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Up-regulation of Fas ligand (FasL) in the central
nervous system: A mechanism of immune evasion
by rabies virus

Leı̈la Baloul, Serge Camelo, and Monique Lafon

Unité de Neuroimmunologie Virale, Institut Pasteur, Paris, France

Following its injection into the hindlimbs of mice, CVS, a highly pathogenic
strain of rabies virus, invades the spinal cord and brain resulting in the death of
the animal. In contrast, central nervous system (CNS) invasion by PV, a strain of
attenuated pathogenicity, is restricted to the spinal cord and mice infected with
this virus survive. Lymphocytes display transient migration into the infected
CNS in fatal rabies and sustained migration in nonfatal rabies. The transient
migration of T cells in fatal rabies is associated with an increase in T-cell
apoptosis. We found that the early production of Fas ligand (FasL) mRNAs
was up-regulated only in fatal rabies. FasL is produced by several neuronal
cells and mainly in infected neurons. In mice lacking FasL (gld), infection
with the neuroinvasive rabies virus strain was less severe, and the number of
CD3 T cells undergoing apoptosis was smaller than that in normal mice. These
data provide strong evidence that fatal rabies virus infection involves the early
triggering of FasL production leading to the destruction of migratory T cells by
the Fas/FasL apoptosis pathway. This mechanism could be in part responsible
for the fact that T cells cannot control neuroinvasive rabies infection. Thus,
rabies virus seems to use an immunosubversive strategy that takes advantage
of the immune privilege status of the CNS. Journal of NeuroVirology (2004) 10,
372–382.
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Introduction

Several viruses, including herpes simplex virus
type 1 (HSV-1), lymphocytic choriomeningitis virus
(LCMV), human cytomegalovirus (HCMV), and
mouse mammary tumor virus (MMTV), use immuno-
subversion to facilitate host invasion (Acha-Orbea
and MacDonald, 1993; Alcami and Koszinowski,
2000; Lucas et al, 2001; Wall et al, 1998). MMTV has
been shown to subvert the local immune response
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(Held et al, 1993). This virus manipulates the intesti-
nal mucosal immune system to favor its replication.
However, little is known about the nature of the im-
munosubversion strategies of viruses that infect sites
of immune privilege, such as the central nervous sys-
tem (CNS).

The rules governing immune function are subject
to regional tissue specialisation. As well as mucosal
tissues that develop a specific immune system, the
“eyes/brain and nerves” are regarded as having a dif-
ferent regional immune system (Miller, 1999). The
immune status of the CNS is conditional. Inflamma-
tion is suppressed in the healthy brain. However, after
selective injury or infection of the CNS parenchyma,
proinflammatory cytokines and chemokines attract
lymphocytes, activated as well as nonactivated, from
the periphery and these cells are able to cross the
blood-brain barrier (BBB) (Brabb et al, 2000; Hickey
et al, 1991). The action of these cells is limited by
several factors, including the destruction of migrat-
ing lymphocytes by apoptosis mediated by Fas and
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its ligand, FasL, and tolerance induction in the CNS.
Constitutive expression of FasL by eye and testis
is thought to be a key component of the mainte-
nance of immune privilege of these tissues (Green
and Ferguson, 2001; Griffith et al, 1995; O’Connell
et al, 2001). Fas is a molecule of the tumor necrosis
factor-alpha (TNF-α) family. Its interaction with FasL
drives death signaling in cells bearing FasL (Suda
and Nagata, 1994). Fas is expressed on the surface of
lymphocytes. Cells resident in the CNS cells, includ-
ing neurons, produce FasL (Bechmann et al, 1999;
Flugel et al, 2000; Bonetti and Raine, 1997; Dowling
et al, 1996; D’Souza et al, 1996; Kohji and Matsumoto,
2000; French and Tschopp, 1996; Choi et al, 1999).
FasL expression by neurons is involved in protec-
tion against cytotoxic T cells (Medana et al, 2001).
Thus, lymphocytes entering the CNS could be trig-
gered to death by Fas/FasL apoptosis pathway. Strong
evidence for the potential role of FasL as an inducer
of T-cell apoptosis has been provided after injury of
nerves (Flugel et al, 2000) and in experimental au-
toimmune encephalitis (EAE) (Sabelko-Downes et al,
1999). However, contribution of FasL in the migratory
T-cell apoptosis has not yet been demonstrated to be
the case during CNS viral infection.

