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Abstract Rabies is a lethal neurological disease caused by
the neurotropic rabies virus (RABV). To investigate the
innate immune response in the brain during rabies infec-
tion, key gene transcripts indicative of innate immunity in a
mouse model system were measured using real-time RT-
PCR. Mice were infected via the intracerebral or intra-
muscular route with either attenuated rabies virus (SRV9)
or pathogenic rabies virus (BD06). Infection with SRV9
resulted in the early detection of viral replication and the
rapid induction of innate immune response gene expression
in the brain. BD06 infection elicited innate immune
response gene expression during only the late stage of
infection. We measured Na-fluorescein uptake to assess
blood-brain barrier (BBB) permeability, which was
enhanced during the early stage of SRVY infection and
significantly enhanced during the late stage of BDO06
infection. Furthermore, early SRV9 replication increased
the maturation and differentiation of dendritic cells (DCs)
and B cells in the inguinal lymph nodes and initiated the
generation of virus-neutralizing antibodies (VNAs), which
cooperate with the innate immune response to eliminate
virus from the CNS. However, BD0O6 infection did not
stimulate VNA production; thus, the virus was able to
evade the host immune response and cause encephalitis.
The rabies virus phosphoprotein has been reported to
counteract IFN activation. In an in vitro study of the
relationship between IFN antagonism and RABV
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pathogenicity, we demonstrated that SRV9 more strongly
antagonized IFN activity than did BD06. Therefore, there
is no positive relationship between the IFN antagonist
activity of the virus and its pathogenicity.

Introduction

Rabies is an acute, progressive encephalitis caused by
infection with rabies virus (RABYV) that presents a public
health problem worldwide, causing more than 70,000
human deaths annually [1]. One of the characteristics of
RABYV is the capacity to enter the central nervous system
(CNS). CNS infection with wild-type (wt) RABV is often
fatal in humans [2].

Rabies is prevented by prompt post-exposure prophy-
laxis through the combined administration of the rabies
vaccine and a hyperimmune serum containing virus-neu-
tralizing antibodies (VNAs) or immunoglobulin. However,
once patients have developed clinical rabies, which is
manifested by a CNS infection, the virus cannot be cleared
by innate immunity or antibody administration [3]. Cur-
rently, the only available treatment for clinical rabies is the
“Milwaukee Protocol”; however, due to recent failures, the
use of this protocol has been abandoned as an effective
treatment for rabies [4, 5]. Despite improvements in our
understanding of rabies pathogenesis, clinical rabies
remains a fatal disease, and further research is needed to
understand the basic mechanism of rabies pathogenesis and
to develop an effective treatment.

The innate immune system provides protection against
invading neurotropic viruses. It acts as the first line of
defense against invading viruses and plays a fundamental
role in their pathogenesis [6]. Although the mechanisms by
which different RABV strains induce differential immune
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responses are unknown, recent studies indicate that labora-
tory-attenuated RABYV activates the innate immune response
of the host, whereas wt RABV evades this response [7].
Therefore, it is clear that virus-specific antibodies are
essential for eliminating free virus [8]. However, the inter-
action between innate immunity and adaptive immunity
during a rabies infection is unclear, as is the relationship
between the immune response and viral load changes during
infection with RABYV strains of differing virulence.

