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Chronic viral infections incapacitate adaptive immune responses
by “exhausting” virus-specific T cells, inducing their deletion and
reducing productive T-cell memory. Viral infection rapidly induces
death receptor CD95 (Fas) expression by dendritic cells (DCs), mak-
ing them susceptible to elimination by the immune response. Lym-
phocytic choriomeningitis virus (LCMV) clone 13, which normally
establishes a chronic infection, is rapidly cleared in C57Black6/J
mice with conditional deletion of Fas in DCs. The immune response
to LCMV is characterized by an extended survival of virus-specific
effector T cells. Moreover, transfer of Fas-negative DCs from non-
infected mice to preinfected animals results in either complete
clearance of the virus or a significant reduction of viral titers. Thus,
DC-specific Fas expression plays a role in regulation of antiviral
responses and suggests a strategy for stimulation of T cells in
chronically infected animals and humans to achieve the clearance
of persistent viruses.

Adaptive immune responses are tightly regulated to reduce
the damage inevitably invoked by activated T cells. A com-

bination of T-cell–intrinsic and T-cell–extrinsic mechanisms drive
the attrition of expanded T cells (1–4). Proapoptotic signaling
receptor CD95 (Fas) regulates the fate of immunocytes, and
animals and humans with systemic deficiency of Fas or its ligand
(FasL) have been shown to develop lymphoproliferative diseases
(5–8). Analysis of animals with tissue-specific disruption of Fas
expression revealed that antigen-presenting cells (APCs), such
as dendritic cells (DCs) (9) and B cells (9, 10), and T cells (9)
could contribute to different features of systemic autoimmu-
nity. An important conclusion from these studies, however, was
that APCs are sensitive to Fas-mediated killing during immune
activation, presumably to prevent the bystander triggering of
self-reactive T cells. Indeed, an extension of DC lifespan by
overexpression of antiapoptotic proteins (11, 12) or elimination
of Fas (9) led to survival of autoreactive T and B cells and to
systemic autoimmunity. The result also suggested that DC
elimination by activated T cells could be the major mechanism
of T-cell attrition during the normal immune response to a path-
ogen. Because systemic autoimmunity can be viewed as reactivity
to persistent antigens, we reasoned that the ability of DCs to resist
elimination would enable them to induce a sterilizing T-cell re-
sponse to a persistent viral infection. We find that indeed mice
genetically lacking Fas in DCs or transferred with Fas-negative
DCs showed accelerated clearance of the infection with a
persistent virus.

Results
Mice Lacking Fas in DCs Clear a Persistent Viral Infection. To test the
idea that Fas-negative DCs could promote immunity against
pathogens that normally establish a persistent infection, we used the
clone 13 variant of lymphocytic choriomeningitis virus (LCMV). It
induces a persistent viral infection, resulting in exhaustion of the T-
cell response characterized by a loss of cytokine production, loss of
activation markers, expression of negative regulators, such as PD-1,
and subsequent deletion of virus-reactive T cells (13, 14). The
clearance of LCMV-clone 13 infection from lymphoid organs takes
up to 60 d in C57Black6/J (B6) mice; after that the infection still

persists in parenchymatous organs such as kidneys (13, 15). In
contrast, infection with the Armstrong variant of LCMV is rapidly
cleared, does not cause exhaustion of T cells, and results in the
formation of a good memory T-cell response. Animals carrying
loxP-flanked Fas exon IX (B6.FasKI) and CD11c-driven Cre
recombinase (B6.CD11c-Cre) were infected with LCMV clone 13.
Cre-negative FasKI mice as well as mice with a T-cell–specific
deletion of Fas (B6.Lck-Cre.FasKI) served as controls (Fig. 1).
Viral titers were determined in the secondary lymphoid organs
and kidneys. Mice with Fas-negative DCs (B6.CD11c-Cre.FasKI)
cleared the virus from the spleens between 2 and 4 wk after in-
fection (Fig. 1A), whereas the control animals were still infected.
Moreover, CD11c-Cre.FasKI mice but not the control mice
cleared the virus from the kidneys (Fig. 1B). The loss of Fas fromT
cells (in B6.Lck-Cre.FasKI mice) did not make the mice resistant
to infection with LCMV clone 13.

