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Rabies is a lethal disease caused by neurotropic viruses that are endemic in nature. When exposure to a
potentially rabid animal is recognized, prompt administration of virus-neutralizing antibodies, together with
active immunization, can prevent development of the disease. However, once the nonspecific clinical symptoms
of rabies appear conventional postexposure treatment is unsuccessful. Over the last decade, rabies viruses
associated with the silver-haired bat (SHBRYV) have emerged as the leading cause of human deaths from rabies
in the United States and Canada as a consequence of the fact that exposure to these viruses is often unnoticed.
The need to treat SHBRYV infection following the development of clinical rabies has lead us to investigate why
the immune response to SHBRYV fails to protect at a certain stage of infection. We have established that
measurements of innate and adaptive immunity are indistinguishable between mice infected with the highly
lethal SHBRV and mice infected with an attenuated laboratory rabies virus strain. While a fully functional
immune response to SHBRYV develops in the periphery of infected animals, the invasion of central nervous
system (CNS) tissues by immune cells is reduced and, consequently, the virus is not cleared. Our data indicate
that the specific deficit in the SHBRV-infected animal is an inability to enhance blood-brain barrier perme-
ability in the cerebellum and deliver immune effectors to the CNS tissues. Conceivably, at the stage of infection
where immune access to the infected CNS tissues is limited, either the provision or the development of antiviral

immunity will be ineffective.

The outcome of a virus infection of the central nervous
system (CNS) is dictated by the nature of the cells in which the
virus replicates, the extent of virus spread, and the character-
istics of the immune response to the infection. A virus may be
cleared from CNS tissues with relatively little permanent dam-
age provided that the appropriate immune effectors become
active before virus replication is too extensive, particularly if
neurons are infected. If inappropriate immune mechanisms
are triggered or antiviral immunity develops late in an infec-
tion, immunopathology may make a significant contribution to
disease. On the other hand, in the absence of immune recog-
nition, pathogenicity directly caused by the virus is the deter-
mining feature of the infection.

The etiological agents of the lethal neurological disease ra-
bies, rabies virus (RV) strains, are found extensively in nature,
each associated with a particular host species (17). In the
United States and Canada, an RV strain associated with the
silver-haired bat (SHBRYV) is the major cause of human deaths
from rabies (4, 18). The elusive mode of infection with this
virus, together with the lack of specific signs and symptoms of
rabies, makes the diagnosis and treatment of SHBRYV infection
extremely difficult (1, 2).

The contribution of immunity toward controlling a patho-
genic RV infection is highlighted by the fact that a combination
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of active and passive immunization, termed rabies postexpo-
sure prophylaxis (PEP), within the first days after exposure to
a pathogenic variant is the only known means of preventing the
development of the disease in humans (27). The fact that
postexposure immunization is necessary to prevent the onset of
clinical rabies in humans provides evidence that the immune
response to the natural infection develops either too slowly,
inappropriately, or not at all. While PEP is highly effective
when administered soon after infection, it provides little ben-
efit once clinical signs of rabies appear (3). One school of
thought is that RV becomes sequestered from the immune
system when it reaches the CNS (25). However, studies of
laboratory-adapted RV strains antigenically related to SHBRV
but with little to no pathogenicity for immunocompetent ani-
mals have revealed that RV can be cleared from infected CNS
tissue (13). For example, CVS-F3, a less pathogenic variant of
challenge virus standard (CVS), spreads to the CNS tissues of
mice from peripheral sites of inoculation but nevertheless in-
duces an immune response that clears the virus without se-
quelae (21). In addition to antigen-specific antiviral immunity,
an innate response of CNS-resident cells to the virus, together
with enhanced blood-brain barrier (BBB) permeability, is
likely to contribute to the CNS inflammatory response that has
been associated with clearance of CVS-F3 from CNS tissues
(21). In contrast to mice infected with CVS-F3, CNS inflam-
mation is rarely seen in humans dying from infection with
pathogenic strains of RV (20). Moreover, when SHBRV
strains isolated from human victims of the disease are used to
infect mice, a similar pattern of lethality with limited inflam-
matory changes in CNS tissues is seen (28). This suggests that
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some aspect of the immune response to SHBRV may be de-
ficient. To determine whether this is the case, we have com-
pared the development of innate and adaptive immune re-
sponses in the periphery and CNS of mice infected with an
SHBRYV variant and mice infected with CVS-F3.

