
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Antiviral Research 110 (2014) 132–141
Contents lists available at ScienceDirect

Antiviral Research

journal homepage: www.elsevier .com/locate /ant iv i ra l
Enhancement of blood–brain barrier permeability is required
for intravenously administered virus neutralizing antibodies to clear
an established rabies virus infection from the brain and prevent
the development of rabies in mice
http://dx.doi.org/10.1016/j.antiviral.2014.07.013
0166-3542/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: Department of Pathology, College of Veterinary
Medicine, University of Georgia, 501 D.W. Brooks Drive, Athens, GA 30602, USA.
Tel.: +1 706 542 7021; fax: +1 706 542 5828.

E-mail address: zhenfu@uga.edu (Z.F. Fu).
1 Equal contributors.
Chien-Tsun Huang a,1, Zhenguang Li a,b,1, Ying Huang a,1, Guoqing Zhang a, Ming Zhou a, Qingqing Chai a,
Hua Wu b, Zhen F. Fu a,c,⇑
a Department of Pathology, University of Georgia, Athens, GA 30602, USA
b State Key Laboratory of Special Economic Animal Molecular Biology, Institute of Special Economic Animal and Plant Sciences, Chinese Academy of Agricultural Sciences,
Changchun, Jilin 130122, China
c State Key Laboratory of Agricultural Microbiology, Key Laboratory of Development of Veterinary Diagnostic Products, College of Veterinary Medicine, Huazhong
Agricultural University, Wuhan 430070, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 26 February 2014
Revised 21 July 2014
Accepted 23 July 2014
Available online 7 August 2014

Keywords:
Rabies virus
MCP-1
BBB (blood–brain barrier)
VNA (virus-neutralizing antibody)
Occludin
Claudin-5
Rabies virus (RABV) is a neurotropic virus that causes fatal disease in humans and animals. Currently
there is no cure for rabies once clinical signs appear. It is believed that once RABV enters the central ner-
vous system (CNS), virus neutralizing antibodies (VNAs) in the periphery cannot pass through the blood–
brain barrier (BBB) and into the CNS. Furthermore, it has been hypothesized that VNAs produced in the
CNS by invading B cells, rather than those produced in the periphery and then transported into the CNS,
are important in clearing RABV from the CNS. In the present study, mouse serum containing VNA was
administered intravenously into mice after infection with wild-type RABV. Our studies demonstrate that
exogenous administration of VNAs is crucial in the clearance of RABV from the brain and prevent the
development of rabies in both immunocompetent and immunocompromised mice as long as the BBB per-
meability remains enhanced. This present study therefore provides a foundation for the possibility of
developing VNA therapy for clinical rabies in humans.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Rabies virus (RABV) is a negative-sense and single-stranded RNA
virus which belongs to the Lyssavirus genus of the Rhabdoviridae
family (Rupprecht, 1996). Rhabdoviruses are enveloped with a typ-
ical bullet- or rod-shaped morphology and characterized by an
extremely broad host spectrum ranging from plants to insects to
mammals (Rupprecht, 1996). Rabies has been known as a deadly
neurological disease of both humans and animals for centuries
(Jackson, 2002) and remains a major threat to public health
(Jackson, 2013b; Knobel et al., 2005; Martinez, 2000; Meslin et al.,
1994). Each year rabies causes more than 55,000 human deaths
around the world (Meslin et al., 1994). Canine rabies is responsible
for more than 99% of the human cases in Asia and Africa (Cleaveland
et al., 2006). In the United States, dog rabies has been largely
brought under control through pet vaccination programs and the
number of human cases has declined dramatically during the past
60 years (Hampson et al., 2009). Most of the human cases in the
USA have been associated with RABV found in bats, particularly
the silver-haired bats with no obvious recognized exposure history
(Messenger et al., 2003; Morimoto et al., 1996). Therefore, there is a
need to develop therapeutics for clinical rabies although rabies can
be prevented in humans after exposure (usually after an animal
bite) by post-exposure prophylaxis (PEP), which is comprised of
wound cleansing, vaccination and administration of anti-rabies
immunoglobulin. PEP is very effective if it is initiated promptly after
exposure (CDC, 2010). It is widely accepted that there is no effective
treatment for rabies infection which is almost always fatal once
neurological symptoms develop (WHO, 1992; Wilde, 2007).
Although human survivors have been reported recently after treat-
ment with the Milwaukee Protocol or a modification thereof (MCW,
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2009; Willoughby et al., 2005), its effectiveness has been ques-
tioned (Hemachudha et al., 2006; Jackson, 2013a; McDermid
et al., 2008).