Survival of Fas-Negative DCs Is the Primary Cause of Efficient Anti-
LCMV Response. For the Fas molecule to matter in the survival or
demise of DCs during an immune response, it should be in-
ducible by viral infection. Previous studies have shown rapid up-
regulation of type I IFN and cell surface costimulatory molecules,
such as major histocompatibility complex (MHC) II, CD80, and
CD86 by 24 h after LCMV infection (16–18). We have also shown
that Fas expression can be rapidly induced in DCs by multiple
ligands of innate signaling receptors and by type I IFN (9).
Moreover, Fas up-regulation in human DCs by a paramyxovirus
(measles) has been reported (19). To address the issue, splenic
DCs from infected B6 mice were tested for induction of Fas by
LCMV. Fas was rapidly induced, and equally well, by both
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LCMV clone 13 and LCMV-Armstrong (Fig. 2A). Generation
of LCMV-specific T cells has been shown to occur within 24 h
of an LCMV infection and precedes a marked depletion of DCs
in the spleen of infected mice (18). The loss of DCs during
LCMV infection has been noted to occur as early as day 3 after
infection with LCMV (20). To show that the lack of Fas ex-
pression correlated with better survival of DCs during LCMV-
clone 13 infection, the numbers of activated DCs (MHC class II
high, CD11c+ cells) were compared between B6.FasKI and B6.
CD11c-Cre.FasKI mice at different time points after LCMV-
clone 13 infection (Fig. 2B). Whereas the DC numbers were
similar before infection, they differed between the two strains of
mice as early as day 3 after infection, with B6.CD11c-Cre.FasKI
mice preserving more DCs. The rates of DC infection with LCMV
were not drastically different between the two strains (Fig. S1).
The surviving Fas-negative DCs may sustain the antiviral re-

sponse of T cells by two mechanisms that are not mutually exclu-
sive. Either Fas-negative DCs resist Fas-mediated destruction by T
cells, persist longer, and continue to provide T cells with survival
(MHC-peptide and costimulatory) signals, or antigen-presenting
function is altered in Fas-negative DCs protecting T cells from
exhaustion. Several approaches were applied to compare the
properties of DCs from infected control and B6.CD11c-Cre.FasKI
mice. First, staining of DCs from LCMV-clone 13–infected mice
(day 5 after infection) with antibodies to MHC class I, CD80, and
CD86 did not reveal differences between the two DC populations
(Fig. 2C). Second, we tested the ability of bone marrow-derived
DCs (BMDCs) from CD11c-Cre–positive and –negative mice to
present antigens to T cells in vitro. Chicken ovalbumin (OVA)-
specific OT-1 (CD8+) and OT-2 (CD4+) T cells were activated in
vitro with different concentrations of the whole protein (Fig.
2D). No difference was found in ability of two DC types to pro-
cess and present antigens. Third, gene expression microarray
analysis was performed by using DCs isolated on day 5 after
LCMV infection from the spleens of B6.FasKI and B6.CD11c-
Cre.FasKI mice. Very few (less than 10) genes with the known
expression in DCs were differentially expressed in these two
subsets (Fig. 2E and Table S1). This result argued that beyond
their better survival because of the lack of Fas-mediated killing,
DCs did not undergo major physiological changes in B6.CD11c-
Cre.FasKI mice compared with control Fas-sufficient DCs.