MATERIALS AND METHODS

Animals and virus infection. rag-2~/~ mice, which are deficient in T and B
cells, as well as congenic control 129/SvEv mice, were purchased from Taconic
Farms and used at 8 to 10 weeks of age. Mice were infected with either CVS-F3
RYV, an antibody escape-attenuated mutant differing from its parental CVS strain
at a single amino acid, Arg—Glu-333 (11), or SHBRV-17, a pathogenic strain
originally isolated from human brain tissue and expanded via several passages in
neonatal mouse brain (9). Immunocompetent wild-type mice were infected in-
tradermally (i.d.) in both ears with 10° focus-forming units (FFU) of CVS-F3 or
10* FFU (10 i.d. 50% lethal doses) of SHBRV-17 in 10 pl of phosphate-buffered
saline (PBS). In reconstitution experiments, rag-2"~/~ mice were infected via the
intranasal route with 10° FFU of CVS-F3 in 10 pl of PBS because this rapidly
delivers virus to the CNS in the absence of a proinflammatory needle stick. All
procedures, including housing of mice, were carried out according to protocols
approved by the Institutional Animal Care and Use Committee of Thomas
Jefferson University.

Quantitative RT-PCR. Expression levels of different genes were measured by
quantitative real-time PCR (RT-PCR) as previously described (21). Briefly, total
RNA was isolated from the CNS tissues of RV-infected and uninfected control
mice with a QIAGEN RNeasy kit. cDNAs were synthesized from mRNA by
reverse transcription with oligo(dT) as the primer. RT-PCR was then performed
with TagMan PCR reagents, gene-specific primers and probes, synthetic gene
standards, and a Bio-Rad iCycler iQ Real Time Detection System. The mRNA
copy numbers of a particular gene in each sample were normalized to the mRNA
copy number of a housekeeping gene (L13) in that sample. To estimate virus
replication, virus-specific nucleoprotein mRNA expression was measured by
quantitative RT-PCR and expressed as the number of mRNA copies per milli-
gram of tissue. This has been demonstrated to be a reliable measurement of
RV replication (14). The sequences of the primers and probes used for
quantitative PCR have been previously detailed (21), with the exception of
those for SHBRV-17 nucleoprotein mRNA detection, which were as follows:
forward primer, 5'-TGTGCGCTAACTGGAGTACCA-3'; reverse primer,
5'-GTGCCTACCCTAATTGCTGAA-3'; probe, 5'-CCGAACTTCAGATTC
CTAGCTGGAACC-3'.

Measurement of serum antibody titers. Levels of RV-specific total immuno-
globulin G (IgG) and the IgG1 and IgG2a isotypes in sera from mice infected
with CVS-F3 or SHBRV-17, as well as uninfected controls, were assessed by
enzyme-linked immunosorbent assay (ELISA) as described previously (6).
Briefly, 96-well plates (Nalge Nunc International) were coated with UV-inacti-
vated RV and antibodies captured from serially diluted samples of sera were
detected with peroxidase-conjugated anti-mouse IgG (Sigma) or alkaline phos-
phatase-conjugated anti-mouse IgG1 (Pharmingen) or IgG2a (Cappel) and the
appropriate substrate. Absorbance was measured at 450 nm for peroxidase
activity and at 405 nm for phosphatase activity in a microplate spectrophotom-
eter (Biotek). Virus-neutralizing antibody (VNA) titers in the serum samples
were determined by the rapid fluorescent focus inhibition test as previously
described (12). Briefly, serially diluted serum samples were incubated with
CVS-11 and then the mixture was added to baby hamster kidney cells. After 18 h
of incubation, cells were fixed and stained with a fluorescein isothiocyanate
(FITC)-conjugated anti-RV nucleoprotein antibody and FFU were counted. The
VNA titer was determined as the last dilution of serum that was capable of
reducing the number of FFU by 50%.

Immunohistochemistry. Brains from uninfected and CVS-F3- or SHBRV-17-
infected mice were snap-frozen in Tissue-Tek OCT Compound (Sakura Fintex)
and cut into 10-pm-thick sections with a Thermo Shandon cryostat as previously
described (21). To detect virus-infected cells, cerebellar sections were stained
with FITC-conjugated anti-RV nucleoprotein monoclonal antibodies (Cento-
cor). To detect immune cell infiltration in the cerebellum and intracellular
adhesion molecule 1 (ICAM-1) expression on neurovasculature, sections were
stained with phycoerythrin-conjugated anti-mouse CD4 and FITC-conjugated
anti-mouse ICAM-1 antibodies (BD Pharmingen). Photographs were taken with
a Nikon Coolpix 995 digital camera attached to a Leitz Microlab microscope and
are presented at a final magnification of X200.

