FV epitope-labeled target cells in vivo and contributed to the
control of virus replication. Thus, both Tregs and CD8™ T cells influence the cytotoxic activity of conventional CD4™ T cells dur-

ing an acute retroviral infection.

D4 helper T cells and cytotoxic CD8™ T cells are key players

in adaptive immune responses against acute viral infections.
However, during antiviral immune responses, T cells may become
functionally exhausted, thereby allowing immune escape and the
establishment of chronicity (1-4). Taking advantage of a trans-
genic mouse model, we have previously demonstrated that one
mechanism contributing to the exhaustion of CD8" T cells during
an ongoing retroviral infection is suppression by regulatory T cells
(Tregs) (5). Tregs expand in the late phase of the acute infection of
mice with Friend virus (FV) and suppress the cytotoxic activity of
effector CD8 ™" T cells in vivo (6, 55). Such functional suppression
results in increased viral loads and contributes to viral immune
escape. While these studies clearly document the inhibitory effect
of Tregs on effector CD8™ T cells during retroviral infection, the
suppressive activity of Tregs on CD4™ T cells in vivo is less well
understood. In vitro studies show that Tregs suppress the prolif-
eration and cytokine production of human immunodeficiency vi-
rus (HIV)-specific CD4™ T cells (7-9). In addition, a correlation
between the number of Tregs, functional exhaustion of CD4" T
cells, and viral loads in lymph nodes of HIV-positive patients has
been demonstrated (10), suggesting that Tregs may inhibit retro-
virus-specific CD4™ helper T cell responses in infected individu-
als. In mouse models, Treg suppression of retrovirus-specific T
cell receptor (TCR) transgenic (Tg) CD4™ T cells has been found
(11, 12). Virus-specific CD4 " TCR Tg cells were adoptively trans-
ferred into FV-infected mice, and their proliferation and cytokine
production were subsequently controlled in the recipient mice by
Tregs. However, those experiments did not fully reflect the situa-
tion in a normal infection, because TCR Tg T cells are known to
exhibit some artificial functions compared to endogenous T cells
(13). To better analyze Treg effects on CD4" T cells in a less con-
trived setting, we utilized transgenic DEREG mice, in which
Foxp3-expressing Tregs can be selectively depleted by injecting
diphtheria toxin (14, 15). The mice are on the C57/BL6 back-
ground and therefore develop a chronic infection but no acute
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leukemia after inoculation of FV (16, 17). The depletion of Tregs
resulted in enhanced CD4™ T cell responses during acute retrovi-
ral infection. Interestingly, only dual depletion of Tregs and CD8™
T cells induced cytotoxic activity of virus-specific CD4™ T cells
that was associated with the control of virus replication.

MATERIALS AND METHODS

Mice. Inbred C57BL/6 (B6) and DEREG (15) mice were maintained un-
der pathogen-free conditions. Experiments were done using mice (H-
2b/b, Fvlb/b, Fv2r/r) or transgenic mice backcrossed on the C57BL/6
background that are resistant to FV-induced leukemia. All mice were
females of 8 to 16 weeks of age at the beginning of the experiments. Mice
were treated in accordance with institutional guidelines.

Virus and viral infection. The FV stock used in these experiments was
an FV complex containing B-tropic Friend murine leukemia helper virus
and polycythemia-inducing spleen focus-forming virus (55). The stock
was prepared as a 10% spleen cell homogenate from BALB/c mice infected
14 days previously with 3,000 spleen focus-forming units (SFFU) of non-
cloned virus stock. Experimental mice were injected intravenously with
0.5 ml phosphate-buffered saline (PBS) containing 20,000 SFFU of FV.
The virus stock was free of lactate dehydrogenase-elevating virus.

IC assays. The assay to determine levels of infection by infectious
centers (ICs) has been previously described (18).