Rabies clinical signs, especially neurologic signs, are believed to
be indicative of virus replication resulting in neuronal dysfunction
or injury in the central nervous system (CNS), where peripheral
immune effectors have limited access (Yousaf et al., 2012). Viral
infection of the CNS poses unique challenges to the immune sys-
tem with regards to controlling and eliminating the invading
pathogens (Griffin, 2003). The presence of a blood–brain barrier
(BBB) provides a physical and physiological separation of the CNS
from the periphery and thus cells and molecules cannot easily
enter the CNS (Ballabh et al., 2004; Hosking and Lane, 2010; Roy
and Hooper, 2008). Although enhancement of BBB permeability
and infiltration of inflammatory cells have often been associated
with pathological changes in the CNS when infected by viruses
(Hosking and Lane, 2010; Kim et al., 2009; Phares et al., 2006),
transiently increased BBB permeability has been found to be help-
ful in clearing RABV from the CNS (Phares et al., 2007; Roy and
Hooper, 2007). Induction of an autoimmune CNS inflammation
(experimental allergic encephalomyelitis) (Roy and Hooper,
2007) or administration of attenuated RABV (CVS-F3) (Phares
et al., 2006) as well as recombinant RABV expressing three copies
of the glycoprotein (G) (TriGAS) (Faber et al., 2009) or immune
stimulating molecules (for example, GM-CSF) (Wang et al., 2011;
Wen et al., 2011) all resulted in enhancement of BBB permeability,
increased production of virus neutralizing antibodies (VNAs),
clearance RABV from the CNS, and prevention of rabies in the
mouse model. Furthermore, clearance of attenuated RABV from
the CNS correlates with infiltration of B cells into the CNS, express-
ing high levels of j-light chain mRNA (Phares et al., 2006). Pas-
sively-transferred VNA via intraperitoneal route was insufficient
to mediate the CNS clearance of attenuated RABV in B-cell deficient
mice (Hooper et al., 2009). These observations led to the hypothe-
sis that it is the VNA produced in situ (CNS) by invading B cells,
rather than those produced in the periphery and then crossed into
the CNS, that are important in clearing RABV from the CNS (Hooper
et al., 2009). Nevertheless, it has been reported that enhancing BBB
permeability with delivering sufficient VNA to the brain may pro-
vide an effective treatment after the CNS infection has been estab-
lished (Liao et al., 2012). In the present study, intravenous
administration of VNA was found to be crucial in clearing RABV
from the brain and preventing animals from developing rabies in
both immunocompetent and B-cell deficient mice as long as the
BBB permeability is enhanced.
2. Materials and methods

2.1. Viruses, cells, serum, and animals

Street RABV (Dog Rabies Virus from Mexico, DRV-Mexico)
(Dietzschold et al., 2000; Zhang and Fu, 2012) was propagated in
suckling mouse brains. Mouse neuroblastoma cells (NA) were
maintained in RPMI 1640 medium (Mediatech, Herndon, VA) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island,
NY). Recombinant murine monocyte chemotactic protein-1 (MCP-
1) was purchased from PreproTech (Rocky Hill, NJ). RABV-antibody
positive serum was prepared from blood of ICR mice immunized
with rRABV-GMCSF vaccines (Wen et al., 2011). RABV-negative
serum was prepared from blood of naïve ICR mice. All sera were
pooled and titrated for VNA. Four to six-week old female ICR mice
were purchased from Harlan (Indianapolis, IN). Four to six-week
old female C57BL/6J, B6.129S2-Ighmtm1Cgn/J (B cell deficient) were
purchased from the Jackson Laboratory (Bar Harbor, ME). All mice
were housed in temperature- and light-controlled quarters in the
Animal Resources Facility, College of Veterinary Medicine, Univer-
sity of Georgia. This study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health. All animal proce-
dures were approved by the Institutional Animal Care and Use
Committee, University of Georgia (animal welfare assurance num-
ber: A3085-01). All efforts were made to minimize animal
suffering.

2.2. Brain and serum collection

At indicated time points, whole blood was collected from mice,
allowed to clot overnight, and spun down at 10,000g for 10 min.
Supernatant was isolated for serum antibody analysis. Then, mice
were perfused with PBS at a rate of 2 ml/min for 10 min. Indepen-
dent samples of mouse brains from each group were then homog-
enized and prepared as 10% (w/v) suspension in DMEM.
Homogenized brain samples were centrifuged at 14,000 rpm for
20mins. Supernatant was harvested for virus titration, antibody
detection and Western blot analysis.

2.3. Virus titrations

Virus titers were determined by direct fluorescent antibody
assay (dFA) in NA cells. NA cells in 96-well plate were inoculated
with serial 10-fold dilutions of virus preparation and incubated
at 34 �C for 2 days. The culture supernatant was removed and the
cells were fixed with 80% ice-cold acetone for 30 min. The cells
were washed twice with PBS and then stained with FITC-conju-
gated anti-RABV N antibodies (Fujirebio, Malvern, PA). Antigen-
positive foci were counted under a fluorescent microscope (Zeiss,
Germany) and viral titers calculated as fluorescent focus units
(FFU) per ml. All titrations were carried out in quadruplicate.

2.4. Quantitative real-time PCR (qRT-PCR)

A real-time (RT) SYBR green PCR assay was carried out in an
Mx3000P apparatus (Stratagene, La Jolla, CA) to quantify the
expression of viral genomic RNA (copy number) as well as mRNA
of tight junction proteins (occludin and claudin-5) and j-light
chain. Total RNA was extracted from brain homogenates using
the Qiagen RNeasy kit (Qiagen, Redwood, CA) and treated with
DNase (Qiagen). The reverse transcriptase and DNA polymerase
were utilized from a one-step Brilliant II SYBR green qRT-PCR mas-
ter mix kit (Stratagene). Each reaction was carried out in duplicate
with approximately 100 ng of DNase-treated RNA and 5 nM each
primer pairs described previously (Armstrong et al., 2012;
Braniste et al., 2009; Faber et al., 2002; Phares et al., 2006). Ampli-
fication was carried out at 50 �C for 2 min and 95 �C for 10 min, fol-
lowed by 40 cycles in two steps: 95 �C for 15 s and 60 �C for 1 min.
For absolute quantification of viral genomic RNA, a standard curve
was generated by using a serially diluted RNA in vitro transcribed
from a plasmid expressing RABV G, and the copy numbers of viral
genomic RNA were normalized to 1 g of total RNA. For measure-
ment of the mRNA for tight junction proteins and j-light chain,
the copy numbers were normalized to those of the housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Levels
of gene expression in a test sample are presented as the fold
increase over that detected in sham-infected controls.