Flow cytometry. Erythrocyte-depleted cells collected from the spleen and
peripheral blood were washed in PBS and stained with monoclonal antibodies
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against the mouse pan-T-cell marker CD3, as well as the subset markers CD4
and CD8 (BD Pharmingen). Antibody-labeled cells were washed and fixed in
PBS with 0.37% formaldehyde. To identify cells expressing gamma interferon
(IFN-vy), the cells were then incubated overnight with permeabilization buffer
(0.5% saponin, 0.005% Tween 20, 0.2% fetal bovine serum, and 0.1% NaN; in
PBS), stained with anti-mouse IFN-y monoclonal antibody (BD Pharmingen),
washed in PBS, and resuspended in PBS-formaldehyde. Phenotypic character-
ization of antibody-labeled cells was performed on a BD FACScalibur flow
cytometer.

Assessment of BBB integrity. BBB integrity was assessed by quantifying the
leakage of a low-molecular-weight fluorescent marker (Na-fluorescein; molecu-
lar weight, 376) from the circulation into CNS tissues as previously described
(21). Briefly, 100 ul of a 10% solution of Na-fluorescein was injected intraperi-
toneally and after 10 min mice were anesthetized and cardiac blood was col-
lected, followed by transcardial perfusion with PBS. Supernatants of homoge-
nized and centrifuged tissues, as well as from serum samples, were clarified by
precipitating proteins with 15% trichloroacetic acid, and the level of fluorescence
was measured with a CytoFluorlI fluorimeter. The amount of Na-fluorescein in
the CNS tissue is normalized to its level in serum as follows: (micrograms of
Na-fluorescein in CNS tissue/milligram of tissue)/(micrograms of Na-fluorescein
in serum/microliter of serum).

Adoptive transfer of immune cells. Spleens and inguinal, axillary, and cervical
lymph nodes were collected from donor mice 6 days after infection. Single-cell
suspensions were prepared by teasing the tissues through a 100G stainless steel
wire mesh into PBS. Erythrocytes were lysed by hypotonic shock, and the cells
were washed by centrifugation in PBS as previously described (16). Twenty
million cells were injected in 200 pl of PBS either intraperitoneally into immu-
nocompetent recipient mice or into the tail veins of rag-2~/" recipient mice.

Statistical analyses. Results are expressed as the mean * the standard error
of the mean. The statistical significance of the differences in gene expression
between control and infected groups was tested by the Mann-Whitney test, while
differences between serum antibody levels determined by ELISA were assessed
by the paired ¢ test.

RESULTS

Infections with SHBRV-17 and CVS-F3 RVs have different
outcomes. Groups of 129SvEv mice were infected with either
SHBRV-17 or CVS-F3 intradermally in the ear and monitored
for survival. The dose of SHBRV-17 used was 10* FFU, while a
10-fold higher dose (10° FFU) was chosen for the more slowly
replicating CVS-F3 strain, such that virus titers in the cerebellum
would be equivalent at day 6 postinfection (p.i.). The developing
antiviral immune response should be capable of clearing this
amount of virus, as CVS-F3 nucleoprotein mRNA levels begin to
drop after this point (Fig. 1A). Nevertheless, nucleoprotein
mRNA levels continue to rise in SHBRV-17-infected mice (Fig.
1A), with death occurring between 8 and 9 days p.i. while all of
the CVS-F3-infected mice survived without showing any overt
sign of infection (Fig. 1B). Despite the different outcomes, by
using immunohistochemistry for RV nucleoprotein we were un-
able to detect any difference in the patterns of cells infected with
the different RVs (Fig. 1C).

Equivalent proinflammatory responses are triggered in the
CNS tissues of mice infected with SHBRV-17 and CVS-F3. The
expression of proinflammatory cytokines, chemokines, and ad-
hesion molecules in the CNS is a direct consequence of virus
replication in the tissue. These molecules greatly contribute to
the development of innate immunity against the infection, as
well as promote the infiltration of immune and inflammatory
cells from the circulation into the CNS tissues. In CVS-F3-
infected mice, the upregulation of tumor necrosis factor alpha
(TNF-a), ICAM-1, and chemokines such as regulated on ac-
tivation, normal T expressed and secreted (RANTES), IFN-
inducible protein 10 (IP-10), and monocyte chemoattractant
protein 1 (MCP-1) precedes the invasion of CNS tissues by
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FIG. 1. Comparison of the replication of pathogenic SHBRV-17 and attenuated CVS-F3 RV variants in CNS tissues. Groups of 129 SvEv mice
(n = 5) were infected with CVS-F3 or SHBRV-17 and either euthanized at the indicated time points to assess RV nucleoprotein mRNA levels
in the cerebellum as a measurement of virus replication (A) or monitored for morbidity and mortality (B). Infection and mRNA analysis by
quantitative RT-PCR were performed as described in Materials and Methods. Virus-infected cells in frozen cerebellum sections from control and
infected mice were identified by immunohistochemistry with FITC-anti-rabies monoclonal antibody (C). Tissue preparation and staining were

performed as described in Materials and Methods.