Cell surface and intracellular staining by flow cytometry. Cell sur-
face staining was performed using T cell antibodies as follows: anti-CD4
(RM 4-5; eBioscience), anti-CD8 (53-6.7; BD Biosciences), anti-CD43
(1B11; BioLegend), anti-CD62L (MEL-14; eBioscience), anti-CD44
(IM7; eBioscience), and anti-CD11b (M1/70; BD Biosciences). In surface
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stainings, dead cells were excluded by propidium iodide (eBioscience)
staining, while fixable viability dye (eBioscience) was applied in intracel-
lular stainings. Intracellular granzyme B (GzmB) antibody (GB11; Invit-
rogen), gamma interferon (IFN-vy) (XMG1.2; eBioscience), interleukin-2
(IL-2) (JES6-5H4; eBioscience), and IL-4 (11B11; eBioscience) staining
was performed using the Cytofix/Cytoperm intracellular staining kit (BD
Biosciences) as described previously (19). For cytokine staining, spleno-
cytes were isolated and restimulated with coated anti-CD3 and anti-CD28
for 4 h (20). For granzyme staining, splenocytes were directly fixed with-
out previous stimulation. Data were acquired on an LSR II flow cytometer
(BD Biosciences) from 250,000 to 1,000,000 lymphocyte-gated events per
sample. Analyses were done using FlowJo 7.6 software (Tree Star Inc.).

Lymphocyte depletion and agonistic anti-CD137 antibody treat-
ment. Briefly, mice were inoculated 4 times intraperitoneally (i.p.) with
0.5 ml of supernatant fluid obtained from hybridoma cell culture 169.4
producing CD8a-specific monoclonal antibody (21). The treatment de-
pleted more than 95% of the CD8 ™ cells in the spleen (at 10 days postin-
fection [dpi]). CD4™ T cells were depleted with the same efficacy by i.p.
injection of 0.5 ml of supernatant fluid obtained from hybridoma cell
culture YTS 191.1 producing CD4-specific monoclonal antibody (21).
The CD4 depletion antibody was diluted 1:3 in endotoxin-free PBS. De-
pletion of CD8* and CD4™" T cells was carried out four times, every other
day starting 2 days after FV infection (22). To deplete Tregs, DEREG mice
were injected with diphtheria toxin (DT) (Merck) diluted in endotoxin-
free PBS. A total of 1 pg DT was inoculated on days 3, 6, and 9 after FV
infection. The treatment depleted more than 97% of the CD4™ T cells
expressing green fluorescent protein (GFP) in the spleens of DEREG mice
(at 10 dpi). To characterize the role of the costimulatory receptor CD137,
infected mice were treated with 100 pg of anti-CD137 (clone LOB12.3;
Bioxcell) administered every other day from day four after FV infection by
i.p. injection.

Tetramers and tetramer staining. Major histocompatibility complex
(MHC) class II tetramer (Tet II) A°-restricted Friend murine leukemia
virus (F-MuLV) envelope epitope (H19-Env) (EPLTSLTPRCNTAWNR
LUL) staining was performed as previously described (12).

In vivo cytotoxicity assay. The described in vivo cytotoxic T lympho-
cyte (CTL) assay (23) was modified to measure cytotoxicity in FV-infected
mice. Lymph node cells and bone marrow cells from naive mice were
loaded with 1 WM AP-restricted F-MuLV envelope epitope (H19-Env)
(EPLTSLTPRCNTAWNRLUL) (24). These loaded cells were then stained
with 7.5 uM CellTrace Violet (Invitrogen). As a control, lymph node cells
and bone marrow cells without peptide were stained with 1 wM PKH26
(Sigma-Aldrich). Cells were transferred intravenously (i.v.) (107 cells of
each population) into naive or FV-infected and T cell-depleted mice. Two
hours after the transfer of cells, spleens were harvested, and cell suspen-
sions were prepared. Target cells were distinguished from recipient cells
and from one another based on CellTrace Violet and PKH26 stainings.
The percentage of killing was calculated as follows: 100 — {[(% peptide
pulsed in infected cells/% unpulsed in infected cells)/(% peptide pulsed in
uninfected cells/% unpulsed in uninfected cells)] X 100}.