2.5. Rapid fluorescent focus inhibition test (RFFIT)

VNA measurement was carried out by the RFFIT as previously
described (Favoretto et al., 1993). 50 ll of serial fivefold dilutions
of serum were prepared in Lab-Tek Chamber slides (Nalge Nunc
International, Rochester, NY). 50% Fluorescing Foci dose (Fifty



Fig. 1. Protective efficacy of immune-competent mice treated with VNA with or
without MCP-1 after infection with DRV. ICR mice (groups of 10) at the age of 4–
6 weeks were infected i.m. with 10 IMLD50 DRV-Mexico and then treated
intravenously with RABV-negative serum (N) or RABV-antibody positive serum
(Ab) with or without recombinant murine MCP-1 (25 lg/mouse, i.c.) at 5 dpi.
Infected and treated mice were observed daily for 21 days and survivorship was
recorded and analyzed. Asterisks indicate significant differences (⁄p < 0.05,
⁄⁄p < 0.01, ⁄⁄⁄p < 0.001) between the indicated experimental groups.
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FFD50) of challenge virus standard (CVS-11) was added to each
chamber and incubated for 90 min at 37 �C. NA cells (105 cells)
were added into each chamber and the slides were incubated at
37 �C for 20 h. The cells then were fixed with ice-cold 80% acetone
and stained with FITC-conjugated anti-RABV N antibodies for 1 h at
37 �C. Twenty fields in each chamber were assessed under a fluo-
rescent microscope. The 50% endpoint titers were calculated
according to the Reed–Muench formula (Reed and Muench,
1938). Then the values were compared with that of a reference
serum (obtained from the National Institute for Biological Stan-
dards and Control, Herts, UK) and normalized to international units
(IU/ml).

2.6. Total IgG ELISA assay

ELISA was carried out by using Mouse IgG Titer ELISA Kit (Gen-
eral Bioscience, Brisbane, CA) according to the manufacturer’s
instructions. The optical density was measured at 450 nm using a
spectrophotometer (BioTek Instruments, VT). Determination of
the total IgG concentration was performed by linear regression
analysis using software KC4 Signature Ver. 3.4 (Bio-Tek Instru-
ments). A standard curve was prepared using known concentra-
tions of mouse IgG provided in the ELISA Kit (General
Bioscience). The IgG concentration of each sample and control
was calculated from each corresponding reference standard curve
using a 4-parameter logistic regression equation of the KC4 pro-
gram. The results were expressed as lg/ml for both brain homog-
enates and serum samples.

2.7. Measurement of BBB permeability

BBB permeability was determined by measuring Sodium Fluo-
rescein (NaF) uptake as previously described (Kuang et al., 2009;
Phares et al., 2006, 2007). 100 ll of 100 mg/ml of NaF, used as a
tracer, was injected into the tail vein of each mouse. Peripheral
blood was collected after 10 min and PBS-perfused brains were
then harvested. Serum recovered was mixed with equal volume
of 10% trichloroacetic acid (TCA) and centrifuged for 10 min. The
supernatant was collected after centrifugation and made up to
150 ll by mixing with 5 M NaOH and 7.5% TCA. Homogenized
brain samples in cold 7.5% TCA were centrifuged for 10 min at
10,000g to remove debris. The supernatant was made up to
150 ll by adding 5 M NaOH. The fluorescence of serum and brain
homogenate samples was measured using a spectrophotometer
(BioTek Instruments) with excitation at 485 nm and emission at
530 nm. NaF taken up into brain tissues is expressed as the micro-
grams of fluorescence per mg of cerebrum or cerebellum divided
by the micrograms of fluorescence per ll of serum to normalize
the uptake amounts of marker from peripheral blood at the time
of brain tissue collection (Phares et al., 2007; Trout et al., 1986).
Data are expressed as a fold change in the amount of tracer in tis-
sues by comparison with the values obtained for tissues from neg-
ative control.

2.8. Western blot analysis

The brain homogenates were subjected to 8–16% sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
(Thermo Scientific, Rockford, IL). Separated proteins were electro-
blotted onto nitrocellulose membranes and incubated with pri-
mary antibodies overnight. After extensive washing with PBS, the
blots were incubated with secondary antibodies. Proteins were
detected by SuperSignal West Pico chemiluminescence (Thermo
Scientific). Band signals corresponding to immunoreactive proteins
were captured and chemiluminescence intensities were analyzed
using ChemiDoc 4000 MP documentation System (Biorad, CA).
2.9. Statistical analyses

Graphpad Prism 5 v. 5.01(1992–2009 Graphpad Software Inc.,
La Jolla, CA, USA) was used for statistical analysis. Survival curves
were estimated through Kaplan–Meier method and statistical sig-
nificance of survival rates between experimental groups was deter-
mined by log rank test. Student’s t-test or one-way ANOVA was
used to evaluate the significant difference between experimental
group and control or experimental groups, respectively. Statistical
significance was set at p < 0.05.
3. Results

3.1. Intravenous administration of VNA can prevent
immunocompetent mice from developing rabies if BBB permeability is
enhanced