lymphocytes and monocytes (21). A reduction in this innate
response to an SHBRYV variant has been suggested to be re-
lated to its pathogenicity (24). We therefore compared proin-
flammatory gene expression in CNS tissues from mice 8 days
p.i. with SHBRV-17 versus CVS-F3. At this stage of the infec-
tion, where the CNS immune and inflammatory response to
CVS-F3 becomes significant (21), levels of mRNAs specific for
TNF-a, ICAM-1, RANTES, IP-10, and MCP-1 are strongly
up-regulated to similar extents in the cerebellum of both
SHBRV-17- and CVS-F3-infected mice (Fig. 2A). Similar re-
sults were obtained for other regions of the CNS as well (data
not shown). Because expression of the adhesion molecule
ICAM-1 on neurovasculature plays an important role in CNS
inflammation (8), we used immunohistochemistry to confirm
the implications of mRNA analysis that ICAM-1 expression is
indeed elevated at the protein level on the brain capillary
endothelial cells in SHBRV-17-infected mice (Fig. 2B).
Similar RV-specific antibody responses are elicited by in-
fection with SHBRV-17 versus CVS-F3. Between days 6 and
8 p.i., virus nucleoprotein mRNA levels decreased in CVS-F3-
infected mice but continued to rise in SHBRV-17-infected
animals (Fig. 1A). Conceivably, this was because a virus-spe-
cific response develops in CVS-F3-infected animals but not in
SHBRV-17-infected animals. To determine whether this was

the case, we examined virus-specific antibody levels in sera
from both groups of mice. As shown in Fig. 3A, serum RV-
specific total IgG titers were somewhat higher in SHBRV-17-
infected mice than in CVS-F3-infected mice at 8 days p.i. The
serum antibodies were largely of the IgG2a isotype, indicating
a bias toward a type 1 response in both infections (Fig. 3B).
VNA titers, considered to be of primary importance in a pro-
tective RV-specific response (10), were found to be compara-
ble in the sera of mice infected with either virus (Fig. 3C).

Equivalent cell-mediated response is generated following
infection with SHBRV-17 and CVS-F3. Comparable Thl hu-
moral responses between CVS-F3- and SHBRV-17-infected
mice suggest that T-cell reactivity is likely to be comparable in
animals infected with either virus. No significant differences
were seen in the distribution of CD4 and CD8 T cells in the
two groups of mice at 6 days p.. (Table 1). However, an
elevation in the levels of circulating IFN-y-positive CD4 T cells
was detected in SHBRV-17-infected animals.

The CNS inflammatory response and enhanced BBB per-
meability are absent in mice infected with SHBRV-17. The
lethality of infection with SHBRV-17 despite the development
of CNS proinflammatory and peripheral virus-specific re-
sponses that are comparable to those of apathogenic CVS-F3
infection led us to speculate that the accumulation of immune
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FIG. 2. Proinflammatory responses in the CNS tissues of mice in-
fected with SHBRV-17 and CVS-F3. (A) Levels of mRNAs specific for
TNF-a, ICAM-1, IP-10, RANTES, and MCP-1 in the cerebellums of
groups of six mice either left uninfected or infected with CVS-F3 or
SHBRV-17 8 days previously were measured by quantitative RT-PCR
as detailed in Materials and Methods. The results are expressed as fold
increases in mRNA levels in infected versus uninfected mice. Statisti-
cally significant differences determined by the Mann-Whitney test be-
tween infected versus uninfected mice and between CVS-F3- versus
SHBRV-17-infected mice are denoted by the symbols * (P < 0.001)
and # (P < 0.05), respectively. (B) ICAM-1 expression in the CNS
tissues of mice infected with SHBRV-17 and CVS-F3. Sections from
the cerebellums of uninfected and CVS-F3- or SHBRV-17-infected
mice were prepared and stained with FITC-conjugated anti-mouse
ICAM-1 antibody as described in Materials and Methods. Photomi-
crographs are presented at a final magnification of X200.