Statistical analysis. Statistical data were derived using the nonpara-
metric Student t test (GraphPad Prism software).

RESULTS

Activation and proliferation of FV-specific CD4"* T cells. The
first aim of the current study was to determine the kinetics of the
total CD4™ T cell response after FV infection. It was not possible
to study the full repertoire of epitope specificities, since only one
MHC II tetramer (Tet IT) specific for the FV H19-Env epitope (24)
is currently available. Thus, we analyzed the bulk population of
virus-specific CD4™ T cells using a combination of CD43 and
CD62L staining. It has previously been shown that all CD4™ T
cells from FV-infected mice that upregulated the activation-in-
duced glycoform of CD43 (25, 26) also expressed CD11a™ (27),
indicating that they were activated by cognate antigen rather than
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nonspecific inflammatory modulators (28). We prefer CD43 as a
marker for effector T cells because unlike CD11a, CD43 is down-
regulated upon differentiation into memory T cells (29, 30). An-
other step in the activation of T cells is downregulation of the
L-selectin (CD62L) adhesion molecule, which allows egress from
lymphatic tissues and migration to sites of inflammation (31). A
comparison of these markers on Tet I CD4™ T cells from naive
mice versus Tet II"™ CD4" T cells from infected mice revealed
upregulation of CD43 and downregulation of CD62L after FV
infection (Fig. 1A). Multicolor analysis of Tet I CD4" T cells
showed that the majority had a mature effector phenotype with
both upregulated expression of CD43 and downregulated CD62L
(Fig. 1B).

Proportions of activated CD4™ T cells peaked at 10 dpi (mean
of ~15% of the total CD4™ T cells) and slowly but significantly
decreased thereafter to ~11% at 21 dpi (Fig. 1C). This was the
same time point at which the peak expansion of Tet-II" CD4" T
cells was found in a previous study (12). At 10 days, the Tet II™
CD4™ T cells represented about 6% of the total activated (CD43™
CD62L7) CD4™ T cells (Fig. 1D and E). At 21 dpi, the proportion
of activated CD4" T cells was still significantly increased com-
pared to that in naive mice (Fig. 1C), most likely due to the chronic
infection that starts to develop at 21 dpi. Based on these findings,
all subsequent functional experiments with CD4" T cells were
performed by analyzing CD4" CD43* CD62L cells at 10 dpi.

CD4™ T cells produce Th1 cytokines but do not mediate cy-
totoxic effects during acute FV infection. In a previous study we
showed that FV-specific CD4 " T cells isolated from CD4 " TCR-3
Tg mice expanded, produced IFN-v, and suppressed viral replica-
tion in FV-infected recipient mice (12). However, the antiviral
effects of endogenous CD4™ T cells in FV infection have not been
studied so far. We therefore performed functional studies on FV-
induced CD4" T cells by analyzing the key cytokines IFN-vy, IL-2,
and IL-4 (Fig. 2A). Compared to cells from naive animals, acti-
vated CD4 ™ T cells expressed significantly more IFN-y and IL-2.
No significant increase was observed for the Th2-like cytokine
IL-4. Activated CD4™ T cells also produced significantly more
granzyme B (GzmB) (Fig. 2B) and showed elevated levels of per-
forin mRNA (data not shown), molecules that can induce apop-
tosis in infected target cells. To analyze whether or not these acti-
vated CD4 " T cells mediate any FV-specific killing of MHC class IT
H19-Env peptide-presenting target cells, an in vivo cytotoxicity
assay was performed. However, fewer than 5% of the peptide-
loaded cells were killed in the recipient mice (Fig. 2C). Since values
of at least 10% are considered to indicate specific killing in this
assay, we did not detect any significant CD4™" T cell-mediated
FV-specific cytotoxicity in acutely infected mice.