Our previous studies revealed that intracerebral administration
of rRABV-GMCSF or a combination of inactivated rRABV and MCP-1
can prevent mice from developing rabies by stimulating the pro-
duction of VNA, enhancing the BBB permeability, and clearing
RABV from the CNS (Wang et al., 2011). To investigate if intrave-
nous administration of VNA together with MCP-1 can protect mice
from RABV infection, 4–6 week-old ICR mice were infected intra-
muscularly (biceps femoris muscle of left hindlimb) with 10
IMLD50 (50% mouse intramuscular lethal dose) of a street RABV
(DRV-Mexico) as described (Wang et al., 2011). At 5 days post
infection (dpi), mice were treated intravenously from the tail vein
with 150 ll of RABV-negative serum or RABV-antibody positive
serum (VNA titer: 8 IU). To enhance the BBB permeability, mice
were treated intracerebrally with 25 lg recombinant murine
MCP-1 (suspended in 40 ll of sterile ddH2O), which is known to
transiently enhance the BBB permeability (Stamatovic et al.,
2005). Mice were observed daily for 3 weeks for the development
of rabies and the results are shown in Fig. 1. All infected mice trea-
ted with medium only died by day 14 p.i. Only 10% of the mice sur-
vived after treatment with the combination of MCP-1 and RABV-
negative serum or with the positive serum alone without MCP-1.
These results indicate that treatment with MCP-1 alone does not
increase the survival rate after RABV infection in the absence of
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passively-transferred VNAs. Without MCP-1, VNA administered
intravenously are unable to pass into the brain to clear RABV. Com-
bined treatment with RABV-antibody positive serum and MCP-1
increased the survival rate to 60% (p < 0.05).

Brains from mice survived (3 weeks after treatment) from or
succumb (at the time of death) to rabies were harvested for virus
titration and detection of antibody j-light chain by RT-PCR
(Phares et al., 2006). The results are depicted in Fig. 2. High virus
titers (>104 FFU/ml) were detected in the brains of mice succumb-
ing to rabies and no virus was detected in the survived ones
(Fig. 2A). Similar results were also obtained when the viral geno-
mic RNA was detected (Fig. 2B). High VNA titers were detected in
the serum of surviving mice (Fig. 2C). The j-light chain mRNA level
in the brain was significantly higher in the surviving mice than in
the dead ones (Fig. 2D). These results indicate that intravenous
administration of VNA is crucial in the clearance of RABV from
the brain when the BBB permeability is enhanced. However, detec-
tion of j-light chain in the brain suggests that plasma cells enter-
ing into the CNS could have produced VNA in situ to provide
protection.

3.2. Passively transferred antibodies are able to reach the brain once
BBB permeability is enhanced

It has been shown that a single intracerebral dose of MCP-
1(25 lg) can induce FITC-albumin leakage to the mouse brain
(Stamatovic et al., 2005). To ensure that intravenously adminis-
Fig. 2. Virus titers and virus copy number in brains, serum VNA and the expression of j
without MCP-1 after infection with DRV-Mexico. ICR mice (groups of 10) at the age of 4–6
antibody negative (N) or positive serum (Ab) with or without recombinant murine M
euthanasia by developing paralysis in both hind legs (Dead) or survived through day 21
serum VNA (C) as well as the expression of j-light chain mRNA in brains (D) were determ
group f and g with only one C57BL/6 mouse survived. Asterisks indicate significant differ
ND: not done.
tered RABV VNAs are able to reach the brain after BBB permeability
is enhanced by MCP-1, ICR mice were given RABV-antibody posi-
tive serum intravenously with or without MCP-1 and the antibody
levels were analyzed 24 h later in both the brain and the serum.
The results are depicted in Fig. 3. The level of VNAs was found to
be similar in the serum of mice with or without MCP-1 treatment
(Fig. 3B) while the VNA levels in the brains of mice treated with
RABV-antibody positive serum in conjunction with MCP-1 were
significantly higher (�0.3 IU) than in mice treated with VNA-posi-
tive serum without MCP-1 (<0.1 IU) (Fig. 3A). Similar findings were
also observed when total IgG levels were measured by ELISA
(Fig. 3C and D). These results demonstrate that passively adminis-
tered VNAs are able to pass through BBB when BBB permeability is
enhanced with MCP-1.

3.3. Enhancement of BBB permeability peaked at 36 h after
administration of MCP-1 that correlates with the down-regulation of
tight junction protein expression

It has been shown that MCP-1 enhanced the BBB permeability
6–12 h after injection and the effect waned off 24–48 h
(Stamatovic et al., 2005). To investigate if infection with wt RABV
would change the dynamics of BBB permeability enhancement
by MCP-1, mice were infected with DRV-Mexico and then treated
with MCP-1 and RABV-antibody positive or negative serum at
5 dpi. NaF uptake was measured in mice at 12, 24, 36, and 48 h
after treatment with MCP-1. As shown in Fig. 4, infection with
-light chain mRNA in brains of immune-competent mice treated with VNA with or
weeks were infected i.m. with 10 IMLD50 DRV-Mexico and then treated with RABV-
CP-1 at 5 dpi. Sera and brains were harvested once mice reached the criteria of
(Survived). Virus titers (A) and viral genomic RNA copy number (B) in brains and

ined. Data from groups of n P 3 mice are presented as mean values ± SEM, except for
ences (⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001) between the indicated experimental groups.