effectors to the CNS tissues may differ between these two
infections. Immune cell infiltration of the cerebellum was as-
sessed at day 8 p.i. by determining the levels of mRNAs specific
for CD4 and CD8 (T cells) and CD11b (macrophages), as well
as CD19 and « light chain (B cells) (Fig. 4A). The levels of all
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FIG. 3. RV-specific antibody responses elicited by infection with
SHBRV-17 versus CVS-F3. Levels of RV-specific total IgG (A), the
IgG1 and IgG2a isotypes (B), and VNA (C) in the sera of CVS-F3- and
SHBRV-17-infected mice on day 8 p.i. were assessed by ELISA and
rapid fluorescent focus inhibition test, respectively, as described in
Materials and Methods. Statistically significant differences between
groups, calculated by the paired ¢ test, are denoted by asterisks (P <
0.01, n = 10).

of these markers were strongly elevated in the cerebellum of
CVS-F3-infected mice. In contrast, CD4, CDS8, and CD11b
mRNA levels were enhanced to a significantly lower extent in
the cerebellum of SHBRV-17-infected mice while there was no
detectable increase in CD19 and k light chain mRNAs. Immu-
nohistochemical analysis also revealed accumulations of CD4-
positive cells in sections from the cerebellum of CVS-F3-in-
fected mice, whereas only a few scattered cells were detected in
similar sections from SHBRV-17-infected animals (Fig. 4B).
Since BBB permeability changes in the cerebellum are as-
sociated with the clearance of CVS-F3 from the CNS (21),
we next determined if the deficit in immune cell accumula-
tion in SHBRV-17 infection is associated with a reduction in
cerebellar BBB permeability. This proved to be the case
(Fig. 4C).
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TABLE 1. Different subsets of cell-mediated immunity detected by flow cytometry®
Splenocytes PBL?
Phenotype® Cell type®
Control CVS-F3 SHBRV Control CVS-F3 SHBRV
CD3" CD4" CD4 T cells 71.96 70.82 71.93 78.59 79.31 79.05
CD3" CD8* CDS8 T cells 18.96 19.63 19.33 17.16 16.26 14.15
CD3" CD8™ IFN-y™" IFN-y* CD4 T cells 5.49 6.4 7.77 1.92 2.28 4.49
CD3" CD8" IFN-y™" IFN-y* CD8 T cells 4.72 5.23 6.55 1.66 2.03 2.12
CD3™ IFN-y™" IFN-y* NK cells 7.07 8.98 9.93 2.35 2.62 4.1

“ The values shown are percentages of cells gated on the CD3™ population, except CD3~ IFN-y™ cells, which are presented as percentages of the total number of

cells. Data are representative of three independent experiments.

b Cells were stained with monoclonal antibodies against mouse surface antigens and IFN-y as described in Materials and Methods.
¢ Cell types that constitute the major cell populations bearing particular phenotypes.

4 PBL, peripheral blood lymphocytes.

Immune cells from mice lethally infected with SHBRV-17
are capable of clearing CVS-F3 from the CNS tissues of
rag-2~'~ mice. The presence of a peripheral antiviral immune
response in SHBRV-17-infected mice that is equivalent to that
of CVS-F3-infected animals but reduced cell invasion of the
CNS tissues suggests that there may be a defect in the ability of

