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Following brain infection, the Challenge Virus Standard strain of rabies virus infects the retina. Rabies virus
ocular infection induces the infiltration of neutrophils and predominantly T cells into the eye. The role of tumor
necrosis factor alpha (TNF-a)-lymphotoxin signaling in the control of rabies virus ocular infection and
inflammatory cell infiltration was assessed using mice lacking the p55 TNF-a receptor (p55TNFR2/2 mice).
The incidence of ocular disease and the intensity of retinal infection were greater in p55TNFR2/2 mice than
in C57BL/6 mice: the aggravation correlated with less neutrophil and T-cell infiltration. This indicates that
cellular infiltration is under the control of the p55 TNF-a receptor and suggests that inflammatory cells may
protect the eye against rabies virus ocular infection. The role of T cells following rabies virus ocular disease
was assessed by comparison of rabies virus infection in nude mice with their normal counterparts. Indeed, the
incidence and severity of the rabies virus ocular disease were higher in athymic nude mice than in BALB/c mice,
indicating that T lymphocytes are protective during rabies virus ocular infection. Moreover, few T cells and
neutrophils underwent apoptosis in rabies virus-infected retina. Altogether, these data suggest that T lym-
phocytes and neutrophils are able to enter the eye, escape the immune privilege status, and limit rabies virus
ocular disease. In conclusion, rabies virus-mediated eye disease provides a new model for studying mechanisms
regulating immune privilege during viral infection.

The eye has been described as an immunologically privileged
site because it can accept grafts from allogeneic hosts. This
immune privilege (29, 30) results from a combination of se-
questration of autoantigen behind the blood-ocular barrier,
induction of immune deviation phenomena (19, 20), presence
of anti-inflammatory molecules in the eye (1, 7, 31–35, 39), and
restriction of T-cell infiltration by the expression of Fas ligand
(FasL) by ocular cells (8, 11–13). However, ocular viral infec-
tions induce an inflammatory response, including the recruit-
ment and activation of T lymphocytes. This immune response,
aimed at the clearance of the pathogen, may lead to either the
protection or the destruction of the eye structure. This dual
role is well illustrated by ocular diseases induced by infection
with herpes simplex virus (HSV). Neutrophils and CD41 T
lymphocytes are key mediators of the immunopathological ker-
atitis induced by corneal infection with HSV type 1 (HSV-1)
(6, 36), whereas T lymphocytes protect the retina of the eye
during acute retinal necrosis following HSV-1 injection (2).
Thus, the mechanisms modulating an inflammatory reaction in
the eye may depend on the site of viral replication, and they
remain poorly defined.

Rabies virus induces an ocular disease in mice and humans
(14; S. Camelo et al., submitted for publication). After infec-
tion in the hind limbs, the neurotropic Challenge Virus Stan-
dard (CVS) strain of rabies virus travels along the spinal cord
and spreads to the brain and then to the eye. Viral invasion

through the optic nerve leads to infection of the retinal gan-
glion cell (RGC) from day 6 postinfection (p.i.), but not of the
photoreceptors. Rabies virus also infects the trigeminal gan-
glia, resulting in infection of the cornea by 12 days p.i. in mice
(Camelo et al., submitted) and also in humans (17, 40). Mor-
phological study of humans (14) and terminal deoxynucleotidyl-
transferase-mediated dUTP-tetramethylrhodamine-conjugated
nick end labeling (TUNEL) staining of mice (Camelo et al.,
submitted) indicate that rabies virus ocular infection induces
little apoptosis of the RGC despite morphological alteration
and apoptosis of uninfected photoreceptors.

Tumor necrosis factor alpha (TNF-a) is involved in the im-
mune response during CVS acute encephalitis (5). In this ar-
ticle, we address the role of the immune response and of TNF-
a in the control of rabies virus infection in the eye. We used
immunocytochemistry to describe the infiltration of inflamma-
tory cells in the retinas of rabies virus-infected mice. Using mice
lacking p55TNFR, the p55 TNF-a receptor (p55TNFR2/2 mice),
athymic nude mice, and wild-type BALB/c and C57BL/6 mice,
we assessed the role of signaling through p55TNFR and of
infiltrating T lymphocytes in the outcome of rabies virus ocular
disease. Finally, the sensitivity of inflammatory cells to undergo
apoptosis was assessed by a combination of immunocytochemistry
and TUNEL assays on frozen eye sections.