Fig. 3. Serum VNA and total IgG in brains and sera of immune-competent mice
treated with VNA and/or MCP-1. ICR mice (groups of 3) at the age of 4–6 weeks
were treated with RABV-antibody positive serum (Ab) with or without recombinant
murine MCP-1. Mice were euthanized 24 h after the treatment and both sera and
brains were harvested. VNA in brains (A), serum VNA (B), total IgG in brains (C) and
serum total IgG (D) were determined. Data are presented as mean values ± SEM.
Asterisks indicate significant differences (⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001) between
the indicated experimental groups.
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DRV-Mexico alone did not change the BBB permeability when
compared to the controls. The enhancement of BBB permeability
was detected at 12 h, reached a peak at 36 h, and declined at
48 h after MCP-1 injection with the greater effect observed in the
cerebrum than in the cerebellum (Fig. 4A and B). These studies
indicate that infection with RABV does not change the dynamics
of BBB permeability enhancement by MCP-1.

MCP-1 has been reported to attract leukocytes and to increase
BBB permeability by redistributing tight junction proteins and
reorganizing actin cytoskeleton (Stamatovic et al., 2003). The
expression of tight junction proteins (occludin and claudin-5)
was measured by RT-PCR and Western blotting as described
(Chai et al., 2014). An inverse relationship was found between
the BBB permeability and the expression of tight junction proteins
(Fig. 4C and D). When the NaF intake increased in the brain of mice
after treatment with MCP-1 (12–36 h), the expression of tight
junction proteins decreased (12–36 h). When the BBB permeability
started to decline at 48 h, the expression of tight junction proteins
increased. These observations were confirmed by quantitative
Western blotting (Fig. 4E and F). These results suggest that MCP-
1 enhances the BBB permeability possibly through down-regula-
tion of tight junction proteins in the brain vasculature.
3.4. Treatment with VNA and MCP-1 is crucial for the clearance of
RABV from the brain

To determine if combined treatment with MCP-1 and RABV-
antibody positive serum is crucial in clearing RABV from the brain,
mice were infected with DRV-Mexico. At 5 dpi, mice were treated
with MCP-1 with or without RABV-antibody positive serum. Ani-
mals were sacrificed at 12, 24, 36, 48 h after treatment. Animals
were also sacrificed at the time when DRV-infected mice without
any treatment develop hindlimb paralysis (reached the euthanasia
criteria) at 10 dpi (indicated as D10) or survived at 15 dpi
(indicated as D15) to ensure the clearance of RABV from the brain
in an established infection. Brain and serum samples were col-
lected from sacrificed mice for detection of VNAs and total IgG.
Virus copy number and mRNA level of j-light chain were mea-
sured in the brain samples. The results are summarized in Fig. 5.
All mice treated with MCP-1 without RABV-antibody positive
serum reached euthanasia criteria before D15. Therefore, no sam-
ples were collected for this group (DRV+ MCP-1+N/D15).

In mice treated with MCP-1 without RABV-antibody positive
serum, no detectable levels of VNAs were found in the brain
(Fig. 5A) or in the serum (Fig. 5B) during the observation period,
suggesting that wt RABV (DRV-Mexico) is incapable of inducing
VNAs. VNAs were detectable in the brains shortly (12 h) after the
combined treatment (MCP-1 and RABV-antibody positive serum).
The level of VNAs in the brain reached a peak at 36 h and then
declined (Fig. 5A), corresponding to the enhancement of BBB per-
meability (Fig. 4). In the serum, VNA levels remained constant after
administration (Fig. 5B). VNA levels in both the brain and serum
continued to be significant at 10 and 15 dpi in mice treated with
MCP-1 and RABV-antibody positive serum while VNAs remained
undetectable in mice treated with MCP-1 but without RABV-anti-
body positive serum (Fig. 5A). These mice developed severe signs
of rabies. On the other hand, no significant differences were
observed in IgG levels in the brain and serum between DRV-
infected mice treated with MCP-1 with or without RABV-antibody
positive serum (Fig. 5C and D). IgG levels in the brains peaked
immediately 12 h after administration which correlates with the
timing of BBB permeability being enhanced by MCP-1 (Fig. 5C).
Together, these results suggest that wt RABV fails to elicit VNA
responses and passively-transferred RABV-antibody positive
serum along with MCP-1 is needed for mice to maintain a protec-
tive VNA level in the brain.

As shown in Fig. 5E, virus copy numbers increased steadily in
the brain of mice infected with DRV-Mexico and treated with
MCP-1 plus RABV-negative serum. The highest virus copy number
was observed on 10 dpi when infected mice developed severe clin-
ical signs. In contrast, viral genomic RNA gradually decreased in
the brains of mice infected with DRV-Mexico and treated with
MCP-1 and RABV-antibody positive serum. Similar results were
also observed for virus titers (data not shown). The decrease in
virus copy numbers and titers corresponds to the increase of
VNA in the brain. At 10 dpi, virus copy number in the brain of mice
treated with RABV-negative serum was 1000 times more than in
mice treated with RABV-antibody positive serum. Similar virus
copy numbers were detected in the brains of mice infected with
DVR-Mexico and treated with MCP-1 alone and those without
any treatment at 10 dpi. By 15 dpi (10 days after treatment), virus
was no longer detectable in the surviving mice treated with MCP-1
and RABV-antibody positive serum. These findings indicated that
MCP-1 alone is not capable of clearing RABV from the brain.
Instead, intravenous administration of VNA, in addition to MCP-
1, is crucial in clearing RABV from the brain.

The copy numbers of j-light chain as detected by RT-PCR were
similar in the brains of mice treated with MCP-1 plus RABV-anti-
body positive or negative serum (Fig. 5F). The level was very low
in the beginning stage of infection and reached high levels by
10 dpi. However, the copy numbers of j-light chain were signifi-
cantly higher in mice with MCP-1 treatment than without. These
data may indicate that plasma cells induced by infection with
DRV-Mexico can cross the BBB after treatment with MCP-1.