cells from SHBRV-17-infected animals to enter CNS tissues.
To examine this possibility further, we examined whether or
not spleen and lymph node cells from SHBRV-17-infected
mice can trigger BBB permeability changes, infiltrate the
CNS tissues, and clear CVS-F3 from infected rag-2~'~ mice.
CVS-F3-infected rag-2~/~ mice showed a rapid loss of body
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FIG. 4. Immune cell accumulation in the CNS tissues and BBB permeability in mice infected with SHBRV-17 versus CVS-F3. (A) Levels of
mRNAs specific for CD4, CD8, CD19, k light chain, and CD11b in the cerebellum of the CVS-F3-infected, SHBRV-17-infected, and uninfected
mice described in the legend to Fig. 2 were measured by quantitative RT-PCR as detailed in Materials and Methods. The results are expressed
as fold increases in mRNA levels in infected versus uninfected mice. Statistically significant differences determined by the Mann-Whitney test
between infected versus uninfected mice and between CVS-F3- versus SHBRV-17-infected mice are denoted by the symbols * (P < 0.001) and
# (P < 0.05), respectively. (B) Accumulation of CD4-positive cells in the cerebellum of uninfected and CVS-F3- or SHBRV-17-infected mice were
identified by immunohistochemistry with phycoerythrin-conjugated anti-mouse CD4 monoclonal antibody as described in Materials and Methods.
Photomicrographs are presented at a final magnification of X200. (C) BBB permeability in the cerebellum was assessed by measuring Na-
fluorescein leakage from the circulation into CNS tissues 8 days following infection with CVS-F3 and SHBRV-17 as described in Materials and
Methods. The data are expressed as fold increases in Na-fluorescein content over background values obtained with tissues from similarly treated
uninfected mice. Statistically significant differences between the groups determined by the Mann-Whitney test are denoted by asterisks (P < 0.05,
n = 0).
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FIG. 5. Effect of adoptive transfer of immune cells from SHBRV-17-infected mice on CVS-F3 infection in rag-2~/~ mice. rag-2~/~ mice infected
7 days previously with CVS-F3 were either left unreconstituted (No Transfer, n = 10) or received spleen and lymph node cells from congenic mice
infected with SHBRV-17 6 days before (Transfer, n = 10). The mice were monitored daily for weight and death (A), and BBB permeability changes
were assessed in five mice from each group 6 days following transfer (B). Viral nucleoprotein (C) and « light chain mRNA (D) levels in CNS
tissues, as well as serum virus-specific antibody levels (E), were assessed in the no-transfer (No T) and transfer groups on days 6 and 47 following
transfer as described in Materials and Methods. Statistically significant differences between the transfer and no-transfer groups in BBB perme-
ability, RV nucleoprotein, and « light chain mRNA expression determined by the Mann-Whitney test are denoted by asterisks (P < 0.05) and
double asterisks (P < 0.001). Serum antibody levels between these groups were also significantly different as calculated by the paired ¢ test (+, P <

0.01; ++, P < 0.0001).

weight and, in the absence of cell transfer, succumbed to
CVS-F3 infection within 3 weeks of infection (Fig. 5A).
However, if spleen and lymph node cells from congenic mice
infected with SHBRV-17 6 days previously were transferred
to CVS-F3-infected rag-2~/~ mice, the recipients recovered
(Fig. 5A). Six days following cell transfer, BBB permeability
was significantly enhanced by comparison with that of CVS-
F3-infected rag-2~/~ mice that did not receive cells (Fig.

5B). The virus load in CNS tissues, as determined by nu-
cleoprotein mRNA levels, was significantly reduced in the
recipient mice by day 6 posttransfer, with only trace
amounts of nucleoprotein mRNA detected 41 days later
(Fig. 5C). k light chain expression (Fig. 5D), a measurement
of B-cell accumulation in CNS tissues, and serum virus-
specific antibody titers (Fig. SE) also increased in the recip-
ient mice over this time frame.
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FIG. 6. Effect of adoptive transfer of RV-immune cells on lethal
SHBRV-17 infection. Spleen and lymph node cells were adoptively
transferred from naive (circles), CVS-F3-infected (triangles), or
SHBRV-17-infected (squares) mice to congenic immunocompetent
recipient mice either 2 h following (open symbols) or 3 days prior to
(filled symbols) infection with SHBRV-17. Recipient mice were mon-
itored daily for clinical signs of rabies and death.

Adoptive transfer of presensitized immune cells protects
recipients against a subsequent challenge with a lethal dose of
SHBRV-17 but does not promote clearance of an existing
infection. Even if an antiviral response develops too late in
SHBRV-17-infected mice to contain the infection, we expect
that the BBB should become permeable and immune effector
cells reach the cerebellum in addition to the spinal cord prior
to the demise of the animal. Since this is not the case, we
speculate that the failure to survive infection with SHBRV-17
is the consequence of some attribute of the virus infection
manifested in the loss of the ability to open the BBB in the
cortex and cerebellum as opposed to a general deficit in im-
munity. If so, at some point in the virus infection provision of
immune effectors should fail to protect. To test this hypothesis,
spleen and lymph node cells obtained from mice 6 days after
infection with SHBRV-17 or CVS-F3 were transferred into
congenic mice either on the day of or 3 days prior to infection
with SHBRV-17. Regardless of whether the donor cells came
from SHBRV-17- or CVS-F3-infected animals, transfer prior
to a challenge with SHBRV-17 protected the majority of the
recipients from lethal infection (Fig. 6), possibly by preventing
the spread of virus to the CNS tissues. However, when the
same cell populations were transferred into recipients 2 h after
infection with SHBRV-17, the mice still died within 11 days
(Fig. 6). Thus, despite sensitization to viral antigens in the
donor mice 6 days prior that rendered the cells able to clear an
established CNS infection with CVS-F3, they could not contain
a developing SHBRV-17 infection. We speculate that this is
because SHBRV-17 had sufficient time to spread to the CNS
and activate the processes inhibiting immune cell invasion be-
fore the transferred cells could protect.