Susceptibility to rabies ocular pathology and cellular infil-
tration are under the control of p55TNFR. Rabies virus-in-
duced ocular disease was more severe in nude mice than in
BALB/c mice, and only rare T lymphocytes in the eyes of
CVS-infected mice were apoptotic. Therefore, despite the
privileged immune status of the eye, T lymphocytes are able to
enter the eye and are required to limit rabies virus ocular
disease. Rabies virus-mediated eye disease is a promising
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ogie, Institut Pasteur, 25 rue du Dr. Roux, 75724 Paris Cedex 15,
France. Phone: 33.1.45.68.87.52. Fax: 33.1.40.61.33.12. E-mail: mlafon
@pasteur.fr.

3427



model for elucidation of the mechanisms regulating the anti-
viral response in an immunologically privileged site.

MATERIALS AND METHODS

Virus. The rabies laboratory strain Challenge Virus Standard (CVS), which
was obtained from the American Type Culture Collection, Manassas, Va. (stock
no. Vr959), was propagated in BSR cells, a baby hamster kidney (BHK-21)-
derived cell line. The cell culture supernatant was used as the inoculum.

Mice, infection, and assessment of clinical symptoms. Experiments were per-
formed with 6-week-old female BALB/c mice (H-2d, I-E1), athymic nude mice,
and C57BL/6 mice (H-2b, I-E2) from Janvier (St. Berthevin, France). TNF-a
receptor p55-deficient mice (p55TNFR2/2) (H-2b, I-E) (27) were kindly pro-
vided by Werner Lesslauer of Hoffman-Laroche Ltd. and were backcrossed to a
C57BL/6 genetic background. Mice were bred at the Pasteur Institute under
specific-pathogen-free conditions in filter top cages. Mice were kept on a 12-h
light-dark cycle. Mice were injected (100 ml) (day 0) intramuscularly (i.m.) in
both hind legs with 107 infectious particles of rabies virus diluted in RPMI 1640
medium without L-glutamine and with 1% gentamicin. Control mock-infected
mice were injected by the same route with the same volume of RPMI 1640
medium and 1% gentamicin but without infectious particles. The ocular disease
was characterized by signs of periocular inflammation, and a damage score was
defined as follows: 0 5 both eyes open, 0.5 5 one eye closed, 1 5 both eyes
closed, 1.5 5 inflammation over the eyelid of one eye, and 2 5 inflammation over
the eyelids of both eyes. Cumulative average disease scores reported in Table 1
correspond to the sum of the mean score for all mice in a group from day 1 p.i.
through the end of the infection divided by the number of mice in each group.

Reagents. Fluorescein isothiocyanate (FITC)-conjugated anti-rabies virus
monoclonal antibody (MAb) nucleocapsid was purchased from Sanofi Diagnos-
tics Pasteur (Marnes-la-Coquette, France). FITC-conjugated MAbs directed
against TNP, CD3, CD11b, and Ly-6G (Gr-1) and purified MAbs directed
against CD16/CD32 FcIIg/III receptors (Fc block) that were used for immuno-
cytochemistry were all obtained from PharMingen-Becton-Dickinson. PVA3 is
an ammonium sulfate-purified MAb produced in the laboratory (21). Streptavi-
din-conjugated horseradish peroxidase was obtained from Amersham. Hypnorm
was purchased from Janssen (Oxford, United Kingdom). RPMI 1640 medium
was obtained from Gibco BRL, Life Technologies (Cergy-Pontoise, France).
Phenylmethylsulfonyl fluoride and aprotinin were purchased from Sigma Chem-
ical Co. (St. Louis, Mo.). ABTS (2,29-azino-di-[3-ethylbenzthiazoline sulfonate])
and TUNEL reagents were purchased from Boehringer Biochemicals (Mann-
heim, Germany).

Preparation of nervous system samples for enzyme-linked immunosorbent
assay (ELISA). Mice were perfused with 50 ml of phosphate-buffered saline
(PBS) under terminal anesthesia with Hypnorm. Eyes were dissected free of the
cranium, homogenized in 0.5 ml of ice-cold RPMI 1640 supplemented with 1%
bovine serum albumin (BSA)–1% gentamicin–1 mM phenylmethylsulfonyl flu-
oride–1 mM aprotinin, and centrifuged at 11,000 3 g for 10 min at 5°C. Pellets
and supernatants were collected separately and stored at 280°C until use.