Rabies virus (RABV) is an enveloped RNA virus of
the rhabdoviridae group that uses the neuronal net-
work to spread within the host. Several strains with
different levels of pathogenicity have been selected
in the laboratory. Both pathogenic virus strain and
those with attenuated pathogenicity are neurotropic
and both replicate equally well in neurons. However,
pathogenic virus strains cause fatal acute myeloen-
cephalitis, with infection of both spinal cords and
brains, whereas abortive infection results in a non-
fatal myelitis involving infection of the spinal cord
only once the virus is inoculated by a peripheral
route of inoculation. We have shown that lympho-
cytes do not play any role in control of the fatal ra-
bies because the severity of rabies is similar in nude
and immunocompetent mice (Camelo et al, 2001b).
In contrast, lymphocytes play an essential role in the
protection against abortive rabies because nude mice
injected with attenuated virus strain develop a fatal
encephalitic form of rabies (Galelli et al, 2000). In
this study, we investigated why T cells cannot control
acute rabies infection by analyzing (1) the kinetics of
T-cell migration into the CNS of mice infected with
CVS and PV; (2) the kinetics of virus and FasL mRNA
production by real-time polymerase chain reaction
(PCR) in spinal cord extracts from mice infected with
PV or CVS; (3) the production of FasL by infected
neurons; (4) the apoptosis of CD3 T cells in mice de-
ficient in functional FasL (gld); and (5) the severity of
acute rabies in FasL-deficient mice.

We show in vivo that a pathogenic virus that suc-
cessfully invades the nervous system triggers the up-
regulation of FasL, the absence of which decreases
virus pathogenicity. This suggests that pathogenic
strains of virus highly adapted to the CNS could have

selected immune deviation as a strategy to favor their
invasion of the CNS.

Results

Characterisation of CNS invasion and disease
caused by a highly pathogenic RABV strain, CVS,
and a less pathogenic strain, PV, in BALB/c mice
The development of the clinical signs induced in
BALB/c mice by infection with CVS and PV viruses
was analysed as a function of CNS invasion. After in-
jection of 107 p.f.u of the CVS or PV strain of RABV
in both hind legs of the mice, mean clinical score
(aggravation of the disease; Figure 1A), mortality
(Figure 1B), and levels of rabies-specific genomic
RNA in the spinal cord (Figure 1C) and the brain
(Figure 1D) were monitored until day 10 or 13. In
CVS infection, the first signs of hind limb paral-
ysis appeared as early as day 5 p.i. (Figure 1A).
The development of paralysis occurred simultane-
ously and progressed with the invasion of the spinal
cord (Figure 1C). RABV-specific genomic RNA levels
peaked at days 5 to 7, decreased thereafter, and were
no longer detected after day 9. In PV-infected mice,
the kinetics of hindlimb weakness and paralysis de-
velopment were similar to those in CVS-infected
mice, but sequence of events began 1 day later. Nev-
ertheless at day 7 post infection, the spinal cord was
comparably infected by either PV or CVS virus (not
shown).

Figure 1 Characterisation of CVS and PV infection in BALB/c
mice. After i.m. injection of 107 p.f.u of RABV strain CVS or PV
into both hind-legs, (A) morbidity (n = 6) and (B) mortality (n = 6)
were recorded daily. Invasion of BALB/c spinal cord (C) and brain
(D) by CVS (solid line) and PV (dotted line) was measured by real-
time PCR. Relative RABV nucleoprotein genomic RNA expression,
expressed as 2−��Ct (see Materials and Methods) was evaluated at
days 0, 3, 5, 7, and 10 post infection in spinal cord and brain of
either CVS or PV infected mice compared to noninfected mice.
Each point represents the arithmetic mean of results from three to
four mice. Error bars indicate the SD.
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By day 9, considerable aggravation of clinical signs
was observed in CVS-infected mice, with the onset of
hunchback and prostration, followed by generalized
paralysis and death by day 11. In contrast, the clini-
cal signs improved or remained at a constant level in
PV-infected mice, which suffered irreversible paral-
ysis but survived. In PV infection, brain invasion
was limited to few Purkinje cells in the cerebellum
(Galelli et al, 2000), whereas at the same time infec-
tion by CVS was widespread in the cerebellum and
the brain of CVS-infected mice was entirely infected
(not shown). The fact that PV infection produces only
limited infection in the brain whereas CVS success-
fully invades the entire CNS suggests that these two
viruses differ in their intrinsic capacity to invade the
brain or to be controlled by the immune response.