DISCUSSION

Neurotropic viruses that are antigenically related but differ
in pathogenicity, as well as the ability to induce a protective
immune response during an infection, provide unique tools to
probe the relationship between viral neuropathogenicity and
immunogenicity. RVs, which exist as a range of antigenically
related variants that are highly diverse in pathogenicity, are
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particularly useful for such studies. CVS-F3, an RV variant
attenuated by a single amino acid substitution in the glyco-
protein of CVS (11), is cleared from the CNS of infected,
immunocompetent mice as BBB permeability becomes en-
hanced and immune effectors accumulate in the infected tis-
sues (21). Although CVS-F3 spreads extensively through the
cortex and cerebellum, BBB permeability changes, as well as
CD4 and B-cell infiltration, are considerably higher in the
cerebellum, suggesting that the delivery of antiviral effectors is
predominantly through the BBB of the cerebellum (21). This is
supported by the present findings that mice infected with
SHBRV-17, a pathogenic RV obtained from a human victim of
rabies, while developing strong virus-specific immunity in the
periphery, fail to develop increased BBB permeability in the
cerebellum with its associated CNS inflammatory response and
succumb to rabies. Notably, CNS inflammation is seldom seen
in animals infected with pathogenic strains of RV, including
other SHBRYV variants (19, 28), as well as in postmortem
studies of human rabies victims (20). Since the development of
RV-specific immunity in the periphery of CVS-F3- and
SHBRV-17-infected mice is comparable, the reduced CNS
inflammatory response to RV seen in the latter evidently does
not result from a major deficit in immunity. It is possible that
IFN-y-positive cells accumulate to higher levels in the circula-
tion of SHBRV-17-infected animals because of a diminished
ability to infiltrate CNS tissues. Mechanisms whereby an RV-
specific immune response may develop but immune effectors
fail to infiltrate CNS tissues include (i) defects in the proin-
flammatory response of CNS-resident cells (24) and (ii) func-
tional changes at the BBB that permit immune cell invasion.

The invasion of infected CNS tissues by immune effector
cells from the circulation is dependent upon a sequence of
events that includes the production of proinflammatory cyto-
kines and chemokines by CNS-resident cells. These not only
attract cells into the tissues but also induce the expression of
the adhesion molecules that allow circulating cells to interact
with the cells of the BBB. Thus, a reduction in the proinflam-
matory response may lead to a failure to induce BBB perme-
ability changes and a protective CNS inflammatory response. A
recent study has suggested that strains of RV may differ in the
ability to induce a CNS proinflammatory response (24). We
expect that the magnitude and kinetics of the innate response
to different RV isolates depend upon the ability to spread into
and replicate in CNS tissues, as well as, at later stages, to
induce immune clearance versus cause disease. Wang et al.
found that mRNAs specific for MCP-1, IP-10, RANTES, and
a variety of other chemokines and cytokines were strongly
elevated in severely paralyzed mice infected with an undis-
closed SHBRYV isolate but to lesser extents than in similarly
afflicted mice infected with the less pathogenic CVS-B2c strain
(24). On the basis of the timing of the development of immu-
nity in CVS-F3-infected mice (21) and differences in the
spread and replication of SHBRV-17 versus CVS-F3, we ad-
justed our virus inoculums to cause similar virus loads in the
CNS tissues as the innate response develops and performed
our comparative analyses at day 8 p.i., when the SHBRV-17-
infected mice were still healthy. In our comparison of the
upregulation of mRNAs specific for proinflammatory markers
in the CNS tissues, the responses of SHBRV-17-infected mice
were equal to or greater than those of CVS-F3-infected coun-
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terparts in the cerebellum, the primary location of the en-
hanced BBB permeability and CNS inflammation associated
with the clearance of CVS-F3 (21). Consistent with the up-
regulation of TNF-a and ICAM-1 mRNAs, enhanced ICAM-1
expression can be readily visualized on the neurovasculature of
the cerebellum in both CVS-F3- and SHBRV-17-infected
mice. This suggests that any activated RV antigen-specific lym-
phocytes present in the circulation should be capable of ad-
hering to neurovascular endothelial cells.