Determination of rabies virus N protein by immunocapture ELISA. Microtiter
plates were coated by incubation overnight with 0.4 mg of the specific mouse
MAb anti-N protein, PVA3, per ml in 0.05 M carbonate buffer, pH 9.6, at 4°C.
Plates were washed with PBS-Tween and were blocked with 10% goat serum in
PBS-Tween. Dilutions (1:10 and 1:30) of homogenized eye samples from in-
fected and uninfected mice and serial dilutions of a recombinant N protein (gift
from André Aubert, Virbac, France), used as a standard, were incubated for 2 h
at 37°C. Plates were thoroughly washed with PBS-Tween and incubated with

biotinylated anti-N protein PVA3 MAb, and bound antibody was then detected
with streptavidin-conjugated horseradish peroxidase and ABTS. Concentrations
were determined using the linear portion of the curve obtained with recombinant
N protein standard and expressed in nanograms/milliliter after subtracting the
background optical density of uninfected mouse brains.

Preparation of eye sections. Eye tissue sections were prepared for immuno-
staining to detect apoptosis and cell infiltration. To prevent contamination with
red blood cells, mice were perfused with PBS and then with 50 ml of 4%
paraformaldehyde. Eyes were removed and incubated overnight in 4% phospho-
noformic acid. Tissues were incubated for a further 24 h in 15% sucrose in PBS
and were then snap frozen in nitrogen-cooled isopentane. Tissues were embed-
ded in Tissue Tek O.C.T. compound. Cryostat sections (10 mm thick) were cut
and mounted on slides ready for staining.

Immunofluorescence labeling. For immunofluorescence labeling, 10-mm-thick
cryostat sections of OCT-embedded samples were incubated with 10% fetal calf
serum (FCS) in PBS overnight and then permeabilized with 3% FCS and 0.5%
Triton-100 in PBS. The slides were incubated for 5 min at 4°C with Fc block to
prevent nonspecific binding and then for 30 min at 37°C with FITC-coupled
MAbs. The sections were washed by incubation overnight in 1% FCS in PBS and
were then examined by fluorescence microscopy.

Detection of apoptosis by the TUNEL method. DNA fragmentation was de-
tected in eye sections by labeling the 39 OH DNA terminus (TUNEL technique)
as previously described (9). Eye sections mounted on slides were fixed in pure
ethanol for 30 min at 220°C and dried. The sections were rehydrated and
permeabilized by incubation with 10 mg of proteinase K/ml in PBS for 15 min at
room temperature and were then washed twice in PBS. Eye sections were
incubated for 30 min at 37°C with 25 ml per slot of the labeling preparation
containing 12.5 U of terminal deoxynucleotidyltransferase, 2.5 mM CoCl2, 0.2 M
potassium cacodylate, 25 mM Tris-HCl, and 0.05 nmol of tetramethylrhodamine-
conjugated 6-dUTP. They were incubated for 15 min at room temperature in 43
saline sodium citrate buffer (30 mM trisodium citrate and 0.3 M NaCl) and were
then processed for double immunostaining by following the protocol described
above.

Image analysis. Slides were examined using appropriate fluorescence filters on
a Leica microscope. Images were processed using Adobe Photoshop software
and were printed on a color printer (Epson Stylus Color 800).

Statistical analysis. Data were analyzed by Student’s t test. Results are ex-
pressed as means 6 standard deviations (SD). A P value of ,0.05 was considered
significant.

RESULTS

p55TNFR modulates rabies virus ocular disease. Rabies
virus injected i.m. into the hind legs travels through the spinal
cord, infects the brain, and induces ocular disease. Using
p55TNFR2/2 mice, we assessed the role of signaling through
p55TNFR in the outcome of rabies virus ocular disease. The
incidence of rabies virus ocular disease (Fig. 1A) and level of
CVS infection in brains (Fig. 1B) and eyes of mock-infected
mice (Fig. 1C), CVS-infected C57BL/6 mice (Fig. 1D), and
CVS-infected p55TNFR2/2 mice (Fig. 1E) were compared.
Despite a similar invasion of brains in both types of mice (Fig.
1B), the incidence of rabies virus ocular disease was higher in
p55TNFR2/2 mice than in C57BL/6 mice (Fig. 1A and Table
1). Thus, the absence of p55TNFR accelerated the onset of
ocular symptoms (mean day of 50% incidence was day 6 p.i. for
p55TNFR2/2 mice versus day 8 p.i. for C57BL/6 mice) and
increased the percentage of mice with ocular disease between
days 6 and 10 p.i. In contrast to C57BL/6 mice, no transient
phase of remission around days 8 and 9 p.i. was observed for
p55TNFR2/2 mice. The ocular disease was more severe in
p55TNFR2/2 mice than in C57BL/6 mice, with cumulative
mean disease scores (see Materials and Methods) of 14 for
p55TNFR2/2 mice and 7.55 for C57BL/6 mice (Table 1).
Moreover, rabies virus antigens were distributed in the gan-
glion cell layer (GCL) and dendrites of RGC in the inner
plexiform layer (IPL) of p55TNFR2/2 mice (Fig. 1E), whereas