Antiviral Immune Responses Do Not Exhaust in LCMV-Clone 13–Infected
Mice with Fas-Negative DCs. In persistent viral infections, viral
epitope-specific T cells become “exhausted,” undergo deletion,
and do not leave T-cell memory (13, 21). To show that the viral
clearance was linked to a more efficient immune response in
mice with Fas-negative DCs, the fate of virus-specific CD8+ T
cells was followed for 60 d by staining with tetramers of MHC

class I molecules carrying LCMV-derived peptides and with
antibodies to inflammatory cytokines. Several tetramers were
used to exclude a selective maintenance of responses to privi-
leged epitopes by Fas-negative DCs. Fig. 3 demonstrates the
dynamics of the numbers of CD8+ tetramer+ T cells during the
2-mo period after LCMV-clone 13 infection. The number of tet-
ramer-positive CD8+ T cells in B6.CD11cCre.FasKI mice (with
Fas-negative DCs) was maintained at higher levels throughout the
observation period compared with B6.FasKI and B6.Lck-Cre.
FasKI animals (Fig. 3A and Fig. S2A). Because in LCMV-clone 13
infection the presence of antigen-specific T cells does not neces-
sarily correlate with their functionality, the ability of these cells to
produce multiple cytokines (IFN-γ and TNF-α), a commonly ac-
cepted sign of their immune competence (13, 15), was also mea-
sured. The total numbers (Fig. 3B and Fig. S2B) and proportions
(Fig. S2C) of IFN-γ and TNF-α secreting tetramer-positive
CD8+ T cells were significantly increased and stably maintained
in B6.CD11cCre.FasKI mice, whereas they were rapidly lost in
control animals. Interestingly, the rate of deletion of Fas-negative,
LCMV-specific T cells was slower compared with Fas-sufficient
animals (Fig. 3A and Fig. S2A); however, the ability of Fas-negative
T cells to simultaneously secrete multiple cytokines was reduced
quickly compared with T cells from B6.CD11c-Cre.FasKI mice

Fig. 1. Rapid clearance of chronic LCMV infection in the presence of Fas-
deficient DCs. Mice lacking Fas in DCs (B6.CD11c-Cre.FasKI, red dots) or in T
cells (B6.Lck-Cre.FasKI, blue dots) and control (B6.FasKI, black dots) mice
were infected with LCMV-clone 13 and viral titers were estimated by plaque
assay in the spleens (A) and kidneys (B) of infected mice at the indicated
timepoints after infection. Data are compiled from two independent
experiments with 2–7 mice per time point. Dotted line indicates the limit of
detection. Error bars represent SEM. Statistical significance was determined
by ordinary one-way ANOVA (*P < 0.05; **P < 0.005; ns, not significant).

Fig. 2. Fas is rapidly up-regulated upon LCMV infection and reduces den-
dritic cell survival. (A) Splenic DCs from B6 mice infected with LCMV-clone 13
or LCMV-Armstrong were analyzed for CD95(Fas) expression at 2 and 5 d
after infection. Data represent two independent experiments. (B) LCMV-
clone 13–infected B6.FasKI and B6.CD11-Cre.FasKi mice were analyzed at 0,
3, 8, 10, and 21 d after infection, and the total number of splenic DCs were
estimated. Data are compiled from two independent experiments with 3–8
mice per time point. Error bars represent SEM. Statistical significance was
determined by unpaired Student t test. (*P < 0.05; **P < 0.005; ns, not
significant.) (C) DCs from mice in B were analyzed for surface expression of
MHC class I, CD80, and CD86 on day 5 after infection. (D) Purified T cells from
OT-1 and OT-2 mice were stimulated with indicated doses of OVA protein
presented by Mitomycin-treated DCs from B6.FasKI (black symbols) or B6.
CD11c-Cre.FasKI (red symbols) mice. Stimulation index is the ratio between
3H-Thymidine incorporation in the presence of OVA vs. incorporation in the
absence of antigen. One of two similar experiments is shown. Error bars are
SEM. (E) Volcano plot of significance versus change of gene expression be-
tween day 5 LCMV-clone 13–infected splenic DCs from B6.FasKI and B6.
CD11c-Cre.FasKI mice. The two vertical (red) lines indicate twofold change,
and the horizontal (red) line indicates the 0.05 P value level.
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that maintained this feature (Fig. 3B and Fig. S2B). Thus, Fas-
mediated T-cell deletion contributes to the reduction of T-cell
numbers during the immune response (22, 23), but the functional
inactivation of T cells by a persistent viral infection happens
independently of Fas-expressed by T cells.