Tregs modulate the activation of and cytokine production by
CD4* T cells during acute FV infection. To analyze the effect of
Tregs on the endogenous CD4™ T cell response during acute FV
infection, we used DEREG mice, in which Tregs can be efficiently
and selectively depleted during FV infection (6, 55). Following
depletion of Tregs in acutely infected DEREG mice, we observed a
significant increase in the frequency of total activated (CD43™
CD62L7) (Fig. 3A) as well as FV-specific (Tet II7) CD4™ T cells
(Fig. 3B). To examine the functional properties of CD4* T cells
after Treg depletion, intracellular cytokine staining was per-
formed. The expression of IFN-v, IL-2, and IL-4 increased signif-
icantly following Treg depletion in FV-infected mice (Fig. 3C to
E). The most striking increase was found for IL-4-producing
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FIG 1 Activation profile of FV-specific CD4 " T cells and kinetic analysis of the expansion of activated CD4 " T cells during acute FV infection. (A) Splenocytes
from naive and 10-day-infected B6 mice were isolated, and CD4™ Tet I T cells reactive with I-Ab MHC class II tetramers specific for the FV H19-Env epitope
were analyzed by flow cytometry for their expression of activation markers CD43 and CD62L. Expression levels were compared between the whole CD4™" T cell
population of naive mice and the Tet Il population of infected mice. The background staining of Tet II" in CD4 ™" T cells from uninfected mice was around 0.1%.
This staining is nonspecific, because similar results are obtained for uninfected MHC class II-deficient mice. Numbers in the gates represent percentages. (B)
Representative density plot showing the combination of the markers CD43 and CD62L on FV H19-Env tetramer-positive CD4 " T cells from 10-day-infected
mice. (C) Kinetic analysis of the expansion of activated CD4* T cells during acute FV infection. (D and E) Frequency of CD4 ™ T cells specific for the FV epitope
H19-Env (D) and frequency of total activated CD4 " T cells (E). Each dot represents a single mouse, and mean values are indicated by a line. Statistically significant

differences between the time points were determined by the unpaired ¢ test: *, P < 0.05; **, P < 0.005; ***, P < 0.0001.

CD4™ T cells, which were virtually absent in infected nondepleted
mice. As a negative control, we depleted Tregs by DT injection
into uninfected mice, which did not result in activation of CD4 ™"
cells or production of cytokines or granzyme B (data not shown).
The results show that both Thl and Th2 cytokine responses of
endogenous CD4™ T cells were tightly regulated by Tregs during
acute FV infection.

Both CD8" T cells and Tregs influence the cytotoxicity of
CD4* T cells during acute FV infection. Our finding of a Treg-
mediated inhibition of the CD4™ T cell cytokine production dur-
ing acute FV infection raised the question of whether the cytotoxic
function of CD4™ T cells was also controlled by Tregs. Following
Treg depletion, we found a significant increase in GzmB expres-
sion of up to 10% of the activated CD4™ T cells (Fig. 4A). In
contrast, no significant difference was found for perforin mRNA
levels in CD4™ T cells from FV-infected versus FV-infected Treg-
depleted mice (data not shown). However, the direct cytotoxic
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activity of FV-specific CD4™ T cells measured by the in vivo cyto-
toxicity assay increased slightly but significantly in infected and
Treg-depleted mice (Fig. 4B). Thus, Treg depletion enhanced the
effector functions of FV-specific CD4™* T cells, including their
ability to directly kill MHC class II FV-specific-peptide-loaded
target cells in vivo.