TABLE 1. Comparison of ocular disease in C57BL/6,
p55TNFR2/2, BALB/c, and nude mice

Mice n Day of onset
(mean 6 SD)a

Day of relapse
(mean 6 SD)

Cumulative
average disease

scorec

C57BL/6 20 7.4 6 0.8 9.35 6 1.34 7.55
p55 TNFR2/2 9 6.77 6 0.78 —b 14
BALB/c 19 5.92 6 1.16 10 6 1.16 6.94
Nu/Nu 8 7.125 6 0.6 — 13.375

a The day of onset was the first day that clinical signs appeared.
b —, absence of remission.
c Cumulative average disease scores were calculated as follows: the sum of

clinical scores from day 1 p.i. through the end of the infection was divided by the
number of mice in each group (n).

3428 CAMELO ET AL. J. VIROL.



in C57BL/6 mice (Fig. 1D), infection was strictly restricted to
the GCL until day 10 p.i. This observation suggests that rabies
virus spreads over the GCL to the inner nuclear layer (INL) in
the retinas of p55TNFR2/2 mice but not in C57BL/6 mice and
that virus infection is less controlled in the absence of
p55TNFR. These data indicate that expression of p55TNFR

and the subsequent TNF-a signaling delay the onset of ocular
symptoms and reduce the severity of rabies virus ocular infec-
tion.

Leukocyte infiltration in eyes of CVS-infected mice. To test
whether rabies virus ocular infection is associated with the
recruitment of cells of the immune system, frozen eye sections

FIG. 1. Rabies virus ocular disease is more severe in p55TNFR2/2 than in C57BL/6 mice. (A) Kinetics of noncumulative incidence of ocular
disease from days 3 to 15 was compared for p55TNFR2/2 mice (n 5 10) and C57BL/6 mice (n 5 12). (B) Rabies virus N-protein concentrations
in homogenates of brains from p55TNFR2/2 mice and C57BL/6 mice determined by ELISA between 3 and 8 days p.i. Each bar is the mean of
duplicate determinations for two mice per time point. Error bars show the SD. Shown is the dissemination of rabies virus antigen detected by
immunocytochemistry with PVA3 FITC-coupled MAb on retina slides from mock-infected mice (C), C57BL/6 CVS-infected mice (D), and
p55TNFR2/2 mice infected with CVS (E). Bars, 50 mm.
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FIG. 2. T-lymphocyte and neutrophil infiltration of the eyes of CVS-infected mice. The nature of infiltrating cells was determined in the
vitreous humor, retina, and cornea of mock-infected and CVS-infected mice 10 days p.i. Inflammatory cells were detected by Hoechst blue staining
in the IPL of the eyes from CVS-infected C57BL/6 mice (B) but not in those from mock-infected mice (A). Frozen eye sections obtained from
mock-infected mice (C, E, G, and I) and CVS-infected mice (D, F, H, and J) were incubated in the presence of FITC-conjugated MAb specific
for Gr-1 (C and D) or FITC-conjugated MAb specific for CD3 (E to J). Infiltrating neutrophils and T lymphocytes were located mainly in the
GCLs, IPLs, and INLs of the retinas of CVS-infected mice (D), but T lymphocytes were also present in the vitreous humor (F), the ciliary body
(H), and the cornea (J). VITR, vitreous cavity; OPL, outer plexiform layer; ONL, outer nuclear layer. Bars, 40 mm (A and B), 20 mm (C to F),
and 100 mm (G to J).
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from mice infected with CVS or mock infected were stained
with Hoechst blue. Nuclei of infiltrating cells were present in
the eyes of CVS-infected mice (Fig. 2B) but not in those of
mock-infected mice (Fig. 2A). To determine the nature of the
infiltrating cells, we used MAbs specific for Gr-1 (neutrophils)
and CD3 (T lymphocytes) to stain frozen slides of eye sections
from CVS-infected mice (Fig. 1D, F, H, and J) and mock-
infected controls (Fig. 2C, E, G, and I). Neutrophils were
observed, mostly in the vitreous cavity (data not shown), the
nerve fiber, the IPLs, INLs, and even the outer plexiform layers
(OPLs) of the retina (Fig. 1D). T lymphocytes were also pres-
ent in the retina (data not shown) and in the vitreous cavity
(Fig. 2F), in the ciliary body (Fig. 2H), and in the cornea (Fig.
2J). Thus, 8 days after rabies virus infection, inflammatory cells
including neutrophils and T lymphocytes were present not only
in the GCL that was infected but also in the INL and OPL,
which were not infected, and in the cornea and ciliary bodies,
in which N protein was not detected at that time.