Kinetics of cell infiltration and apoptosis in the CNS
of CVS-infected mice
A previous study in our laboratory showed that in PV-
infected mice, CD4+ and CD8+ T cells migrated into
the CNS, with CD8+ T cells outnumbering CD4+ T

Figure 2 Transient infiltration of mononuclear cells into the CNS of CVS-infected mice. Kinetics of infiltrating CD3+ T cells and mononu-
clear cells extracted from the CNS of PV (A) and CVS (B)-infected mice and purified on Percoll gradient. Each point represents the
arithmetic mean of data from two to four experiments performed on pooled infiltrating cells isolated from the CNS (brain and spinal cord)
from three mice per group. (C) Kinetics of CD3+ T cell infiltration (black histograms, left Y axis) and apoptotic TUNEL+cells (line, right
Y axis) in spinal cords sections of CVS-infected mice were analyzed by immunohistochemistry in at least 20 different blinded fields.
Reduction of the number of infiltrating CD3+ T cells at days 7 and 9 in CVS-infected mice is concomitant of an increase of the number of
cells encountering apoptosis. (D) CD3+ T cells encounter apoptosis in the CVS-infected spinal cord as shown by immunohistochemistry.
CD3+ T cells (green) are TUNEL+ (red). This picture is representative of several observations. Photographed with a 40× objective. Bar
represents 10 μm. (E) Immunohistochemical analysis of spinal cord sections of day 7-PV-infected mice show that with the exception of
one cell (yellow), the TUNEL+ cells are not CD3+ T cells (green). Bar represent, 50 μm.

cells from day 10 onwards (Galelli et al, 2000). In this
study, the kinetics of CNS infiltration in PV- and CVS-
infected mice was analyzed by measuring the num-
ber of mononuclear cells collected on a percoll gradi-
ent (PV, Figure 2A, and CVS, Figure 2B). In the CNS
(brain and spinal cord) of both PV- and CVS-infected
mice, the number of mononuclear cells had begun to
increase by day 3 post infection (p.i.) This indicates
that an early infiltration of mononuclear cells occurs
in CVS as well as in PV infection, and thus the lack of
immune control of CVS did not result from a lack of
migratory T cells. However, in the CVS-infected CNS,
the number of infiltrating mononuclear suddenly de-
creased after day 6, resulting in much lower numbers
of these cells by day 9 p.i. (Figure 2B). In contrast,
in PV infection, the number of infiltrating T cells in-
creased steadily after day 6 (Figure 2A). These data
indicate that after 6 days of infection, CD3+T cells
infiltrating the CNS have very different fates in CVS-
and PV-infected mice.

To test whether the decrease in the number of in-
filtrating mononuclear cells in CVS infection could
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result from T-cell apoptosis, the number of terminal
deoxynucleotidyl transferase–mediated dUTP nick-
end labeling (TUNEL)-positive and CD3+ cells were
counted in spinal cord sections of CVS-infected mice.
The decrease in the number of infiltrating CD3+ T
cells on days 6 to 7 coincided with a sharp increase in
the number of TUNEL-positive cells (Figure 2C). Im-
munohistochemical analysis of CVS-infected spinal
cords at day 7 p.i. revealed that infiltrating CD3+
T cells (green) stained positive in TUNEL detection
(red) (Figure 2D). This indicates that the loss of CD3+
T cells infiltrating the CNS could be due to apopto-
sis in the CVS-infected spinal cord. In contrast, as
shown in Figure 2E, in PV-infected mice, very few
CD3+ T cells (green) were costained by TUNEL tech-
nique (yellow), indicating that CD3+ T cells (green)
rarely encounter apoptosis in PV infection. Addi-
tional analysis indicate that TUNEL-positive cells in
PV-infected spinal cords sections correspond to neu-
rons (data not shown). The number of CD3+ T cells
and TUNEL-positive cells were numbered in 20 fields
of spinal cords sections of CVS- and PV-infected
mice. In PV-infected spinal cords sections, only 4.8%
± 0.7% of CD3+cells encounters apoptosis, whereas,
40% ± 0.4% of CD3+ T cells were TUNEL positive
in CVS-infected spinal cord sections. This difference
was statistically significant.

Altogether, these results indicate that infiltrating
CD3+ T cells encounter apoptosis in CVS-infected
spinal cords. This process may account for the de-
cline of CD3+ T cells in the CNS of CVS-infected mice
7 days post inoculation.