3.5. VNA in the absence of antibody-producing cells can prevent mice
from developing rabies after BBB is compromised in B-deficient mice

To exclude the possibility that VNA-producing plasma cells
entering into the CNS are absolutely required to clear RABV from



Fig. 4. BBB permeability in cerebrum and cerebellum as well as the expression of tight junction proteins (occludin and claudin-5) in brains of immune-competent mice
treated with MCP-1 with or without VNA after infection with DRV. ICR mice (groups of 3) at the age of 4–6 weeks were infected i.m. with 10 IMLD50 DRV-Mexico and then
treated with recombinant murine MCP-1 and RABV-antibody negative (N) or positive serum (Ab) at 5 dpi. BBB permeability in cerebrum and cerebellum, (A) and (B),
respectively, and mRNA and quantitative (Western blotting) expression of occludin (C and E) and claudin-5 (D and F) were determined at 12, 24, 36, 48 h after the treatment.
Data from groups are presented as mean values ± SEM. Asterisks indicate significant differences (⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001) between the control and experimental
groups.
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the CNS, the experiment as summarized in Fig. 1 was repeated in
B-cell deficient mice. B6.129S2-Ighmtm1Cgn/J (B-cell deficient) and
C57BL/6J (background) mice were inoculated intramuscularly with
10 IMLD50 DRV-Mexico. Half of the mice were left untreated and
the other half treated intravenously with RABV-antibody positive
serum in conjunction with MCP-1 at 5 dpi. Without treatment
(MCP-1 or VNA), B-cell deficient and C57BL/6J mice all died by
12–14 dpi (Fig. 6). Eighty percent of the C57BL/6J mice treated with
RABV-antibody positive serum and MCP-1 survived (Fig. 6) and j-
light chain mRNA was detected in the CNS of surviving mice
(Fig. 7D). Only 25% of the B6.129S2-Ighmtm1Cgn/J mice survived
when treated at day 5 after infection (Fig. 6) despite the fact that
VNA titers were still high in the serum (Fig. 7C). This might be
due to the fact that VNA level declined 48 h after injection of
MCP-1 (Fig. 5). Thus additional dose of MCP-1 was given at day 7
after infection, which increased significantly (p < 0.05) the survival
rate from 25% (MCP-1 given only at 5 dpi) to 78% (MCP-1 given at
both 5 and 7 dpi) in B6.129S2-Ighmtm1Cgn/J mice (Fig. 6). Yet, no j-
light chain was detected in the CNS of these mice (Fig. 7D). Virus
was detected only in the brains of mice succumbed to rabies, but
not in those that survived (Fig. 7A and B). From these results, it
is clear that antibody-producing plasma cells are not absolutely
required to clear RABV if sufficient VNAs are allowed to enter the
CNS.
4. Discussion

Our previous studies indicated that intracerebral administra-
tion of rRABV-GMCSF could stimulate the production of VNA,



Fig. 5. VNA and total IgG in brains and sera, viral copy number and the expression of j-light chain mRNA in brains of immunocompetent mice treated with MCP-1 with or
without VNA after infection with DRV. ICR mice (groups of 3) at the age of 4–6 weeks were infected i.m. with 10 IMLD50 DRV-Mexico and then treated with recombinant
murine MCP-1 (25 lg/mouse, i.c.) and RABV-antibody negative (N) or positive serum (Ab) at 5 dpi. Mice were euthanized at 12, 24, 36, 48 h after the treatment) as well as at
10 dpi (indicated as D10) or survived at 15 dpi (indicated as D15). There is another group of one ICR mouse with only DRV infection and sacrificed at 10 dpi (DRV/D10). Both
sera and brains from all groups were harvested for determination of VNA in brains (A) and in sera (B), total IgG in brains (C) and sera (D), viral genomic RNA copy number in
brains (E) and the expression of j-light chain mRNA in brains (F). Data are presented as mean values ± SEM. Asterisks indicate significant differences (⁄p < 0.05, ⁄⁄p < 0.01,
⁄⁄⁄p < 0.001) between the corresponding time points of MCP-1 with N or Ab groups. ND: not done.

Fig. 6. Protective efficacy in B-cell deficient mice treated with VNA and MCP-1after
infection with DRV. C57BL/6J and Ighmtm1Cgn (B-cell deficient) mice (groups of 8) at
the age of 4–6 weeks were infected i.m. with 10 IMLD50 DRV-Mexico and then
treated with RABV- antibody positive serum (Ab) in conjunction with MCP-1 at
5 dpi or at both 5 and 7 dpi. Infected and treated mice were observed daily for
21 days and survivorship was recorded and analyzed. Asterisks indicate significant
differences (⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001) between the indicated experimental
groups.
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enhance the BBB permeability, and clear RABV from the brain,
therefore, preventing mice from developing rabies as late as 5 days
after infection with a wt RABV. However, administration of inacti-
vated rRABV-GMCSF did not improve the survival rate despite the
fact that VNA was produced in the periphery. Yet enhancing the
BBB permeability by MCP-1 could improve the survivor rate of
mice treated with inactivated rRABV-GMCSF (Wang et al., 2011).
In the present study, we demonstrated that exogenously delivered
VNA is crucial in clearing an established infection by wt RABV in
the brain and preventing the development of rabies in immuno-
competent and immunodeficient mice as long as the BBB perme-
ability remains enhanced.