It is well known that compensatory mechanisms can some-
times rescue deficient immunological functions, as reported pre-
viously (32-35). Thus, we were interested in whether CD4™" T cells
might be able to compensate for the lack of cytotoxic T cells in
CD8-depleted mice, especially when no Tregs were present to
modulate their activity. Depletion of CD8™ T cells alone did not
result in a significant increase of GzmB-expressing CD4™ T cells
compared to that in the acutely infected but nondepleted group
(Fig. 4A). This was supported by our findings from the in vivo
cytotoxicity assay, where we did not detect any significant CD4* T
cell killing in CD8* T cell-depleted mice. In contrast, dual deple-
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FIG 2 Functional analysis of CD4™" effector T cells in acute FV infection. Splenocytes from 10-day-infected B6 mice were isolated, and CD4" CD43 " CD62L~
T cells were stained for intracellular expression of cytokines and granzyme B. (A) Percentage of activated CD4™" T cells that express the cytokines IFN-vy, IL-2, and
IL-4. (B) Percentage of activated CD4 " T cells that express the cytotoxic molecule GzmB. (C) In vivo killing of FV-specific CD4™ T cells measured in an in vivo
cytotoxicity assay. Lymph node cells and bone marrow cells from naive mice were loaded with the FV H19-Env epitope and labeled with cell trace violet. Target
cells were injected intravenously into naive and FV-infected mice. The figure shows the percentage of the target cell killing in the spleen. Statistically significant
differences between the groups were determined by the unpaired ¢ test: *, P < 0.05; **, P < 0.005; ***, P < 0.0001. n.s., not significant. Data were pooled from

two independent experiments, and the mean values with standard errors of the means (SEM) are shown.

tion of both Treg and CD8" T cells significantly increased the
proportion of GzmB-expressing activated CD4 ™ T cells (Fig. 4A).
In addition, a mean of around 50% MHC IlI-restricted target cell
killing was observed in this group of mice, which was more than 5
times higher than that in the group of FV-infected nondepleted
mice (Fig. 4B).

Cytotoxic CD4™" T cells are associated with control of virus
replication. As shown previously, CD8™ T cell depletion resulted
in significantly increased viral loads, whereas Treg depletion pro-

duced significant reductions in viral loads due to enhanced CD8™"
T cell responses (Fig. 5) (6, 55). Interestingly, promoting in vivo
CD4™ T cell cytotoxicity by Treg depletion allowed CD8-depleted
mice to control viral loads as efficiently as nondepleted mice (Fig.
5). This control over viral loads was lost when CD4™" T cells were
also depleted in addition to CD8 ™" T cells and Tregs. These results
indicate that virus control in Treg/CD8-depleted mice was depen-
dent on CD4™ T cells and associated with in vivo CD4™ T cell
cytotoxicity.
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FIG 3 CD4" T cell responses following FV infection and Treg depletion. FV-infected DEREG mice were treated with diphtheria toxin (DT) to deplete Foxp3™
Tregs during the first 10 days of infection. Control mice were FV infected but received PBS instead of DT. (A and B) Flow cytometry of spleen cells was used to
determine the percentage of activated CD4 " T cells (A) as well as the percentage of FV-specific tetramer-positive CD4™ T cells (B). (C to E) Activated CD4* T
cells were analyzed for IEN-vy (C), IL-2 (D), and IL-4 (E) cytokine expression. Each dot represents a single mouse, and mean values are indicated by a line. Data
were pooled from at least two independent experiments. Differences between the two groups were analyzed by the unpaired ¢ test. Statistically significant
differences between the groups are indicated.
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FIG 4 Cytotoxic function of CD4™" T cells after T cell depletion. FV-infected B6 or DEREG mice were treated with DT to deplete Foxp3 ™" Tregs and/or with
CD8-depleting antibodies during the first 10 days of infection. (A) Flow cytometry was used to determine the percentage of activated (CD43" CD62L ") CD4"
cells isolated from the spleen that express the cytotoxic molecule GzmB at 10 dpi. (B) In vivo cytotoxicity of CD4™" T cells. The figure shows the percentage of the
target cell killing in the spleens of mice depleted for CD8* T cells and/or Tregs. Each dot represents a single mouse, and mean values are indicated by a line. Data
were pooled from at least two independent experiments. Statistically significant differences between the groups were determined by the unpaired ¢ test: *, P <

0.05; **, P < 0.005; ***, P < 0.0001.