Production of FasL mRNA in CVS- and PV-infected
mouse CNS
In order to test whether migratory T-cell apoptosis
could use the Fas/FasL pathway, the expression of
FasL mRNA was compared in spinal cord extracts
fom CVS-infected and PV-infected mice. As shown
in the left panel of Figure 3A, the CVS infection in-
duced an early production of FasL mRNA (day 5 p.i.)
in the spinal cord, whereas PV infection did not. In
the CVS-infected spinal cord, FasL and virus mRNA
reached a maximum on day 5 p.i., indicating that the
up-regulation of FasL is linked to spinal cord inva-
sion. In PV-infected spinal cord, the FasL mRNA was
detected only late in infection (day 10 p.i.), at a time
at which viral-specific genomic RNA were no longer
detected in PV-infected spinal cord extracts. FasL was
also detected in PV-infected brains until day 10 p.i.
(data not shown) despite the very low level of infec-
tion with this virus observed in the brain. Thus, in
contrast to CVS infection, the FasL production was
not correlated with PV infection and late FasL pro-
duction observed in PV infection may be linked to
a factor other than the infection itself. The kinetics
of FasL production and regulation therefore differed
considerably between the two types of infections:
(i) In CVS infection, FasL mRNA levels peak early
and were correlated with infection of the spinal cord,

Figure 3 FasL is expressed by neurons in the CNS of CVS-infected
mice. (A) Kinetics of FasL in the CNS of RABV-infected mice. Rel-
ative FasL mRNAs expression was evaluated at days 0, 3, 5, 7, and
10 post infection in spinal cord of either CVS (solid line) or PV-
(dotted line)-infected mice. Each point represents the arithmetic
mean of results from three to four mice. Error bars indicate the
s.d. (B) Expression of FasL by infected neurons was determined by
immunohistochemistry. RABV-infected cells (NC positive, green)
express FasL (mAb G247-4, red) (upper left panel ). Hoechst stains
nuclei in blue (upper right panel ). Neurons (Ab NeuN, red ) ex-
press FasL (Ab N20, green) (bottom left panel ). RABV-infected
cells (PVA-3–positive cells, red ) express FasL (N20, green) (bot-
tom right panel ). Bar represents 10 μm.

whereas (ii) in PV infection, FasL was produced late
in the infection and was not directly associated with
the infection.

Expression of FasL by infected neurons
in CVS-infected CNS
To test the nature of the cells that produce FasL,
spinal cord sections from CVS-infected mice were im-
munostained with a combination of rabbit antibody
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(Ab) N20 or mouse monoclonal antibody (mAb)
G247-4 directed against FasL, anti-NeuN (neuron
marker), and anti-RABV protein (PVA-3 or NC-FITC)
(Figure 3B). The detection of FasL cells (green for N20
and red for G247-4) double-stained with anti-RABV
protein Ab (red for PVA-3 and green for NC-FITC) or
with Neu-N (red) indicated that, in the course of CVS
infection of the spinal cord, neurons and infected
cells expressed FasL protein in the cytoplasm. As
RABV infects only neurons, we can conclude that in-
fected neurons produce FasL. However, some nonin-
fected cells could also produce FasL (left upper panel
in Figure 3B). The observation that both infected and
uninfected neurons produce FasL rules out the pos-
sibility that the kinetics of FasL mRNA production in
CVS-infected CNS reflects T-cell migration alone.

CD3+ T-cell infiltration and apoptosis in the CNS
of CVS-infected B6 and gld mice
We observed that migratory CD3+ T cells underwent
apoptosis and that FasL protein production was up-
regulated during CVS RABV infection. We then in-
vestigated whether CD3+ T cells died by apoptosis
by determining whether CD3+ apoptosis occurred in
the CNS of mice lacking a functional FasL. Groups
of gld mice and of normal B6 mice were infected
with CVS. The infiltrating CD3+ T cells that under-
went apoptosis (TUNEL) were compared in brain sec-
tions of CVS-infected B6 and gld mice on day 5 p.i.
(Figure 4). Despite similar levels of brain infection
(data not shown), we found that there were three
times as many CD3+/TUNEL double-positive cells in
B6 mice infected with CVS than in infected gld mice
(7.28% ± 1.14% versus 22.50% ± 1.8%). The lower
levels of T-cell death in mice lacking functional FasL
strongly supports the notion that most of the T cells
that undergo apoptosis in the CVS-infected CNS fol-
lows the Fas/FasL apoptotic pathway.

Figure 4 Migrating CD3+ T cells survive in Fasl deficient (gld)
mice infected by CVS. Percentage of TUNEL-positive CD3+ T cells
was determined by immunohistochemistry in brain sections in
noninfected (white bar) and in CVS-infected FasL deficient gld
(grey bar) or B6 mice (black bar) at day 5 post infection. Analysis
was performed in at least 20 different blinded fields. Results are
expressed as means ± SD % of TUNEL+ CD3+ T cells per field.