In this study, the induction of an immune response was
investigated in mice after either intracerebral (IC) or intra-
muscular (IM) infection with an attenuated rabies virus
strain (SRV9) or the pathogenic wt rabies virus strain
(BDO06). In the early stage of infection after IC administra-
tion of SRV9, mice had significantly increased transcript
levels of cytokines involved in the innate immune response
in the brain compared with mice injected with wt BDO6.
BDO06 inoculation delayed the host immune response until 6
days postinfection (dpi), which was after the appearance of
clinical signs. As the infection progressed, wt BD06 evoked
greater increases in cytokine transcript levels than SRV9,
which coincided with the destruction of the blood-brain
barrier (BBB) and a viral load consistent with terminal
infection. Following IM infection with SRVY, viral invasion
into the CNS initiated innate and adaptive immune respon-
ses that eliminated the virus; immune response induction
and viral elimination were not observed after IM injection of
wt virus. IC or IM injection of SRV9 increased serum VNA
levels, whereas no induction of VNAs was observed after
injection of wt RABV. Type 1 interferons (IFNs) are
important contributors to the defense against viral infection
due to their direct antiviral activity [9]. Recent research has
shown that viral P proteins suppress IFN responses by
antagonizing IFN signaling [10, 11]. To determine whether a
positive relationship exists between virus lethality and
antagonism of IFN activity by viral P proteins, we evaluated
IFN-B antagonism by proteins thought to contribute to
RABYV immune evasion in vitro. Our results showed that the
antagonist activity of the wt BD06 virus was stronger than
that of the attenuated SRV9 virus.

Characterizing the patterns of different innate immune
responses to pathogenic or attenuated RABV infection and the
relationship between virus infection and adaptive immunity
may improve our understanding of rabies pathogenesis and
provide insight into superior therapeutics for rabies.

Materials and methods
Ethics statement

Female BALB/c mice (6 to 8 weeks old) were purchased
from Changchun Institute of Biological Products, China.
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All animal experiments (including virus maintenance in
dogs and suckling mice) described in this study were
performed in accordance with established procedures, as
defined by the Guidelines on the Humane Treatment of
Laboratory Animals stipulated by the Ministry of Science
and Technology of the People’s Republic of China
(MOST) [12], and were approved by the Animal Welfare
Committee of the Military Veterinary Research Institute,
Changchun, China. All animals were housed in a climate-
controlled laboratory with a 12 h/12 h light/dark cycle.
No human-patient-derived clinical materials or non-hu-
man primates were used in the completion of these
studies.

Virus

RABV BDO06 (GenBank accession no. EU549783.1) was
isolated in our laboratory in 2006 from a rabid dog in
China. This virus is maintained in dogs and it was shown in
our previous experiments to cause 80 % mortality in
unvaccinated dogs after IM injection. In addition, this virus
strain is responsible for the majority of rabies cases in
humans and dogs in China [13]. SRV9 (GenBank accession
no. 499686.2) is a live-attenuated rabies vaccine strain
derived from SAD B19 and is nonlethal in adult mice, even
after IC administration [14]. Briefly, three-day-old suckling
mice received a 30-pl IC injection of either BD06 or
SRV9. Mice were euthanized when they became moribund,
and the brains were removed. A 10 % (w/v) suspension
was prepared by homogenizing the brains in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, CA, USA). The
homogenates were centrifuged at 12,000xg to remove
debris, and the supernatant was collected and stored at
-80 °C.

Virus infection

All mice were between 4 and 6 weeks of age at the time of
infection. For IC inoculation, mice were anesthetized with
100 pg of ketamine and 1 mg of xylazine per gram of body
weight prior to injection with 10* fluorescent focus units
(FFU) of SRV9 or BD06. IM inoculation was performed by
injecting 10" FFU of SRV9 or BD06 diluted in 100 pl of
DMEM with 10 % fetal bovine serum.