Absence of p55TNFR reduces the number of neutrophils
and T lymphocytes in the eyes of rabies virus-infected mice.
Since we previously observed that p55TNFR is involved in
inflammatory-cell recruitment in the brains of CVS-infected
mice (5), we compared the numbers of cells infiltrating the eyes
of rabies virus-infected C57BL/6 and p55TNFR2/2 mice.
There were far fewer inflammatory cells in the vitreous cavities
(including CD31 T lymphocytes and Gr-11 neutrophils; data
not shown) of p55TNFR2/2 mice than in those of C57BL/6
mice on day 10 p.i. (Fig. 3A; 89.7 6 67.5 cells for C57BL/6 mice
versus 8.2 6 12.5 cells for p55TNFR2/2 mice, P , 0.05). The
number of CD31 T lymphocytes per eye section, determined
by immunofluorescence, was also lower for the eyes of
p55TNFR2/2 mice (Fig. 3B; 91 6 49 cells for C57BL/6 mice
versus 11.9 6 8.7 cells for p55TNFR2/2 mice on day 8 p.i.
[P , 0.05] and 11.9 6 6.2 cells for C57BL/6 mice versus 3.4 6
4.8 cells for p55TNFR2/2 mice on day 10 p.i. [P , 0.05]).
There were also fewer neutrophils per eye section (Fig. 3C; 30
6 27 cells for C57BL/6 mice versus 5.1 6 4.9 cells for
p55TNFR2/2 mice on day 8 p.i. [P , 0.05] and 29.9 6 11.3
cells for C57BL/6 mice versus 5.8 6 8.9 cells for p55TNFR2/2

mice on day 10 p.i. [P , 0.05]). Thus, there is less infiltration
by inflammatory cells in the retinas, the ciliary bodies, the
corneas, and the vitreous cavities of p55TNFR2/2 mice than in
those of C57BL/6 mice. Moreover, the number of infiltrating
cells in the eyes of p55TNFR2/2 mice was similar to that in the
eyes of uninfected mice. These results indicate that p55TNFR
is a major factor involved in the recruitment of inflammatory
cells in the eyes. It also appears that neutrophils and T lym-
phocytes present in the eyes may protect against the induction
of rabies virus-induced ocular disease.

Rabies virus-induced ocular disease is more severe in nude
mice than in BALB/c mice. To determine the role of T lym-
phocytes during rabies ocular disease, we compared the inci-

FIG. 3. There is less cellular infiltration of the eyes in p55TNFR2/2

mice. The number and nature of infiltrating cells in frozen slides of eye
tissue were compared between C57BL/6 and p55TNFR2/2 mice. (A)
Mean cell number in the vitreous humor of C57BL/6 and p55TNFR2/2

mice 10 days p.i. and uninfected mice (n 5 3 per day and per group).