Characterization of CVS rabies disease in B6
and gld mice
The early expression of FasL, which is up-regulated
by CVS infection, is required for the death of mi-
gratory T cells. We therefore investigated whether
the early up-regulation of FasL was involved in CVS
pathogenesis. The level of infection and the pro-
duction of TNF-α, monocyte chemoattractant pro-
tein (MCP)-1, interleukin (IL)-6, and IL-1β mRNAs
in the spinal cord were identical in the two types
of mice on day 5 (Figure 5A). This indicates that
the absence of functional FasL does not interfere
with the capacity of CVS to invade the spinal cord
or to develop a local inflammatory response. Sim-
ilarly, FasL mRNA levels were up-regulated in the
spinal cord of both CVS-infected B6 and gld mice
(Figure 5A). The detection of FasL mRNA in gld mice
is not surprising because the gld mice express as
much FasL mRNAs as the wild-type mice but the
FasL they produce is not functional (Takahashi et al,
1994).

The involvement of FasL in CVS pathogenesis was
assayed by comparing the morbidity (Figure 5B) and
mortality (Figure 5C) of CVS infection in B6 and
gld mice from day 3 until day 14. The first signs of
hind limb weakness appeared as early as day 5 p.i.
and paralysis of one hind leg appeared as early as
day 6 p.i. in B6 mice. In contrast in CVS-infected
gld mice, there was a 2-day delay in the develop-
ment of clinical signs. Moreover, the clinical symp-
toms that developed were less severe in infected gld
mice than in their normal counterparts, as mean clin-
ical scores on day 9 were 2.8 for gld mice and 4.5
for B6 (Figure 5B). On day 14 p.i., all the infected B6
mice were dead, whereas only 60% of the infected gld
mice had died (Figure 5C). It is noteworthy that CVS-
infected gld mice that survived present only transient
minor clinical signs of rabies. These data indicate that
CVS infection is less severe in FasL-deficient mice
than in normal mice and that the deletion of FasL fa-
vors the survival of mice infected with CVS. These
data strongly support the hypothesis that FasL up-
regulation is a key factor in rabies pathogenesis.

Discussion

The aim of this study was to identify the factors that
render T cells nonprotective in fatal rabies infection.
We found that infection with a highly pathogenic
RABV results in the early increase in FasL mRNA
levels in spinal cord extracts and the transient migra-
tion of T cells into the CNS. We observed that fewer
CD3+ T cells undergo apoptosis in CVS-infected gld
mice, which display lower rates of mortality and de-
layed signs, than do normal mice. Altogether, these
data suggest that the up-regulation of FasL produc-
tion could be one component of the immunosubver-
sive strategy of the RABV to reduce the protective
immune response.
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Figure 5 Comparison of CVS virus infection in C57Bl/6 (B6) and FasL deficient (gld) mice. After injection with 107 p.f.u of RABV strain
CVS by i.m. injection into both hindlegs, (A) detection of virus-specific genomic RNA, mRNAs of TNF-α, IL-6, MCP-1, FasL, and IL-1β

by real-time PCR in the spinal cord of infected B6 (black bar) and gld mice (grey bar) at days 0 (noninfected) and 5 post infection. Each
bar represents the arithmetic means ± SD of results from 2 mice. (B) Clinical score and (C) mortality were recorded daily for 14 days.
Experiments were performed twice with n = 5 and n = 8 mice in each group. Dotted lines represent morbidity or mortality of C57BL/6.
Dashed lines represent data for B6 mice.

The CNS is regarded as an immunologically privi-
leged site in which immune responses are restricted
(Griffith et al, 1995). However, in pathological situ-
ations or in cases of viral infection of the CNS, the
immune privilege is weakened. In particular, infec-
tions lead to the production of cytokines and inflam-
matory molecules such as IL-1α-β, IL-6, IL-10, TNF-α,
interferons (IFNs), and nitric oxide (NO) (Benveniste,
1997). Pathogenic strains of RABV do not escape
this reaction because IL-1β, IL-6, and NO can be de-
tected in spinal cords and brains of CVS-infected
mice (Baloul and Lafon, 2003; Camelo et al, 2000;
Marquette et al, 1996; Akaike et al, 1995). The trigger-
ing of TNF-α mRNA production by CVS infection re-
ported here is consistent with the previous detection
of this cytokine by enzyme-linked immunosorbent
assay (ELISA) and immunochemistry in the spinal