T Cells Persisting in LCMV-Infected B6.CD11cCre.FasKI Mice Are Activated
Effectors. To determine the type of T cells persisting in mice with
Fas-negative DCs, virus-specific T-cell populations were charac-
terized on the basis of expression of activation and differentiation
markers (14, 24). The expansion of T cells with an effector phe-
notype (CD44hi, KLRG1hi, PD1lo) became obvious (Fig. 3C and
Fig. S2D). Importantly, B6.CD11c-Cre.FasKI mice acquired ex-
pression of KLRG1 simultaneously with T cells in control animals
but maintained its expression throughout the experiment, whereas
KLRG1 expression was gradually lost in the control mice, possibly
due to deletion of these cells. Moreover, the effector T cells in B6.
CD11c-Cre.FasKI mice lost PD1, a negative regulator of the T-cell
response associated with the exhaustion of the anti-LCMV re-
sponse (14), during the second week of infection (Fig. 3C and Fig.
S2D). Thus, the loss of Fas by DCs led to the clearance of a per-
sistent viral infection accompanied by reduced deletion of T cells
and markedly reduced signs of T-cell exhaustion (stable production
of multiple cytokines, maintenance of an activation marker, and
loss of a marker of negative regulation).

Persistence of Antigen-Specific T Cells in Mice with Fas-Negative DCs
Is Independent of the Type of Infection or Antigen Persistence. It has
been suggested that the nature of infection (acute, caused by
LCMV-Armstrong, vs. persistent, caused by LCMV-clone 13)
and the rate of viral clearance (i.e., length of antigenic stimula-
tion) (25–27) affect T-cell responses. To test whether the nature
of the virus was important for the persistence of T-cell response
supported by Fas-negative DCs, B6.CD11c-Cre.FasKI animals
were infected with LCMV-Armstrong and followed for 60 d. The
total number of tetramer-positive (GP276 and NP396 epitopes)
cells was consistently higher in the spleens (Fig. 4A and Fig. S3A)
and lymph nodes (Fig. 4B and Fig. S3B) of B6.CD11c-Cre.FasKI
mice infected with LCMV-Armstrong than of infected control
animals. H-2Db--GP33 epitope-specific P14 CD8+ T cells (28)

were transferred (105 purified naïve T cells per mouse) into
B6.FasKI controls and B6.CD11c-Cre.FasKI mice 1 d before
infection with LCMV-Armstrong and followed for 60 d. The
total number of P14 T cells recovered from the spleens of
B6.CD11c-Cre.FasKI was consistently higher compared with
controls (Fig. S3C). This experiment shows that recognition of
another viral epitope follows the same rule, and also that the en-
hanced anti-LCMV T-cell response in B6.CD11c-Cre.FasKI mice
is T-cell extrinsic and depends on the absence of Fas on DCs.
LCMV-Armstrong is normally cleared within 8 d after in-

fection, and it is agreed that no virus persists past that time point
(13, 29). That was true for both B6.FasKI and B6.CD11c-Cre.
FasKI mice (Fig. S3D). However, in mice with manipulated
properties of DCs, the extended lifespan of viral antigens, al-
though unlikely, could not be excluded. To test this possibility,
B6.FasKI controls and B6.CD11cCre.FasKI mice were infected
with LCMV-Armstrong and injected on day 19 after infection
with a mixture of CFSE-labeled P14 T cells and cells from trans-
genic mouse carrying ovalbumin-specific OT-1 TCR (30) to
account for nonspecific proliferation. Neither of these cells
proliferated when injected on day 19 after infection, whereas
P14 expanded strongly (and OT-1 showed some by-stander ac-
tivation) in control B6 mouse on day 3 after LCMV infection
(Fig. 4C). Thus, virus-specific T cells persisted in B6.CD11cCre.
FasKI mice despite the lack of cognate antigens capable of
driving T-cell proliferation, although the presence of very low
levels of antigen capable of supporting T-cell survival could not
be experimentally excluded.