If the proinflammatory response in the CNS of SHBRV-17-
infected mice is intact, the inability of immune cells to infiltrate
the cerebellum is more likely to result from a deficit in the
mechanism that allows these cells to cross the BBB. Conceiv-
ably, this could be at the level of either immune cell or BBB
function. We did not detect any reduction in the development
of an RV antigen-specific humoral response between SHBRV-
17- and CVS-F3-infected mice. Moreover, as has previously
been demonstrated for the clearance of CVS-F3 from the
CNS, the isotype of the RV-specific antibodies produced by
SHBRV-17-infected mice is IgG2a. This indicates a bias to-
ward the Thl cell reactivity that predominates in other CNS
inflammatory reactions (7, 22, 23). The argument that the
cells of the adaptive immune response are fully functional in
SHBRV-17-infected mice is supported by the observation
that lymphocytes from SHBRV-17-infected mice are capa-
ble of enhancing BBB permeability, invading CNS tissues,
and clearing CVS-F3 when adoptively transferred into in-
fected rag-2~/~ mice.

Although CVS-F3 can be cleared from the CNS by RV-
specific lymphocytes raised in either CVS-F3- or SHBRV-
17-infected mice, neither effector cell population can clear
SHBRV-17 from CNS tissues. The transfer of lymphocytes
from SHBRV-17- and CVS-F3-infected mice can protect naive
recipients against subsequent infection with SHBRV-17, pre-
sumably by preventing the spread of the virus to the CNS.
However, we have found that neither cell population can pre-
vent lethal rabies when SHBRV-17 infection precedes adop-
tive transfer by as little as several hours. In these experiments,
antiviral immunity was allowed to develop for 6 days in the
donor animals and transferred cells had an additional 7 to 8
days to mediate a protective response before the recipients
died. Considering that clearance of CVS-F3 begins approxi-
mately 6 days after infection, this should have been sufficient
time to mediate a protective response against SHBRV-17. The
fact that the course of the disease was unchanged suggests that
the adoptively transferred cells had no impact on the replica-
tion and spread of the virus in the CNS.

We speculate that the inability to “open” the BBB in the
cerebellum and deliver the appropriate immune effectors to
the CNS tissues is the fundamental deficit that prevents im-
mune clearance of SHBRV-17 from the CNS and ultimately
leads to the death of infected animals. While CD8 T cells are
important in clearing some viruses from the CNS, the primary
effectors of RV clearance are VNAs (10, 13) that must either
cross the BBB or be produced in the CNS tissues by invading
B cells. In our studies of CVS-F3 clearance from CNS tissues,
enhanced BBB permeability was associated with invasion of
the CNS by CD4 T cells and B cells but not with CD8 T-cell
accumulation (21). Correlations between the patterns of BBB
permeability changes and the appearance of CD4 and IFN-y
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mRNAs in CNS tissues have led us to speculate that the en-
hanced BBB permeability associated with the delivery of B
cells and antibody to the CNS of CVS-F3-infected mice is
driven by CD4 T cells through an IFN-y-dependent process
(21). The failure of this mechanism could be why conventional
postexposure treatment of rabies is ineffective once the virus
has reached CNS tissues and clinical signs of the disease have
developed (3, 27). We suggest that at some time after the virus
has reached the CNS tissues, the BBB in the cerebellum be-
comes refractory to the signals that trigger enhanced perme-
ability. Consequently, immune effectors cannot reach the CNS
tissues to clear the virus. This is consistent with observations
made in clinical rabies that people who die from rabies in the
absence of treatment often develop RV-specific antibodies
(15). The idea that the development of enhanced BBB perme-
ability is a critical checkpoint in the response to RV infection
of the CNS is also supported by a recent human rabies case
where an individual who did not receive PEP recovered despite
developing advanced clinical signs of infection (5). In this case,
the victim naturally developed a high VNA titer and enhanced
BBB permeability as evidenced by the appearance of serum
proteins in the cerebrospinal fluid (26). Even in the absence of
PEP, the indigenous immune response to RV in this individual
was sufficient to clear the infection from the CNS. Since RV
can be cleared from the CNS if immune effectors have access
to the infected tissues, we believe that the development of an
approach to circumvent the maintenance of BBB integrity in
RV-infected individuals may have therapeutic value.

The existence of a mechanism to maintain BBB integrity and
prevent the delivery of immune effectors to CNS tissues has
implications for a variety of CNS diseases. It is conceivable that
this mechanism interferes with the clearance of other neuro-
tropic virus and possibly with CNS tumor immunity. From the
opposite perspective, the ability to trigger such a mechanism
may have therapeutic value for neurodegenerative diseases
associated with a reduction of BBB integrity.
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