cords and brains of CVS-infected mice (Camelo et al,
2000; Marquette et al, 1996). TNF-α is known to at-
tract inflammatory cells (Seabrook and Hay, 2001), as
illustrated by the lower level of influx of inflamma-
tory cells into the CNS of CVS-infected mice lack-
ing the TNF-α receptor (p55TNFR−/−) than into the
CNS of their normal counterparts (B6 mice) (Camelo
et al, 2001b). In addition, mRNA of MCP-1 chemokine
were detected in CVS-infected spinal cord extracts
as early as 2 days after virus inoculation (Figure 4
and data not shown). Thus, the neuroinvasiveness of
CVS does not result from a lack of early CNS inflam-
mation. Following the injection of CVS into the foot-
pad, the number of popliteal lymph node cells and
cytokine-producing cells, particularly of those that
produced IFN-γ , increased (data not shown). In addi-
tion, increase in spleen cell number during infection



Up-regulation of FasL in CNS
378 L Baloul et al

and proliferation of splenocytes following addition
of ConA were similar in the first 7 days of the CVS
and PV infection (Camelo et al, 2001b). Thus the inef-
ficiency of T cells to protect against the CVS-infection
is unlikely the result of a lack of immune activation in
the periphery. Moreover, the triggering of an immune
activation in the periphery during the CVS infection
rules out the possibility that CNS of CVS-infected
mice was infiltrated by non activated T cells as ob-
served in EAE (Brabb et al, 2000).

The divergence between the two types of virus in-
fection happens later on day 7, when a sharp de-
cline in the number of migratory T cells occurs in
the CVS-infected CNS, following the peak in FasL
mRNA levels on day 5. The destruction of recruited
inflammatory cells by apoptosis has been observed in
the CNS of mice infected with Sindbis virus (Havert
et al, 2000) or with Theiler virus (Schlitt et al, 2003;
Oleszak et al, 2003), or in retinas infected with HCMV
(Raftery et al, 2001) and with RABV (Camelo et al,
2001a). The observation in this study that fewer in-
filtrating CD3+ T cells undergo apoptosis in gld than
in B6 mice provides the first evidence that the apop-
tosis of infiltrating CD3 T cells during viral infection
of the CNS occurs by the Fas/FasL pathway.

Lower virulence of CVS infection in mice express-
ing a nonfunctional FasL, and the higher survival of
migratory T cells in these mice, provide evidence that
migratory T cells have a protective function. Further
evidence that migratory T cells play a protective role
is provided by the observation that nude mice do not
resist PV infection and develop acute rabies, simi-
lar to that induced by the neuroinvasive CVS strain.
Cytotoxic IFN-γ CD8+ T cells could be derived from
the CNS of mice infected with neurotropic viruses
such as the neurotropic strain of mouse hepatitis
virus (Marten et al, 2003). In rabies, T cells could
also be directly involved in cytolysis because they
have been found to produce mRNAs encoding IFN-
γ , macrophage inflammatory protein (MIP)-1α, IP10,
and RANTES (Galelli et al, 2000), mediators which
have been shown to be directly involved in cytoly-
sis (Biddison et al, 1997; Price et al, 1999). In addi-
tion, T cells may also be protective effectors by se-
creting IFN-γ , possibly through the antiviral activity
of this cytokine (Camelo et al, 2000; Hooper et al,
1998). Based on our results, we propose a model to
account for the success of CVS infection. Follow-
ing the injection of CVS into the hind limbs, pro-
gressive infection of the spinal cord and the brain
is accompanied by the production of the inflamma-
tory cytokines and chemokines that attract lympho-
cytes, resulting in their migration across the BBB.
However, CVS up-regulates FasL. The protective T
cells specifically triggered in the periphery are in-
efficient at controlling acute RABV encephalitis be-
cause they are destroyed by apoptosis shortly after
their entry into the CNS. This facilitates the prop-
agation of the neuroinvasive virus (CVS) through
the CNS to the brain, resulting in the death of the

mice. Similar mechanism could be evoked to explain
why mice lacking functional FasL showed delayed
and reduced mortality after infection with the Mur-
ray Valley encephalitic flavivirus (Licon Luna et al,
2002).

Residual apoptosis of CD3 T cells was observed in
gld mice. The percentage of CD3 cells undergoing
apoptosis was low, but this may indicate the exis-
tence of a Fas-dependent but FasL-independant path-
way of apoptosis. Mechanisms of Fas apoptosis that
do not require FasL have been described in ultraviolet
(UV)-treated keratinocytes and in cancer cells treated
with cytotoxic drugs (Aragane et al, 1998; Micheau
et al, 1999). Fas-dependent, FasL-independent apop-
tosis has also been reported in FasL mutant mice in
which TNF-α could replace FasL (Price et al, 1999;
Suzuki et al, 1999). This may account for the death of
some of the CVS-infected gld mice, despite the much
higher level of protection against rabies infection. In
addition, the residual apoptosis of CD3 T cells ob-
served in RABV-infected gld mice could also occur as
a result of the partial functional impairment of FasL
in gld mice (Karray et al, 2004).