Fas-Negative DCs Enhance Effector CD8 T-Cell Commitment Without
Altering the Generation of Long-Lived Memory T Cells. The tetramer+

CD8 T cells were next analyzed for the presence of various ef-
fector/memory T cells subsets induced by LCMV-Armstrong in-
fection in mice with Fas-sufficient or Fas-negative DCs. Similar to
the observation with LCMV-clone 13 infection, Fas-negative DCs
induced increased numbers of short-lived effector T cells (SLEC)
(CD44hi, KLRG1hi, CD127lo, CD62Llo) and memory precursor
effector T cells (MPEC) (CD44hi, KLRG1lo, CD127hi, CD62Llo)
(31, 32) (Fig. 4 D and E and Fig. S4 A–C). This increase altered
the ratio of effector to central memory T cells (TCM) (CD44hi,

Fig. 3. Enhanced anti-LCMV T-cell response to LCMV-
clone 13 in the presence of Fas-negative DCs, but
not Fas-negative T cells. Splenic T cells responses to
LCMV Db GP33 epitope were estimated in LCMV-
clone 13–infected mice by MHCI tetramer staining
(A) and by intracellular cytokine staining for IFN-γ,
TNF-α double-producing T cells after 5 h in vitro
stimulation with GP33 peptide (B). (C) LCMV Db

GP276 tetramer-positive CD8+ splenic T cells from
LCMV-clone 13–infected mice were analyzed for
expression of KLRG1 and PD1 at 8, 15, 30, and 60
d after infection. Error bars represent SEM. Statisti-
cal significance was determined by ordinary one-way
ANOVA (*P < 0.05; **P < 0.005; ns, not significant).
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CD127hi, KLRG1lo, CD62Lhi); however, the absolute numbers of
TCM cells were not different between mice with Fas-negative and
Fas-sufficient DCs (Fig. 4E and Fig. S4B). A similar enhancement
to effector T-cell commitment was observed in P14 T cells primed

in the presence or absence of Fas on DCs (Fig. S4C). In agreement
with the surface marker phenotype, the total number of IL-2+

long-lived memory CD8+ T cells were similar between mice with
Fas-sufficient or Fas-negative DCs (Fig. S4 D and E). Thus, ex-
tended engagement with stimulation-competent DCs during the
early stages of infection promotes the expansion of effector-type
CD8+ T cells, whereas the generation of TCM cells is independent
of these events, supporting the idea of the early dichotomy of
effector/memory generation, rather than the continuum of effec-
tor→memory differentiation (33–35).
CD8+ cells with an effector phenotype persisted in B6.CD11c-

Cre.FasKI mice long after clearance of the virus had been ach-
ieved. However, whether the presence of Fas-negative DCs was
required for the prolonged persistence of LCMV-activated ef-
fector T cells or “initial hit” with Fas-negative DCs was sufficient
to induce the persistence of effector T cells was not clear. To
address this issue, naïve P14 T cells were activated by LCMV-
Armstrong infection either in B6.CD11c-Cre.FasKI or in control
B6.FasKI mice and 8 d after infection transferred into infection
matched B6 animals, and analyzed 11 d later (Fig. S5). P14 T
cells failed to persist in B6 recipients independently of whether
they were activated by viral infection in B6.CD11c-Cre.FasKI or
control B6.FasKI mice (Fig. 4F).
Finally, to test whether the maintenance of effector virus-

specific CD8+ T cells in B6.CD11c-Cre.FasKI required their
proliferation, tetramer-positive (stained with a mixture of four
LCMV-specific MHC tetramers) T cells from B6.FasKI and
B6.CD11c-Cre.FasKI mice infected 3 wk before were addition-
ally stained with antibodies to activation markers and to Ki-67
(Fig. 4G). The proportion of proliferating cells was not different
between control and experimental groups, and KLRG1+ T cells
did not proliferate stronger than KLRG1− counterparts.
Thus, the presence of Fas-negative DCs past the acute phase

of the immune response was required to support the persistence
of antiviral effectors, but the process did not depend on (de-
tectable) persistence of viral antigens and was not due to an
excessive proliferation of the effector T cells.