Despite natural infection of mice being rare, mouse models
have been used in many rabies studies given their short incubation
period. Unlike humans where RABVs may take weeks to reach the
CNS from the site of exposure and cause clinical illness, the spread
of RABVs to the CNS in mice is rapid with virus generally being
detectable in CNS tissues within 48 h of infection (Hooper, 2005).
Clinical signs, particularly neurologic signs, are believed to indicate
neuronal injury/dysfunction related to virus replication in CNS
neurons. Hindlimb paralysis, a major neurological sign of rabies
infection in mice, may not be the best endpoint for wt rabies infec-
tion in mice, especially given that infection of spinal neurons was
believed to be the cause of hindlimb paralysis in infections with
laboratory rabies strain (CVS-11). However, our previous studies
demonstrated that the highest RABV titer was detected in the
brains, at 9 dpi, right before RABV-infected mice develop hindlimb
paralysis (Wang et al., 2011). Therefore, it was used as the humane
endpoint in present this study to demonstrate the clearance of
RABV from the CNS by passively transferred antibodies and also
to minimize the suffering of the infected mice. BBB is a physical
and physiological barrier formed by the endothelial tight junctions,
impeding the influx of most compounds from the peripheral circu-



Fig. 7. Virus titers and virus copy number in brains, serum VNA and the expression of j-light chain mRNA in brains of B-cell deficient mice treated with RABV-antibody
positive serum and MCP-1 after infection with DRV. C57BL/6J and Ighmtm1Cgn (B-cell deficient) mice (groups of 8) at the age of 4–6 weeks were infected i.m. with 10 IMLD50
DRV and then treated with RABV-antibody positive serum (Ab) in conjunction with MCP-1 at 5 dpi or at both 5 and 7 dpi. Infected and treated mice were observed daily for
21 days. Both sera and brains were harvested once mice reached the criteria of euthanasia by developing paralysis in both hind legs (Dead) or survived through day 21
(Survived) for the determination of virus titers (A) and viral genomic RNA copy number (B) in brains, serum VNA (C) and j-light chain mRNA in brains (D). Data from groups
of n P 3 mice are presented as mean values ± SEM, except for group e with only one C57BL/6J mouse dead. Asterisks indicate significant differences (⁄p < 0.05, ⁄⁄p < 0.01,
⁄⁄⁄p < 0.001) between the indicated experimental groups. ND: not done.
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lation to enter the CNS (Abbott et al., 2010; Ballabh et al., 2004).
Thus, BBB plays an important role in maintaining the homeostasis
in the CNS (Neuwelt, 2004) and enhancement of BBB permeability
has often been associated with CNS diseases (Spindler and Hsu,
2012). Some viruses, such as lymphocytic choriomeningitis virus
and attenuated RABV, that infect the CNS can enhance the BBB per-
meability resulting in infiltration of inflammatory cells and patho-
logical changes (Kim et al., 2009; Phares et al., 2006). In wt RABV
infection, however, BBB permeability is not enhanced since RABV
bypasses the BBB and enter the CNS via axonal transport directly
from the site of peripheral inoculation (Hooper et al., 2009; Roy
and Hooper, 2008). Enhancement of BBB permeability is thus
required for immune effectors to enter into the CNS to clear RABV
and prevent the occurrence of rabies (Phares et al., 2006; Roy et al.,
2007). To enhance the BBB permeability for RABV clearance from
the CNS, lab-attenuated RABV (Phares et al., 2006) and recombi-
nant RABV expressing three copies of G (Faber et al., 2009) or
GM-CSF (Wang et al., 2011; Wen et al., 2011) have been directly
injected into the brain and were found to stimulate VNA produc-
tion and enhance the BBB permeability, resulting in the clearance
of RABV from the CNS and prevention of the development of rabies
in the mouse model after infection with wt RABV.

MCP-1 has been reported to transiently enhance the BBB per-
meability in mice without causing obvious side effects
(Stamatovic et al., 2005) and has been used to enhance the BBB
permeability for RABV clearance in our previous studies (Wang
et al., 2011). In the present study, the role of MCP-1 in enhancing
the BBB permeability was investigated, including the dynamics of
BBB permeability change, the level of RABV VNA in the brain,
and the down-regulation of tight junction proteins in the brain vas-
culature. A single intracerebral dose of MCP-1 enhanced the BBB
permeability significantly over the control mice. The enhancement
reached a peak by 36 h, an observation similar to that previously
reported (Stamatovic et al., 2005). Administration of MCP-1
resulted in the reduction of TJ protein (occludin and claudin-5)
expression in our studies. It has been known that enhancement
of BBB permeability correlates with the reduction of TJ protein
expression in the brain vasculature (Chai et al., 2014; Kirk et al.,
2003; Kniesel and Wolburg, 2000; Liao et al., 2012). Our results
further support the functional role for the cytoplasmic anchorage
of TJ particles for brain endothelial barrier function. VNA levels
in the brains were also measured to evaluate whether the compro-
mised BBB allows antibodies to leak into the brain. The possible
interference of circulating antibodies, particularly VNAs, in brain
vasculature was minimized by PBS perfusion before sample collec-
tion as previously described (Yu et al., 2011). It is always possible
that residual antibodies which did not pass the BBB may not be
completely eliminated by perfusion. However, VNA in the brain
was found to be significantly higher in mice treated with the com-
bination of VNA and MCP-1 than in mice treated with VNA alone,
which indicates that significantly more VNA passed through the
BBB with MCP-1 treatment since the VNA level in the serum was
similar in these animals. Therefore, enhancement of BBB perme-
ability allowed intravenously administered VNA to pass through
the BBB and into the brain which inhibited RABV replication, lead-
ing to eventual clearance of RABV from the brain and prevention of
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the development of rabies. Without MCP-1, intravenously adminis-
tered VNA cannot pass through the BBB to clear RABV in the brain
and prevent the development of rabies. Enhancement of BBB per-
meability alone, however, cannot prevent the development of
rabies in mice infected with wt RABV as has been demonstrated
clearly in previous (Wang et al., 2011) and this study. Although
MCP-1 is capable of recruiting leukocytes into the CNS (Yadav
et al., 2010) and intracerebral injection of MCP-1 may induce a
localized inflammation secondary to the mechanical stimuli,
MCP-1 (i.c.) alone or a combination of MCP-1 (i.c.) and negative
serum (i.v.) is insufficient to clear wt RABV from the brain and pre-
vent the development of rabies. These studies indicate that MCP-1
alone or mechanical stimuli of intracerebral injection does not lead
to the clearance of RABV from the brain or increase survival.