DISCUSSION

CD4™ helper T cells are a critical component of a functional im-
mune system, but their direct antiviral effector functions in vivo
are not very well understood. Previous studies have shown that
effector CD4™ T cells can mediate killing of virus-infected target
cells (36), a functional property that is usually attributed to CD8 ™"
T cells or NK cells. For retroviral infections, only limited knowl-
edge on CD4™ T cell cytotoxicity has been generated so far. In
HIV-infected patients, CD4™ T cells that could kill HIV-infected
target cells in vitro were found (37, 38). An in vitro characteriza-
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FIG 5 FV loads after T cell depletion. Splenocytes from differentially depleted
animals were assayed at 10 dpi. Numbers of infected cells per spleen are given.
For three naive control animals tested, we did not detect any virus in this assay.
Each dot represents a single mouse, and mean values are indicated by a line.
Data were pooled from at least two independent experiments. Statistically
significant differences between the groups were determined by the unpaired ¢
test: *, P < 0.05; **, P < 0.005; ***, P < 0.0001.
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tion of an FV-specific CD4™ T cell clone demonstrated its MHC
class II-restricted cytotoxic potential against virus-infected cells
(56), suggesting that CD4™ T cell cytotoxicity might play a role in
retroviral immunity. However, we previously showed in CD4" T
cell depletion experiments that CD4™ T cells have no direct anti-FV
activity in the presence of CD8™ T cells (39). The current results
indicate that Tregs and CD8" T cells influence the cytotoxic ac-
tivity of CD4™" T cells during an ongoing retroviral infection. This
may be a reason why such cells are not frequently found in many
viral infections.

We and others previously reported that CD8™ T cells are es-
sential in controlling FV infection (40-42). After administration
of anti-CD8 monoclonal antibodies, resistant mice can no longer
control acute virus replication and develop severe splenomegaly
and subsequent leukemia. These studies indicate that cytotoxicity
against virus-infected target cells is critical for retroviral immu-
nity. In contrast, the depletion of CD4™ T cells during acute FV
infection results mainly in reduced antibody responses and in ear-
lier decline of the CD8™ T cell responses (12). In FV vaccine stud-
ies, CD4™ T cells had no direct antiviral activity, but they were
required in addition to CD8" T cells and B cells for complete
protection against challenge infection (43, 44). Thus, the most
important function of CD4™ T cells during acute retrovirus infec-
tion seems to be their helper function for other effector cell pop-
ulations of the adaptive immune system (45). This helper func-
tion, which is mediated by the production of immunostimulatory
cytokines (46), was negatively regulated by Tregs. Depletion of
Tregs significantly increased the production of cytokines (Fig. 3C
to E) and also of the cytotoxic molecule GzmB (Fig. 4A) during
acute FV infection. However, only very weak CD4™" T cell-medi-
ated MHC class II-restricted cytotoxicity was measured in the ab-
sence of Tregs (Fig. 4B). Most likely, a direct antiviral effect of
CD4™" T cells is not required in a system in which the cytotoxic
function of CD8 ™ T cells is sufficient to mediate successful killing
of virus-infected cells. This might be the reason why CD4 " T cell
cytotoxicity was found only when CD8™ T cells were depleted in
addition to Treg ablation. At first glance, such a dual depletion
seems to be a very artificial experimental model. However, during
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FIG 6 Role of CD137 in CD4™" T cell cytotoxicity. Mice were infected with FV and treated with anti-CD137 antibody or a combination of anti-CD137 and
depleting anti-CD8 antibody. Ten days after infection, mice were sacrificed and spleen cells were analyzed by flow cytometry. Gated CD4 ™" T cells are shown in
dot plots representative for 3 mice per group. Numbers in the gates represent percentages of total activated CD4™* T cells (CD43™ CD62L ™ (A), CD4™ T cells
binding class II tetramers specific for the FV H19 Env epitope (A), and activated (CD43" CD62L ") CD4™" T cells producing the cytotoxic molecule granzyme B

(GzmB) (C).