DC Transfer for Antiviral Therapy. Mice with Fas-negative DCs
efficiently cleared LCMV-clone 13 infection from secondary
lymphoid organs and visceral organs (Fig. 1). To test the possi-
bility of a therapeutic application of Fas-negative DCs, experi-
ments were performed in which splenic DCs from uninfected
animals were transferred to LCMV-clone 13–infected B6 mice
(Fig. 5A). Animals receiving Fas-negative DCs were able to
completely clear the infection from spleens and, importantly,
from kidneys in 3 wk when injected on day 8 of LCMV-clone 13
infection. As expected, they also demonstrated the presence of
a higher number of virus-reactive T cells (Fig. 5B) and higher
numbers of IFN-γ + TNF-α double-producing CD8+ T cells (Fig.
5C). We next assessed the ability of in vitro GM-CSF–BMDCs to
affect viral clearance upon transfer into LCMV-clone 13–infec-
ted mice, at day 8 after infection. Mice injected with Fas-negative
BMDCs also demonstrated significantly lower viral titers (Fig.
5D), significant protection from deletion (Fig. 5E), and en-
hanced cytokine response (Fig. 5F). In addition, the DC-treated
mice did not develop antinuclear antibodies when examined 3 wk
after DC transfer (Fig. S6); suggesting that short-term therapy
with Fas-negative DCs does not induce systemic autoimmunity.

Discussion
The proapoptotic signaling receptor CD95 (Fas) was originally im-
plicated in the regulation of immune responses due to unrestricted
proliferation of lymphocytes in animals and humans deficient in Fas
or its ligand. However, the attrition of T cells that normally follows
the immune response was later attributed mostly to T-cell–intrinsic
apoptotic pathways (22, 23, 36, 37). In fact, animals with double
deficiency of Fas and the proapoptotic molecule Bim (Bcl2l11)

Fig. 4. Extended effector T-cell response in CD11c-FasKI mice is inde-
pendent of antigen persistence. B6.FasKI and B6.CD11c-Cre.FasKI mice
infected with LCMV-Armstrong were compared for the total Db NP396 tet-
ramer-positive T numbers in spleen (A) and lymph nodes (B) at 12, 19, and
60 d after infection. Data are compiled from two independent experiments,
3–5 mice per time point. (C) B6.FasKI and B6.CD11c-Cre.FasKi mice (both
CD45.2+, Thy1.2+) were infected with LCMV-Armstrong and injected on day
19 after infection with a 1:1 mixture of CFSE-labeled naïve purified P14
T cells (CD45.1+) and OT1 T cells (Thy1.1+). Injection of the same mix into
B6 mice at day 3 after infection served as a positive control. Proliferation of
T cells was tested in the spleens of recipient mice 3 d after injection. (D and E)
Db NP396 tetramer-positive splenic CD8+ T cells from B6.FasKI and B6.CD11c-
Cre.FasKI mice infected with LCMV-Armstrong were analyzed at indicated
time points for the composition of memory T cells: SLECs (CD44hi, KLRG1hi,
CD127lo, CD62Llo) in blue, MPECs (CD44hi, KLRG1lo, CD127hi, CD62Llo) in gray,
and TCM (CD44hi, CD127hi, KLRG1lo, CD62Lhi) in green. Data are compiled
from two independent experiments, 3–5 mice per time point. (F) Naïve
CD45.1+ P14 T cells (105) were transferred into B6.FasKI and B6.CD11c-Cre.
FasKI mice, 1 d before infection with LCMV-Armstrong. Eight days later,
4 × 106 activated P14 T cells were isolated from the spleens of infected mice
by magnetic cell separation and transferred into infection-matched B6 re-
cipient mice. Data represent the number of P14 T cells with SLEC (blue) and
TCM (green) phenotype recovered from recipient B6 mice 11 d later (day 19
of initial infection). Data are compiled from two independent experiments,
5–8 mice per time point. The experiment is also diagramed in Fig. S4. (G) The
percent of Ki-67–positive KLRG1+ and KLRG1− T cells were identified among
tetramer-positive (GP33 +GP34 +GP276 + NP396) CD8+ T cells from the
spleens of B6.FasKI and B6.CD11c-Cre.FasKi mice infected with LCMV-
Armstrong for 21 d. Error bars represent SEM. Statistical significance was
determined by unpaired Student t test (*P < 0.05; **P < 0.005; ns, not
significant).
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suffered a more severe autoimmune disease than mice deficient in
Fas alone (38, 39). In an attempt to dissect the role of different cell
types in autoimmunity associated with Fas deficiency, we have
shown that Fas deficiency restricted to APCs could induce the
symptoms of systemic immunity (lymphoproliferation, enlargement
of secondary lymphoid organs, foci of lymphopoesis in internal
organs, and production of high titers of antinuclear antibodies) (9).
Themost likely scenario that explained the finding was that DCs are
normally eliminated by the very T-cell response that they are acti-
vating. DC elimination leads to a rapid cessation of signaling nec-
essary for T-cell activation-antigen presentation and costimulation.
Why DCs are eliminated primarily (or exclusively) through a Fas-
mediated mechanism is not known, but several studies have found
evidence for the prevalence of Fas over other cytotoxic mechanisms
(9, 11). At the same time, deficiency of another cytotoxic factor,
perforin, leads in humans to a systemic autoimmune disorder, fa-
milial histocytosis (40). In mice, perforin deficiency does not induce
systemic autoimmunity, but a combination ofDC-specific deficiency
of Fas and systemic deficiency of perforin increases the severity of
the autoimmune response (41). One plausible explanation for the
prevalent role of Fas is that the kinetics of the induction of cytotoxic
mechanisms in T cells is such that FasL-mediated killing is activated
first. Importantly, most of the DCs are Fas negative unless activated
by microbial stimuli or type I IFN (9). This finding is also a strong
argument in favor of the idea that Fas-mediated destruction of DCs
is involved in the regulation of responses to pathogens. In the
present study, we also find that Fas is rapidly up-regulated by in-
fectionwith LCMVand that this up-regulation is independent of the
type of LCMVvirus (Fig. 2A). Thus, up-regulation of Fas expression
and of FasL sensitivity of activated DCs are crucial physiological
mechanisms preventing excessive bystander activation of T cells and
autoimmunity during an inflammatory response to infections.
This study was initiated based on a presumption that persistent