Tissue extraction and total RNA isolation

In the IC experiments, tissue samples were collected at 1,
2, 3, 4,5, 6, and 7 days postinfection (dpi). In the IM
experiments, tissue samples were collected during three
time periods: an early phase, which was characterized by
an approximately 0.5-g decrease in body weight but no
clinical signs of RABYV infection; an intermediate phase,
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which was characterized by continued weight loss and
slight trembling but otherwise normal activity; and a late
phase, which was characterized by the appearance of
severe clinical signs of rabies, such as paralysis or anger.
At each time point, mice were anesthetized with 100 pg
of ketamine and 1 mg of xylazine per gram of body
weight and killed. The brains were harvested, frozen in
liquid nitrogen and stored at -80 °C. Total RNA was
extracted from cells in a single-step procedure using
TRIzol Reagent (Invitrogen, Life Technologies, USA)
according to the manufacturer’s protocol. An additional
step was performed to remove residual DNA: the aqueous
phase was treated with 3 units of RNase-free DNase I for
20 min at 37 °C. RNA purity was determined using a
NanoDrop ND-2000c spectrophotometer (NanoDrop
Tech, Rockland, DE) to ensure that the A,go/Asgg ratio
was within the 1.8-2.0 range. RNA concentration was
also determined using a NanoDrop ND-2000c spec-
trophotometer, and RNA integrity was verified using
denaturing agarose gel and polyacrylamide gel
electrophoresis.

Quantification of viral loads by RT-PCR
and TagqMan RT-PCR

Nested reverse transcription polymerase chain reaction
(RT-PCR) was used for semi-quantification of the virus
load as described previously [15].

To determine the viral load in the infected brains or
locally injected hind muscles, TagMan qRT-PCR was
performed on RNA samples using primers specific for the
N gene of rabies virus genotype I (forward, 5’-AGTC
AATAATCAGGTGGTCTC-3’; reverse, 5’-ATCTTGTCT
CCYTTTCGTG-3) and the probe FAM-CCAGTCTTC
AGGGCATGTCCCC-TAMRA. TagMan PCR was per-
formed using a GoTaq® Probe 1-Step RT-qgPCR System
(Promega) in a multiplex Mx3000P qPCR System
(Stratagene) according to the manufacturer’s instructions.
TagMan analyses of experimental samples contained at
least three replicates and included no-template or no-pri-
mer controls. The PCR conditions were 45 °C for 15 min
for reverse transcription, followed by 95 °C for 2 min, 40
cycles of 95 °C for 15 s and 60 °C for 60 s. A standard
curve was generated from serially diluted RABV N RNA
of known copy number, and the sample copy numbers were
normalized to 1 ng of total RNA. An absolute standard
curve method was used to calculate the copy number of
RABV N mRNA in the samples [16]. To exclude genomic
DNA contamination, control ¢cDNA reactions in which
reverse transcriptase was omitted were prepared in parallel
as described elsewhere [17], and these reactions were
uniformly negative (Table 1).

Table 1 Primer sequences for mouse cytokine genes used in this
study

Name Primer sequence (5°-3)
GAPDH-F GGAGAAGCTGCCAATGGATA
GAPDH-R TTACGCTTGCACTTCTGGTG
IFN-B-F GAACAACAGGTGGATCCTCCA
IFN-B-R TCCGAGCAGAGATCTTCAGG A
IFIT-1-F AGGCTGGAGTGTGCTGAGAT
IFIT-1-R TCTGGATTTAACCGGACAGC
IFIT-2-F CACCTTCGGTATGGCAACTT
IFIT-2-R GCAAGGCCTCAGAATCAGAC
OASLI1-F TCCTGGAGGACTGGTTTGAC
OASLI1-R ACTGAAGACGTGGACCATCC
MCP-1-F AGCCAACTCTCACTGAAGCC
MCP-1-R TGTGACTCGGACTGTGATGC
IP-10-F ATGACGGGCCAGTGAGAATG
IP-10-R CCTCCTTGTCCTCCCTAGCT
IRF7-F AGGTTCTGCAGTACAGCCAC
IRF7-R GCAAGGGTCACCACACTACA
ISG15-F CGATTTCCTGGTGTCCGTGA
ISG15-R TGATCAAGCATTTGCGCCTG
Mx-1-F CGGCAGAAGCTTGCCAAATT
Mx-1-R AGACCAGTCCTCTAGGCAGG