Besides the triggering of T cell death by the
Fas/FasL pathway, other factors can participate to
render T cells nonprotective in fatal rabies. The ex-
istence of such factors is strongly supported by the
residual death of CVS-infected gld mice. Endoge-
nous immunosuppressive factors are secreted by glial
cells, such as transforming growth factor beta (TGF-
β), vasointestinal peptide (VIP), alpha-melanocyte-
stimulating hormone (α-MSH), or calcitonin gene–
related peptide (CGRP) (Irani et al, 1997; Stanisz,
1994). Role of TGF-β is unlikely because levels of
mRNA of TGF-β in spinal cord extracts of CVS and PV
infected mice are very low (Baloul and Lafon, 2003).
The implication of such immunosuppressive factors
requires further investigations.

We found that together with the up-regulation of
FasL mRNA in the CNS, neurons produced FasL
protein during the course of CNS infection. These
results are consistent with other studies indicating
that neurons produce FasL protein (Bechmann et al,
1999; Bonetti et al, 1997; Dowling et al, 1996; Flugel
et al, 2000; French and Tschopp, 1996). FasL was also
produced in non-neuronal cells (NeuN-negative). We
cannot exclude the possibility that some of these cells
are migratory T cells, which were found to produce
FasL as well as Fas, at least in PV infection (data not
shown). However, most of the non-neuron cells of the
RABV-infected nervous system that produce FasL do
not have lymphocyte morphology. They should be
glial cells, known to express FasL (Bechmann et al,
1999; Bonetti et al, 1997; Choi et al, 1999; Dockrell
et al, 1998; Kohji and Matsumoto, 2000). The produc-
tion of FasL by uninfected cells may be a normal pro-
cess in the context of immune privilege (Bechmann
et al, 2000).

The up-regulation of FasL by a virus has been
observed in human immunodeficiency virus/simian
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immunodeficiency virus (HIV/SIV)-infected macro-
phages and lymphocytes (Xu et al, 1997; Badley
et al, 1996; Dockrell et al, 1998), in feline immunod-
eficiency virus (FIV)-infected lymphocytes (Mizuno
et al, 2003), in Epstein-Barr virus (EBV)-infected neu-
trophils (Tanner and Alfieri, 1999), as well as in
HCMV human retinal pigment epithelial cells or den-
dritic cells (Chiou et al, 2001; Raftery et al, 2001).
Some evidence has been provided that Tat and Nef
of HIV-1 directly up-regulates the expression of FasL
(Westendorp et al, 1995; Xu et al, 1997; Ghorpade
et al, 2003; Li-Weber et al, 2000). In the case of RABV
infection, similar direct regulation can take place.
However, cytokines including IL-6 whose expression
is up-regulated in the CNS during RABV infection
(Baloul and Lafon, 2003; Camelo et al, 2000) can also
play a role in this process (Choi et al, 2002; Ghorpade
et al, 2003). Thus it cannot be ruled out that CVS
induces FasL production by an indirect mechanism
with the virus triggering in cells other than those that
it infects. This should be consistent with the obser-
vation that noninfected cells express FasL. Whether
CVS infection up-regulates FasL production in resi-
dent cells of the CNS by a direct or an indirect mech-
anism deserves further attention.

The destruction of migratory T cells via the Fas-
FasL pathway has been demonstrated in previous
studies of EAE (Bonetti and Raine, 1997; Dowling
et al, 1996; D’Souza et al, 1996). This study provides
the first in vivo demonstration that a neurotropic
virus modulates FasL production in CNS and that
successful neurotropic virus infection may involve
a strategy of immunosubversion, taking advantage of
the immune privilege status of the CNS and the Fas-
FasL apoptosis of migratory T cells in particular.