viral infection has similarities with autoimmunity, given that self-
antigens can be viewed to persist chronically. When this idea was
put to the test, we discovered that mice withDC-specific loss of Fas
were able to sustain a strong response to the persistent LCMV-
clone 13 (Fig. 1). Further analysis has revealed that CD11c-Cre.
FasKI mice were capable of sustaining a bona fide immune re-
sponse to the virus, and judging by their ability to producemultiple
cytokines and express activation markers (CD44, KLRG1) and by
the loss of the negative regulator PD1 (14, 42), their T cells were
not exhausted.

Several interesting observations shed light on the regulation of
the immune response during a persistent viral infection. First,
Fas-negative T cells were somewhat more resistant to deletion
than T cells in control mice (Fig. 3 and Fig. S2), but nevertheless
underwent exhaustion with the same kinetics. Thus, Fas-medi-
ated T-cell deletion makes a contribution to the reduction of
T-cell numbers during the immune response (22, 23, 36), but the
functional inactivation of T cells by a persistent viral infection
happens independently of Fas expression by T cells.
Second, the phenotype of activated T cells that were main-

tained in CD11c-Cre.FasKI mice was that of effector T cells.
They were maintained independently of the presence of acti-
vating antigens (at least transferred virus-specific T cells were
not able to respond to these antigens in vivo), and their lifespan
exceeded the expected lifespan of SLECs (2, 31). Their long-
term survival was not based on excessive proliferation but re-
quired the presence of Fas-negative DCs. The expansion of ef-
fector T cells, both SLECs and MPECs, did not lead to an
expansion of central memory T cells (Fig. 4). This observation is
interesting because it argues against linear models of TCM gen-
eration: if TCM were the progeny of effector cells, one would
anticipate them to expand proportionally with the expansion of
effector T cells. Our results are more supportive of the early
dichotomy models (35, 43, 44) of memory T-cell generation.
Third, effector cells were expanded and persisted in mice with