(B and C) Number of neutrophils (B) and of CD3-positive T lympho-
cytes (C) detected on frozen eye sections (n 5 8 or 9) at 8 or 10 days
p.i. for C57BL/6, p55TNFR2/2, or uninfected mice (n 5 3 per day and
per group). Data are the mean numbers of cells per eye section plus or
minus SD. p, statistical significance of Student’s t test at a P value of
,0.05 between C57BL/6 and p55TNFR2/2 mice 10 days p.i.
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dence and severity of CVS-induced ocular disease in nude
mice and BALB/c mice infected with 107 PFU of the CVS
strain of rabies virus (Fig. 4 and Table 1). The incidence of
ocular disease, the level of infection (data not shown), and the
severity of ocular disease as assessed by the cumulative mean
disease score (Table 1) were similar for C57BL/6 mice (7.5)
and BALB/c mice (6.9). We could therefore use nude and
BALB/c mice to assess the role of T cells in rabies virus-
induced ocular disease. From day 7 p.i. to the end of the
infection, a higher percentage of nude mice than BALB/c mice
developed rabies virus ocular disease: on day 8 p.i., 100% of
nude mice and none of the infected BALB/c mice displayed
symptoms of CVS-induced ocular disease (Fig. 4). Symptoms
of rabies virus-induced ocular disease were also more severe in
nude mice than in BALB/c mice (Table 1). This indicates that
T cells are involved in the control of both the time course and
severity of the ocular disease induced by CVS infection. Thus,
the recruitment of protective T cells in the eyes of infected
mice may account for the protective role of p55TNFR during
rabies virus ocular disease.

The majority of CD31 T lymphocytes in eyes of rabies virus-
infected mice are not apoptotic. Constitutive expression of
FasL in the eye is believed to induce apoptosis of infiltrating
activated CD31 T lymphocytes expressing Fas at their surface.
To determine whether T lymphocytes and/or neutrophils un-
dergo apoptosis in the eyes of CVS-infected mice, we per-
formed double immunostaining for TUNEL and either neu-
trophils (Gr-1) (Fig. 5A) or T lymphocytes (CD3) (Fig. 5B and
C). In C57BL/6 mice, the vast majority of infiltrating T lym-
phocytes were not apoptotic: only 1.45% 6 0.9% of the T
lymphocytes were double positive for TUNEL and CD3 stain-
ing and only 18.3% 6 12.7% of all apoptotic cells 8 days p.i.
were T lymphocytes when the T-cell infiltration was at its
maximum. Similarly, only 4.3% 6 4.4% of the T cells were
apoptotic when T-cell infiltration was severely reduced, and

these cells constituted 1.5% 6 1.5% of the maximum number
of TUNEL-positive cells 10 days p.i. Similar findings were
obtained with p55TNFR2/2 mice, indicating that apoptosis
of infiltrating T cells did not differ between C57BL/6 and
p55TNFR2/2 mice. Altogether, our results indicate that T cells
infiltrate the eye in response to CVS ocular infection and limit
the spread of CVS from neuron to neuron.

DISCUSSION

We studied the role of immune factors and of p55TNFR in
particular in the control of mouse susceptibility to ocular dis-
ease induced by rabies virus infection. Although viral spread
was similar in the brain and in the GCL of the retina, rabies

FIG. 4. Comparison of rabies virus-induced ocular disease in BALB/c
and nude (Nu/Nu) mice. Kinetics of noncumulative incidence of ocular
disease from days 3 to 12 was compared between BALB/c mice (n 5
8) and nude mice (n 5 8).

FIG. 5. Most of the infiltrated CD31 T cells are not apoptotic in
the eyes of CVS-infected mice. Apoptosis was detected by the TUNEL
technique in the retinas of mock-infected (A) and CVS-infected (B to
D) mice. No TUNEL-positive cells were detected in mock-infected
mice. Also shown is codetection of apoptosis (TUNEL red) and Gr-
1-positive cells (B) or CD3-positive cells (green) in the retinas (C) and
vitreous cavities (D) of CVS-infected mice 10 days p.i. (B and C)
TUNEL-positive cells (white arrows) are mainly photoreceptors and
do not correspond to inflammatory cells (open arrows). (D) Both
apoptotic (white arrow) and nonapoptotic (open arrows) CD3-positive
cells were observed. OPL, outer plexiform layer; ONL, outer nuclear
layer; RPE, retinal pigmented epithelium. Bars, 50 mm (A and B), 25
mm (C), and 10 mm (D).
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virus antigens were more widely distributed in the IPL and INL
of p55TNFR2/2 mice than in those of C57BL/6 mice. More-
over, the incidence and severity of rabies ocular disease were
greater in p55TNFR2/2 mice than in C57BL/6 mice. This
indicated that p55TNFR is involved in the control of the rabies
virus-induced ocular disease. A protective role for TNF-a has
been already described for acquired ocular toxoplasmosis (10).
TNF-a signaling through p55TNFR may induce the produc-
tion of antiviral molecules, such as chemokines and/or inter-
ferons, which may contribute to the control of rabies virus
spread in the retina. Indeed, we have detected by ELISA the
presence of interleukin 6, gamma interferon, and monocyte
chemoattractant protein 1 in homogenized eyeball supernatant
(data not shown). Moreover, TNF-a signaling may also induce
expression of nitric oxide synthase and recruitment of T lym-
phocytes, which have been proposed to be the mechanisms
responsible for protection against ocular toxoplasmosis (10,
15).