Real-time SYBR Green PCR

To confirm expression changes following RABV infection,
real-time PCR was performed on the RNA samples using
gene-specific primers in a Stratagene Mx3000P qPCR
System. RNA was extracted from the supernatants of
homogenized brain tissue using an RNeasy Mini Kit
(QIAGEN) according to the manufacturer’s instructions,
and cDNA synthesis was performed using PrimeScript™
RT Master Mix (Perfect Real Time, Takara) at 37 °C for
25 min. The PCR conditions were as follows: 95 °C for
30 s; 40 cycles of 95 °C for 5 s, 55 °C for 30 s and 72 °C
for 30 s; and 95 °C for 15 s, 55 °C for 15 s and 95 °C for
15 s for a melting curve analysis. The expression level of
the gene of interest was normalized to the expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All
data were analyzed using EcoStudy Software (Agilent
Technologies, CA, USA), and mRNA expression levels
were calculated using the 2AAC method.

Flow cytometry assay and plasmid transfection
Inguinal lymph node samples were collected at the indi-
cated times. Cell suspensions were stained with anti-CD19,

anti-CD40, anti-CD11c, and anti-CD80 antibodies. All
labeled cells were analyzed using a flow cytometer. Flow
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cytometry antibodies and reagents were purchased from
BD Pharmingen (BD Biosciences, Franklin, VA, USA).

For transfection, 293Ad cells were seeded into 6-well
plates at a density of 10° cells/well to yield 70 to 90 %
confluency the next day, cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) supplemented with 10 %
fetal bovine serum (FBS, Gibco) and streptomycin-peni-
cillin at 37 °C with 5 % CO,. Cells were transfected with
1.5 pg of pIRES-neo alone or cotransfected with 0.5 pg of
pcDNA-flag-RIG-I-CARDs and 1pg of pIRES-neo, pIRES-
SRV9-P or pIRES-BD06-P using FuGENE® HD (Pro-
mega) according to the supplier’s instructions. pEGFP-C1
(Clontech) was used as a transfection efficiency control.
Each transfection was performed in duplicate for RNA
purification and protein sample preparation.

Assessment of BBB integrity

BBB integrity was assessed by quantifying the BBB
leakage of a low-molecular-weight fluorescent marker (Na-
fluorescein; molecular weight, 376 Da) from the circula-
tion into the CNS as described previously [18]. Briefly,
100 pl of a 10 % solution of Na-fluorescein was injected
intraperitoneally. After 10 min, the mice were anes-
thetized, cardiac blood was collected, and transcardial
perfusion with PBS was performed. The tissue and serum
samples were homogenized and centrifuged, and the
supernatants were clarified with 15 % trichloroacetic acid.
The fluorescence level was measured using a CytoFluorll
fluorimeter. The amount of Na-fluorescein in CNS tissue
was normalized to the serum levels using the following
equation: (ug of Na-fluorescein in CNS tissue/mg of tis-
sue)/(pg of Na-fluorescein in serum/pl of serum).

Statistical analysis

Statistical significance was determined by one-way
ANOVA, and a P-value less than 0.05 was considered
statistically significant. The data are presented as the
means =+ standard deviations (SDs). Similar results were
obtained in at least three independent experiments. Statis-
tically significant differences between groups were ana-
lyzing using GraphPad Prism 5.0 software (La Jolla, CA).