VNA has been suggested to be produced in the brains of mice
infected with attenuated RABV (CVS-F3) which may thus contrib-
ute to RABV clearance (Hooper et al., 2009). However, it has been
known for a long time that natural infection with wt RABV does
not induce a strong antiviral immune responses (Baltazard and
Ghodssi, 1954). Hemachudha (1994) reported that less than 30%
of the human rabies patients developed VNA at the time of death.
In this present study, no VNA was detected in mice infected with
DRV-Mexico and all mice died without any intervention. This find-
ing further suggests that although non-VNA could be made in the
brain, it does not contribute to survival during wt rabies infections.
The mechanism by which wt RABV does not induce the production
of VNA is not entirely clear at the moment and further studies are
warranted.

It has been hypothesized that it is the VNA produced in situ
(CNS) by invading B cells, not those produced in the periphery
and then transported into the CNS, are important in clearing RABV
from the CNS (Hooper et al., 2009). Passively transferred VNA via
intraperitoneal route failed to clear attenuated RABV from the
brain in B-cell deficient mice. However, our studies summarized
here demonstrate a different result in the wt RABV-infected mouse
model, which is likely more relevant to clinical rabies in humans.
The intravenously administered VNA is important in clearing wt
RABV from the brain and preventing the development of rabies
not only in immunocompetent mice, but also in B-cell deficient
mice as long as the BBB permeability remains enhanced. Thus pro-
duction of VNA in situ (brain) by plasma cells is not absolutely
required for wt RABV clearance from the brain. Similar results have
also been reported for coronavirus-induced encephalomyelitis.
Although recruitment of virus-specific antibody-secreting cells
(ASC) mediated by CXCR3 has been found helpful in controlling
coronavirus-induced encephalomyelitis (Marques et al., 2011;
Phares et al., 2013), viral recrudescence can be prevented in B-
cell-deficient and IgM�/� mice by intraperitoneal administrations
of JHMV-specific neutralizing antibodies (Lin et al., 1999;
Ramakrishna et al., 2003). Thus these findings further demonstrate
that production of VNA in situ (brain) by antibody-secreting cells
(ASC) is not absolutely required for clearance of viruses from the
brain.

It was found in our study that MCP-1 has to be administered
twice (at 5 and 7 dpi) in B-cell deficient mice in order to achieve
a similar rate of protection as found in immunocompetent mice
after one injection. We attribute this to the transient nature of
MCP-1 in enhancing the BBB permeability (Stamatovic et al.,
2005) and the low level of VNA present in the brain (�0.3 IU)
despite the fact that VNA level in the serum remains high (3–
4 IU). Thus continued enhancement of BBB permeability is required
for maintaining sufficient VNA level in the brain to clear RABV. It
was speculated that B cell deficient mice could mediate non-anti-
body dependent antiviral mechanisms and thus play a role in the
clearance of RABV from the brain. However, all mice died without
being treated with RABV antibody-positive serum and more mice
survived when treated with MCP-1 twice than those treated only
once, further indicating that VNA passing into the brain from the
periphery played a decisive role in clearing RABV from the brain
in the B-cell deficient mice.

Although traditional inactivated RABV vaccines have been used
for pre- and post-exposure prophylaxis in humans with high safety
and efficacy, they are not useful for delayed treatment and can
even accelerate the rabies (CDC, 2010; Rupprecht et al., 2002;
Sampath et al., 2005). Other vaccines, such as, live-attenuated
RABV vaccine and recombinant vaccine expressing RABV G, are
limited to use only in wildlife animals (Brochier et al., 1991;
Hanlon et al., 1998; Schumacher et al., 1993). Recent studies sug-
gested that live-attenuated vaccines expressing multiple copies
of the G or immune-stimulating molecules not only have the
potential to replace the traditional inactivated RABV vaccines,
but also can clear RABV from the CNS if administered intracere-
brally (Faber et al., 2009; Wang et al., 2011). However, intracere-
bral administration of live-attenuated or recombinant RABV still
possesses safety concerns. Our results demonstrated that VNA
can be administered by intravenous route and is crucial for RABV
clearance from the brain before the appearance of clinical signs.
It would be interesting to initiate the treatment after the appear-
ance of clinical signs. However, there are still obstacles to over-
come. For example, virus burden will increase and changes in
neuronal injury/dysfunction may not be reversible at late stage
of RABV infection. Thus further studies are warranted. Neverthe-
less, the findings presented in this study provide a foundation for
developing VNA therapy for human clinical rabies.
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