The numbers of T cells and neutrophils present in the eyes
of p55TNFR2/2 mice were smaller than those in C57BL/6
mice during CVS-induced ocular disease. This suggests that
p55TNFR is involved in inflammatory-cell recruitment in the
eyes. This observation is in agreement with our previous find-
ing that during rabies virus-induced acute encephalitis, inflam-
matory-cell recruitment in the brain and spinal cord is con-
trolled by expression of p55TNFR (5). Moreover, it has been
shown that lymphotoxin–TNF-a signaling via p55TNFR pro-
motes leukocyte recruitment in other models of inflammation
(26).

The aggravation of the CVS-induced ocular disease in
p55TNFR2/2 mice despite less infiltration of both neutrophils
and T lymphocytes suggested a protective role for these in-
flammatory cells in the eyes of CVS-infected mice. Indeed, the
incidence and severity of ocular disease were higher in athymic
nude mice than in BALB/c littermates, which were used as
controls, indicating that T lymphocytes protected mice against
CVS-induced ocular disease. Similar observations have been
reported for the first steps of the acute HSV ocular infection in
which both neutrophils and T cells have an antiviral effect
(2, 22, 23, 28, 37). The mechanism of the limitation of CVS-
induced ocular disease by T cells remains to be determined.
Possibly, T lymphocytes limit the spread of rabies virus in the
retina. However, since only rare infected RGC were apoptotic
(Camelo et al., submitted), it is more likely that the protection
by T lymphocytes is independent of the destruction of infected
RGC. Altogether, these data indicate that protection against
CVS-induced ocular disease is provided by infiltration of T
cells under the control of p55TNFR.

Involvement of T cells in protection against rabies virus-
induced ocular disease occurs in an immune privileged site
where activated T lymphocytes expressing Fas might be in
close contact with ocular cells expressing FasL and thus should
die of apoptosis. In contrast, 8 days p.i., few CD3-TUNEL
double-positive cells were present in the retinas and in the
vitreous cavities of CVS-infected mice and the majority of the
infiltrated T cells were not apoptotic. Similarly, the absence of
T lymphocyte apoptosis has been observed in murine cytomeg-
alovirus-infected retina (4), where these cells also play a pro-
tective role (3). Moreover, this is in agreement with involve-
ment of the T cells in the limitation of the spread of rabies

virus despite the ocular immune privilege. However, at 10 days
p.i., the number of infiltrated CD31 T cells in the CVS-in-
fected retinas had considerably decreased, suggesting that T-
cell-mediated inflammation had been resolved. The reduction
in the number of T cells in the retinas correlated with the
aggravation of the CVS-induced ocular disease in BALB/c
mice, confirming that when T cells were present they were
protective. The reduction of the number of infiltrating T cells
10 days p.i. suggests that regulatory mechanisms are able to
limit the duration of the T-cell infiltration in the eyes and that
the immune privilege is only partially abrogated. In contrast,
Gr-11 neutrophils were present in similar numbers at both 8
and 10 days p.i., suggesting that these cells were not as suscep-
tible as T cells to Fas- or FasL-induced apoptosis. Indeed, it
has been shown that soluble FasL attracts neutrophils (25),
suggesting that the immunoregulatory mechanisms affecting
the recruitment of T cells and neutrophils might differ. Like
the responses to ocular infections by HSV (38), murine cyto-
megalovirus (16), Listeria monocytogenes (24), and retinal al-
lograft (18), our work shows that there is an inflammatory
reaction mediated by neutrophils and T cells in the eyes during
rabies virus-induced ocular disease. Thus, ocular immune priv-
ilege is not absolute and protective T cells are able to enter the
eye to limit the rabies virus infection.

In conclusion, we demonstrate that p55TNFR limits ocular
disease via the recruitment of T lymphocytes in the eye, indi-
cating that infiltration by protective immune cells occurs in this
site of immune privilege. Rabies virus ocular disease in mice
may be a valuable model for studying antiviral immune re-
sponses in a privileged immune site.
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