Fas-negative DCs regardless of the type of the infecting virus,
and their persistence did not require chronic infection (Fig. 4)
but depended solely on the presence of Fas-negative DCs.
The ability of Fas-negative DCs to stimulate a response that

clears a persistent viral infection has a strong translational value.
In fact, injection of Fas-negative DCs led to either complete
elimination of the virus or significant reduction of its titers. The
efficiency of specific DC subsets has yet to be evaluated. Gene
expression profiling did not reveal significant differences be-
tween Fas-negative and Fas-sufficient DCs in the spleens of
infected animals. Thus, it is likely that DCs with extended life-
span due to protection from Fas-mediated killing provide ef-
fector T cells with “tonic” survival signals, protecting them from
exhaustion and subsequent deletion.
Taken together, this study demonstrates that during persistent

infections, T-cell expansion, maintenance, and contraction depend
on the survival of the antigen-presenting DCs. It is not clear yet why
Fas-mediated death dominates over other possible mechanisms of

Fig. 5. Transfer of Fas-negative DCs rapidly clears an established LCMV-clone 13 infection. B6 mice infected with LCMV-clone 13 for 8 d were injected with
2 × 106 purified splenic DCs (A–C) or GM-CSF–derived BMDCs (D–F) from uninfected B6.FasKI or B6.CD11c-Cre.FasKi animals or received no transfer. (A and D)
Recipient groups of B6 mice were analyzed 3 wk after DC transfer and viral titers were estimated in the indicated organs. Dotted line indicates the limit of
detection. (B and E) LCMV-specific T cells were estimated in the spleens of recipient mice by staining with indicated tetramers. (C and F) IFN-γ and TNF-α
double-producing T cells numbers were identified by intracellular flow cytometric analysis after 5 h in vitro stimulation with indicated LCMV peptides. Data
are compiled from two independent experiments with 5–8 mice per time point. Error bars represent SEM. Statistical significance was determined by ordinary
one-way ANOVA (*P < 0.05; **P < 0.005; ns, not significant).
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DC destruction, but there is no doubt that it is a nonredundant
antiinflammatory feedback mechanism. Very importantly, Fas-neg-
ative DCs sustain efficient antiviral immune responses and can po-
tentially be used as a therapeutic tool to clear persistent infections.

Methods
Mice.Mice with Exon IX of Fas flanked with LoxP sites (9) were bred to mice with
Cre recombinase under the control of the proximal Lck promoter B6.Cg-Tg (Lck-
cre) 548Jxm/J (Lck-Cre) or the CD11c promoter C57BL/6J-Tg (Itgax-cre,-EGFP)
4097Ach/J (CD11c-Cre) obtained from The Jackson Laboratory. C57BL/6 mice and
OT1 and OT2 TCR transgenic mice were obtained from The Jackson Laboratory.
B6.SJL-Ptprca/BoyAiTac (CD45.1+) and B6.Cg-Tcratm1Mom Tg (TcrLCMV) 327Sdz
(P14) mice were purchased from Taconic Farms. Mice were housed in a specific
pathogen-free research facility and used in accordance with institutional
guidelines for animal welfare. The Biological Sciences Division Institutional Re-
view Board at the University of Chicago approved all animal studies.

Infections. LCMV viruses (a generous gift from R. M. Welsh, University of
Massachusetts, Worcester, MA) were propagated in baby hamster kidney
BHK21 cells (ATCC) and titrated by plaque assays on Vero cells (ATCC) as
described (45). Six- to eight-week-old mice were infected i.v. with 2 × 106 pfu
of LCMV-clone 13 or i.p. with 2 × 105 pfu of LCMV-Armstrong.

Statistical Analysis. Statistical significance between two experimental groups
was determined by using a two-tailed unpaired Student t test, where a
P value of <0.05 was considered significant. For analysis of more than two
groups of observations, significance was found by using ordinary one-way
ANOVA with Tukey’s post hoc test, and a P value of <0.05 was considered
significant. Graphs were generated and statistical analyses were performed
by using GraphPad Prism (GraphPad Software). Results are displayed as
mean ± SEM.
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