Results

Different outcomes in mice infected with SRV9
or BD06 RVs

BALB/c mice were injected (IC or IM) with either SRV9

or BD06 and then monitored for survival. The IC dose of
SRV9 or BD06 was 10* FFU. The body weights of the
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SRVO-infected mice increased slowly prior to 4 dpi,
decreased by approximately 5 % at 5 dpi, increased again
at 7 dpi, and continued to increase until completion of the
study (Fig. 1A). In contrast, the body weights of the BD06-
infected mice steadily decreased throughout the experiment
(Fig. 1C). In particular, at 5 dpi, the body weights
decreased in conjunction with the appearance of tremors,
shaking, and anger in the animals, which was later fol-
lowed by paralysis of one or both hind limbs (see “Mate-
rials and methods”). The BD06-infected mice began to die
at 6 dpi (with an approximately 18 % body weight
decrease), and all of the mice died by 7 dpi (Fig. 1B). The
mock-infected and SRV9-infected mice survived through-
out the entire experiment (14 dpi, data not shown). The IM
dose of SRV9 or BD06 was 10’ FFU. The body weight
changes in SRV9-infected mice were similar after IM or IC
injection. For BDO6-infected mice, the IM-injected mice
lost weight for a longer time period than the IC-injected
mice. Of the IM BDO6-infected animals, 10 % died by
7 dpi, and all mice succumbed to RABV by 14 dpi
(Fig. 1D). Based on these results, we confirmed that BD06
is pathogenic and causes death in all infected mice,
whereas SRVO is a nonlethal RABV strain.

Different innate immunity response profiles
in SRV9- and BD06-infected mice

To investigate innate immune responses after infection, the
transcript levels of chemokines (MCP-1 and IP-10) and IFN-
related genes (IRF7, IFN, IFIT1, IFIT2, ISG15, Mx-1, and
OASL1) were quantified using qRT-PCR. The mRNA
expression of the reference gene GAPDH was also quanti-
fied. Each gene was analyzed in replicates of four. In the IC
SRVO9-infected mice, the expression of eight of the nine
selected genes demonstrated a change at 1 dpi, with
increasing expression until 5 dpi and then decreased
expression at the ED (end point). MCP-1 expression in the
SRVO9-infected mice was 41-fold higher at 1 dpi and
remained at this level until the ED. In the BDO6-infected
mice, no changes in gene expression were observed until
5 dpi (which coincided with the appearance of trembling).
By the ED, all of the selected genes showed large increases
in expression (Fig. 2A). Different patterns of gene expres-
sion were observed in the IM-injected mice. In the early
stage, the SRV9 virus had reached the spinal cord, and a
small amount of the virus entered the cerebrum before it was
eliminated. In BDO6-infected mice, slight changes in the
expression of all the target genes (up to a 1- or 2-fold
change) were observed in the early stage compared with
mock-infected mice. In the intermediate stage, the BD06-
infected mice displayed the typical clinical signs of rabies,
including trembling and anger, which corresponded to large
increases in the transcription of genes involved in innate
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Fig. 1 Comparison of the pathogenicity of the SRV9 and BDO06
RABYV strains. (A) Changes in body weight at the indicated days
postinfection (dpi) in mock-, SRV9- and BDO06-infected mice after IC
injection (n = 10). Data are shown as the mean =+ standard deviation
(SD). (B) Survival rates at the indicated dpi in mock-, SRV9- and

immunity. By the late stage (corresponding to the ED in the
IC-injected mice), further increases in expression were
observed for most target genes. These results indicate that in
the attenuated SRV9-infected mice, the expression of genes
involved in innate immunity initially increased and then
decreased to levels similar to those in the mock-infected
mice (data not shown), whereas in the wt BDO06-infected
mice, gene expression slowly increased until the mice dis-
played clinical signs (Fig. 2B).

A single dose of attenuated SRV9 virus, but not of wt
BDO06, increased serum VNA levels in infected mice

To investigate the adaptive response of mice after infec-
tion, serum samples were collected at various time points
and then subjected to a fluorescent antibody virus neu-
tralization test (FAVN) for VNA analysis. The data are
expressed as the mean value for the group. As shown in
Fig. 3A, the IC SRV9-infected mice had a serum VNA titer
of 0.142 TU/ml by 3 dpi; this titer increased to 0.484 IU/ml
by 5 dpi, which is close to the titer considered adequate for
vaccination or protection by WHO (0.5 IU/ml). However,
the BDO6-infected mice did not develop a serum VNA titer

T T T T ) 4

2 4 6 8 10 12 14
dpi

BDO06-infected mice after IC injection (n = 10). (C) Changes in body
weight at the indicated dpi in mock-, SRV9- and BD06-infected mice
after IM injection (n = 10). Data are shown as the mean £ SD.
(D) Survival rates at the indicated dpi in mock-, SRV9- and BD06-
infected mice after IM injection (n = 10)

until the ED (near death). As shown in Fig. 3B, increased
serum VNA levels were observed in the IM SRV9-infected
mice at all stages of infection, whereas in the wt BD06-
infected mice, little to no serum VNA was observed, even
in the terminal stage of infection.