chronic infections, e.g., with viruses such as HIV, hepatitis C virus
(HCV), or FV, cytotoxic CD8" T cells become functionally ex-
hausted (47), a situation that might be similar to experimental
CD8™ T cell depletion. In that scenario, the cytotoxicity of CD4 ™
T cells might be controlled exclusively by Tregs, since the inhibi-
tory function of CD8™ T cells is lost. In fact, cytotoxic activity of
CD4™ T cells against human pathogens has been described mainly
for chronic viral infections (36). Furthermore, we have previously
shown that CD4 " T cells control chronic FV infection when cyto-
toxic CD8™" T cells have developed functional exhaustion (22).
Cytotoxic CD4™ T cells might therefore be especially important
during chronic infections to keep virus replication in check, but
these responses may be at least partially controlled by Tregs.

How can CD4" T cells mediate killing of FV-infected cells,
since they can recognize antigens only in the context of MHC class
I1? The main target cells of FV are erythroid precursor cells that do
not express MHC class II. However, B cells and monocytes are also
efficiently infected by FV (27). These cell types express MHC class
I and can be recognized as possible target cells by cytotoxic CD4*
T cells. Interestingly, during chronic FV infection, the main virus
reservoir is B cells (22), which would explain why cytotoxic CD4 ™"
T cells can keep persistent virus in check. However, complete virus
elimination might be hampered by the partial suppression of the
CD4™ T cell response by Tregs.

The question remains how CD8" T cells and Tregs control
CD4™ T cell cytotoxicity mechanistically. Several different mech-
anisms for Treg suppression of conventional CD4" T cells have
been described (48). In HIV infection, a cyclic AMP (cAMP)-
dependent mechanism involving the enzyme CD39 was recently
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described (49). This effect requires cell-to-cell contact, which is in
line with data from in vitro Treg suppression assays in the FV
model (50). However, the precise mechanism of Treg inhibition of
effector T cell responses during FV infection in vivo has not been
identified so far.

The inhibitory mechanism of CD8™ T cells on CD4" T cell
cytotoxicity is also not understood, but similar findings were
made in CD8-depleted, simian immunodeficiency virus (SIV)-
infected macaques, where GzmB-expressing CD4" T cells were
shown to expand (51). One possible explanation is that CD8™"
Tregs might play a role. CD8" Foxp3™ T cells were reported to
mediate immunosuppression in cancer patients and in patients
with autoimmune diseases (52). Depletion of such cells with anti-
CD8 antibody in addition to Treg ablation might allow for antivi-
ral cytotoxicity of CD4 " T cells. However, it is more likely that
molecular mechanisms of the induction of T cell cytotoxicity play
an important role. It has been shown in in vitro experiments that
the transcription factor eomesodermin can trigger the expression
of GzmB and cytotoxicity (53). Costimulatory receptors such as
CD134 and CD137 (54) induce this transcription factor after
binding of their ligands. These receptors are highly expressed on
effector CD8" T cells, possibly resulting in consumption of the
ligands and subsequent induction of CD8" T cell cytotoxicity.
However, stimulation of these receptors on CD4" T cells also
induces granzyme expression and cytotoxicity (54), but in vivo
CD8™ T cells may outcompete CD4 " T cells due to higher recep-
tor expression levels. To provide some evidence for this hypothe-
sis, we performed preliminary in vivo costimulation experiments
with a signaling antibody against CD137 (54). Injection of this
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antibody only slightly enhanced the numbers of virus-specific
CD4™" T cells in FV-infected mice, but their GzmB expression was
greatly augmented (Fig. 6). This effect was even more pronounced
when CD8™ T cells could not consume most of the antibody be-
cause they were experimentally depleted. In that experiment, up to
10% of all CD4™ T cells produced the cytotoxic molecule gran-
zyme B. These results strongly suggest that costimulatory recep-
tors may play a critical role in the induction of CD4™" T cell cyto-
toxicity. Unraveling these molecular mechanisms will certainly
help to define the cytotoxic potential of CD4" T cells in virus
infections. This area of research is of high importance because
cytotoxic CD4™ T cells may be a powerful new tool for the treat-
ment of chronic infectious diseases.
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