Materials and methods

Mice, infection, and assessment of clinical signs
Experiments were performed with 6-week-old fe-
male mice. C57BL/6 (B6) and C57BL/6-gld (gld) mice,

Table 1 Primer sequences for mouse cytokine gene and for the GAPDH and rabies N protein genes

Name Sequence (5′ → 3′) Accession number

TNF-α TNF-α+ GTA-TGA-GAT-AGC-AAA-TCG-GC M13049
TNF-α− CTG-AAC-TTC-GGG-GTG-ATC-GG

IL-6 IL-6+ CCG-GAG-AGG-AGA-CTT-CAC-AG M20572
IL-6− CAG-AAT-TGC-CAT-TGC-ACA-AC

IL1-β IL1-β+ GCA-ACT-GTT-CCT-GAA-CTC-A X04964
IL1-β− CTC-GGA-GCC-TGT-AGT-GCA-G

MCP-1 MCP-1+ AGGTCCCTGTCATGCTTCTG J04467
MCP-1− GTGCTGAAGACCTTAGGGCA

Fas-L Fas-L+ CAC-AAA-TCT-GTG-GCT-ACC-G U06948
Fas-L− GCC-CAT-ATC-TGT-CCA-GTA-G

GAPDH GAPDH+ CTC-AGT-GTA-GCC-CAG-GAT-GC M32599
GAPDH− ACC-ACC-ATG-GAG-AAG-GCT-GG

Rabies N protein Sense GGA-ATT-CTC-CGG-AAG-ACT-GGA-CCA-GCT-ATG-G AF033905
Antisense AGA-ATT-CCC-ACT-CAA-GCC-TAG-TGA-ACG-G

Note. Forward (+) and reverse primers (−) were selected from different exons.

presenting a generalized lymphoproliferative disease
due to a point mutation in FasL, were from CDTA
CNRS (Orléans, France) and BALB/c mice were from
Janvier (St. Berthevin, France). Mice were inoculated
intramuscularly in both hind legs, with 1 × 107 infec-
tious RABV particles of Challenge Virus Standard,
CVS-11 (American Type Cell Collection, Rockville,
MD [Vr959], or the Pasteur Virus strain, PV [Lafon
et al, 1988]). Disease progression was evaluated by
scoring mobility and mortality as follows: 0 = normal
mice; 1 = ruffled fur; 2 = loss of agility; 3 = one para-
lyzed hind leg; 4 = two paralyzed hind legs; 5 = total
loss of mobility; and 6 = death. At various times after
infection, groups of two or three mice were perfused
by intracardiac injection of 50 ml phosphate-buffered
saline (PBS). Spinal cords and brains were remo-
ved separately and stored at −80◦C before to be pro-
cessed for RNA extraction or immunohistochemistry.

RNA extraction and reverse transcription
Total RNA was isolated from the spinal cord and
the brain, and reverse transcription was performed
as previously described (Galelli et al, 2000). RABV
genomic RNA was detected by reverse transcription
with 1 μM RABV N protein–specific sense primer
(Shankar et al, 1991).

Real-time PCR
Real-time PCR was carried out with an ABI prism
7700 Sequence Detection System (TaqMan; Perkin
Elmer/Applied Biosystems), using the DNA binding
dye SYBR Green I. The PCR product was detected
directly by measuring the increase in fluorescence
caused by the binding of SYBR Green dye to double-
stranded (ds) DNA. PCR was set up using 12.5 μl
of SYBR Green PCR Master Mix (PE Biosystems,
Foster City CA, USA), an amount of cDNA equiva-
lent to 100 ng total RNA and 0.5 μM of each primer
(Table 1). Gene expression was measured by quan-
tification of the cDNA with respect to the cDNA from
uninfected mice as a calibrator. All quantifications
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were also normalized with respect to an endogenous
control glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The relative value obtained for quantifica-
tion is expressed as 2−��Ct, where �Ct represents the
difference between the Ct value of a sample and that
of GAPDH in the same sample and ��Ct is the dif-
ference between the �Ct value of a sample and that
of the calibrator. Because SYBR Green is nonspecific
and thus any double-stranded DNA is detected, the
formation of specific product was checked by elec-
trophoresis.

Purification of mononuclear cells infiltrating
the CNS
CNS mononuclear cells were collected from ho-
mogenates of brains and spinal cords samples onto
percoll gradients as described (Galelli et al, 2000).

Immunohistochemistry and detection of
TUNEL-positive cells
Dissected brains and spinal cords were embedded
in tissue-Tek OCT compound (Miles, Elkhart, IN,
USA). Cryostat sections (8 μm) were fixed in 4%
paraformaldehyde (PFA) for 10 min, washed, perme-
abilized in PBS–0.5% Triton X-100 for 15 min, in-
cubated for 30 min with blocking buffer (5% goat
serum and 2% bovine serum albumin (BSA) in
PBS) and treated with anti-FasL mouse mAb G247-
4 1/50 (Pharmingen Becton-Dickinson Biosciences,
Le Pont de Claix, France) or polyclonal rabbit Ab
N20 1/200 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), mouse mAb anti-neuronal nuclei, NeuN
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