To determine if the increased VNA levels in the SRV9-
injected mice correlated with B-cell recruitment, CD19%/
CD40" B cells from the inguinal lymph nodes were ana-
lyzed by flow cytometry. As shown in Fig. 3C, the number
of CD197/CD40" B cells increased as a function of time
after immunization. The number of CD197/CD40" B cells
was significantly increased in the lymph nodes of the SRV9-
infected mice compared with the BD06- and mock-infected
mice at the intermediate stage of infection. These data
indicate that SRV9 infection, but not wt BD06 infection,
results in the recruitment of B cells to the lymph nodes.

To determine if B cell recruitment is due to dendritic
cell (DC) recruitment, we analyzed CD11ct and CD80™
(DC markers) cells in the inguinal lymph nodes. As shown
in Fig. 3D, the number of CD11c*/CD80" cells in the
lymph nodes of the SRV9-infected mice was significantly
increased compared with the BDO6-infected mice in the
intermediate stage of infection. These data show that IM
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Fig. 2 Comparison of the expression profiles of genes involved in
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were processed as described in “Materials and methods” and
subjected to qRT-PCR for mRNA analysis. Expression levels of
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genes involved in innate immunity in SRV9- or BDO6-infected mice
after IC (A) or IM (B) injection. Statistical significance was
determined by one-way ANOVA (¥, P < 0.05; **, P < 0.01)
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injection of SRVO results in the recruitment of DCs to
lymph nodes and peripheral blood.

Viral load in SRV9- or BD06-infected mice via IC
or IM injection

To determine if the enhanced innate and adaptive immune
responses in the SRV9-infected mice was due to virus
replication, we use qRT-PCR and nested RT-PCR to assess
RABYV nucleotide protein mRNA levels in the cerebellum as
a measurement of virus replication. In IC-injected mice,
SRV9 adapted in local tissues for one day before it started to
replicate. Viral replication stabilized at 4 dpi and then
quickly declined. Conversely, BD06 adapted for one day
and then slowly replicated (with little to no change) until
4 dpi. After 4 dpi, virus replication quickly increased to
10° copies/mg of brain tissue before stabilizing (Fig. 4A-B).
In the IM-injected mice, similar viral loads were observed in
the injected left hind legs of both the SRV9- and BD06-
infected mice; however, the SRV9 virus was eliminated
more quickly (Fig. 4C). The BD06 virus was transmitted
from the peripheral axons to the CNS as early as 6 dpi; in
the BDO6-infected brains, viral load initially increased and
later decreased. The detailed changes are shown in Fig. 4D.

early intermediate late

Infection phase Mock-infected

E3 SRV9-infected
BDO06-infected

early

Infection phase

D) Flow cytometry analysis of activated B cells and DCs in the lymph
nodes of IM-injected mice

Comparative analysis of antagonism of IFN-f
activity by the lethal and nonlethal RABV strains

To investigate antagonism of IFN-f activity by the lethal
and nonlethal RABV strains, plasmids expressing RIG-I-
CARDs were used to activate the IFN pathway, and
plasmids expressing the P genes of either SRV9 or BD06
were used to transfect IFN-competent 293Ad cells.
Expression was verified by Western blotting (Fig. 5A).
The mRNA expression levels of IFN-B, PKR and 2-5
OAS in the transfected 293Ad cells were quantified by
gRT-PCR. RIG-I increased the expression of IFN-§3, PKR
and 2-5 OAS compared with the pIRES-Neo (EV) control.
Furthermore, the induction of all three proteins was
blocked by RABYV phosphoproteins, consistent with pre-
vious studies [19]. Intriguingly, SRV9 P more robustly
suppressed mRNA expression than BD06 P (Fig. 5B). The
greater ability of SRV9 P to suppress RIG-I-dependent
activation of IFN-B signaling suggests that SRV9 may
have an attenuated capacity for continuous IFN induction.
These results indicate that although BD06 is more
pathogenic than SRV9, BDO06 induces a greater IFN
response that is not as strongly antagonized by its P
protein.
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Fig. 5 Comparison of the antagonism of IFN activity by the
structural proteins of SRV9 and BD06. 293Ad cells were transfected
with 1.5 pg of pIRES-neo (empty vector, EV) alone or in combination
with 0.5 pg of pcDNA-flag-RIG-I-CARDs (RIG-I-CARDs) and 1 pg
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of either EV, pIRES-SRV9-P (SRV9-P) or pIRES-BD06-P (BD06-P).
Expression of RIG-I-CARDs, SRV9-P, and BD06-P (A) and IFN-f,
PKR and 2-5 OAS (B) mRNA were quantified
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A single IC dose of attenuated SRV9 enhanced
the BBB, whereas wt BD06 weakened the BBB
in the late stage

To evaluate alterations in BBB permeability following IC
injection of either SRV9 or BD06, we analyzed Na-fluo-
rescein extravasation from the circulation into the CNS at
1, 3, and 5 dpi and at the ED and measured Na-fluorescein
content using a standard curve. Compared with BD06-in-
fected mice, Na-fluorescein levels were significantly
increased in SRV9-infected mice at 3 and 5 dpi (¥,
P < 0.05), whereas BD0O6 caused a breakdown of the BBB
in the late stage of infection (Fig. 6).

Discussion

Rabies is a highly lethal but preventable disease caused by
neurotropic RABV [20, 21]. RABV infects the CNS,
causing fatal encephalitis and death [22]. However, the
mechanism of rabies pathogenesis is still not completely
understood, despite remarkable advances in the past several
years. Animals infected with wt RABV do not develop
VNAs, whereas attenuated RABV strains induce high
levels of VNAs [23]. In the present study, we compared the
immune responses in mice after infection with the attenu-
ated, non-pathogenic SRV strain or the highly pathogenic
wt BDO6 strain, which was isolated from a rabid dog.
Consistent with a previous report [24], our study showed
that IM injection of mice with SRV9 induced serum VNAs
at 5 dpi. However, little to no VNA production was
observed in the serum of wt RABV-infected mice until the
ED, which is consistent with previous reports of infections
in other animal species, such as dogs [11] and skunks [25].

Mock-infected

EB SRV9-infected *
71 &3 BDO06-infected I

o

Na-fluorescein uptake
(fold increase)
r:: £

Cerebellum

Fig. 6 A single IC dose of laboratory-attenuated SRV9 enhanced the
BBB, and wt BD06 caused a breakdown of the BBB in the late stage
of infection. Brains were removed from Na-fluorescein-treated mice
at 1, 3, and 5 dpi and at the ED. BBB permeability was assessed by
measuring Na-fluorescein content according to a standard curve.
Compared with mock-infected control mice (n = 4), RABV-infected
mice (n = 8) showed a significant increase in the amount of Na-
fluorescein (*, P < 0.05)

Interestingly, the dynamic changes in the viral load in the
CNS are related to serum VNA levels. Minimal VNA
production was observed at the early stage of infection,
during which SRV9 and BDO06 virus replication is con-
trolled by innate immunity. At 5 dpi, the SRV9-infected
mice displayed increased VNA production, which con-
tributed to virus elimination; however, the BD0O6-infected
mice did not produce VNAs and thus developed rabies
disease.

To gain further insight into the mechanism of RABV
clearance from the CNS, a previous study used knockout
(JHD”) mice to study the role of different antiviral
immune effectors in the CNS of mice that had cleared the
attenuated RABV. They found that JHD”" mice lacked B
cells but had functional CD4 and CDS8 T cells; furthermore,
these mice were unable to clear the virus from the CNS and
exhibited neurological signs, despite surviving the attenu-
ated infection [26, 27]. In our previous study, we showed
that antibodies or anti-RABV immunoglobulins did not
enhance innate immunity in wt-infected mice but delayed
latency without decreasing mortality. When RABV enters
the CNS, enhancing innate immunity or administering anti-
RABY antibodies or immunoglobulins cannot decrease the
mortality associated with the virus [28, 29]. In this study,
we showed that the attenuated SRV9 virus induced innate
immunity, thereby limiting viral replication and leading to
partial elimination of the virus. Furthermore, VNAs
induced by the attenuated SRV9 virus cooperated with
inflammatory cytokines to fully clear the virus. No acti-
vation of innate immunity was observed with the wt BD06
virus; thus, there was a massive increase in cytokines at the
terminal stage of infection, and the mice died.

The attenuated RABV, but not the wt BD06 virus, can
stimulate a humoral immune response. DCs can capture
and retain unprocessed antigens and then directly transfer
these antigens to naive B cells to initiate antigen-specific
antibody responses. Dubois et al. reported that small
numbers (250 to 1,000) of DCs can directly stimulate the
proliferation of and antibody production by activated B
cells [30]. Cao et al. reported that regulatory DCs are
responsible for B cell differentiation [31]. In our study,
SRVO infection induced DC differentiation and maturity,
which stimulated B cell maturation and VNA production.

Although the mechanism by which different RABVs
trigger and evade immune responses are unknown, studies
indicate that laboratory-attenuated RABVs can trigger an
innate immune response in the host, whereas wt RABV
evades the immune response [7]. The use of recombinant
RABVSs expressing cytokines or chemokines that promote
the activation of immune cells, including DCs and B cells,
is correlated with greater VNA production and better pro-
tection from rabies [32-34]. In addition, these recombinant
RABYVs recruit more activated B cells in lymph nodes and
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CD8 T cells in the peripheral blood, which enables virus
clearance in the early stage of infection [33, 35]. The wt
RABYV evades the host immune response and invades the
CNS while maintaining neuronal integrity [29] and failing
to cross the BBB during infection [36]. T cell activity
inhibits RABV replication, and the production of RABV-
specific antibodies by infiltrating B cells (as opposed to
circulating antibodies that leak across the BBB) is critical
for virus elimination. These findings suggest that a patho-
genic RABV infection may be treatable after the virus has
reached the CNS, provided that the appropriate immune
effectors can be targeted. In a previous study, mice lacking
T and B cells could not clear RABV and died from the
infection [26].

The innate immune response is the first line of defense
against infectious agents. RABV harbors a mechanism for
evading the host innate immune response [37]; for exam-
ple, the multifunctional P genes antagonize IFN-B induc-
tion [10, 38]. Our results indicated that the P proteins from
both SRV9 and wt BD06 had antagonistic activity against
IFN; however, the inhibition was stronger with SRV9 than
BDO06, although the mechanism leading to this difference is
unclear. RABV wt strains significantly inhibit I-kappa-B
kinase & (IKKe)-inducible IRF-3-dependent IFN- pro-
moter activity to antagonize IFN signaling [39].

In summary, we demonstrated that either IC or IM
infection of mice with the SRV9 strain of RABV led to
viral replication in the CNS that induced both innate and
adaptive immunity, both of which were beneficial for
eliminating the virus. However, the wt BD06 virus failed to
induce innate immunity, leading to death from rabies
infection. A comparative analysis showed that the SRV9
virus more strongly antagonized IFN activity than the
BDO6 virus, indicating that there is no positive relationship
between viral IFN antagonist activity and pathogenicity.
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