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Abstract

Our previous studies indicated that recombinant rabies viruses (rRABV) expressing chemokines or cytokines (including GM-
CSF) could enhance the immunogenicity by recruiting and/or activating dendritic cells (DC). In this study, bacterial flagellin
was cloned into the RABV genome and recombinant virus LBNSE-Flagellin was rescued. To compare the immunogenicity of
LBNSE-Flagellin with recombinant virus expressing GMCSF (LBNSE-GMCSF), mice were immunized with each of these
rRABVs by intramuscular (i.m.) or oral route. The parent virus (LBNSE) without expression of any foreign molecules was
included for comparison. The i.m.-immunized mice were bled at three weeks after the immunization for the measurement
of virus neutralizing antibody (VNA) and then challenged with 50 LD50 challenge virus standard (CVS-24). Orally immunized
mice were boosted after three weeks and then bled and challenged one week after the booster immunization. It was found
that both LBNSE-GMCSF and LBNSE-Flagellin recruited/activated more DCs and B cells in the periphery, stimulated higher
levels of adaptive immune responses (VNA), and protected more mice against challenge infection than the parent virus
LBNSE in both the i.m. and the orally immunized groups. Together, these studies suggest that recombinant RABV expressing
GM-CSF or flagellin are more immunogenic than the parent virus in both i.m. and oral immunizations.
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Introduction

Rabies remains a public health threat around the globe and

more than 55,000 humans die each year from rabies [1,2].

Most of the human cases occur in the developing countries of

Asia and Africa where canine rabies is endemic [1]. Routine

vaccination of dogs is not carried out due to the lack of political

will, limited resources and the large population of stray dogs,

which are not accessible for parenteral vaccination, resulting in

the low coverage of vaccination in dogs [1].In the developed

countries, human rabies has been eliminated or reduced to a

minimum due to rabies control programs during the past 60

years (routine and mass vaccination of dogs) [1]. However,

rabies in wildlife becomes a major threat. It has been reported

that more than 90% animal rabies cases occur in wildlife such

as raccoons, bats, skunks and foxes in the United States [3,4].

Bat rabies, particularly the silver-haired bat rabies virus

(SHBRV), emerged to be the major source for human infections

in the past two decades [5,6].Therefore, major challenges for

rabies control are to immunize stray dogs in the developing

countries and wildlife in the developed countries.

Currently inactivated vaccines are used for routine vaccination

of pet animals [7], however, multiple immunizations have to be

carried out to provide sufficient immunity throughout the life of

the animals. Furthermore, vaccination of puppies ,3 months of

age fails to induce protective immunity, although maternal

antibodies declined to undetectable levels by 6 weeks of age [8].

There is a period from the time of the waning maternal antibody

to the time of active immunity during which the young animals

may not be protected [9]. Most importantly, the inactivated

vaccines are expensive to be used in the developing countries and

the population of stray dogs is not accessible for any vaccines given

parenterally [10]. It is thus important to develop ways for

immunizing stray dogs.

Oral rabies vaccines have been successfully developed for

wildlife. In the earlier days, an attenuated RABV, Street Alabama

Dufferin (SAD) B19, was used in Europe, which resulted in

immunization of foxes and stopped RABV spread to untreated

areas [11,12]. However, SAD can cause disease in rodents [13]

and domestic animals [14]. Further attenuation of SAD by

selecting neutralizing antibody escape mutants resulted in the

development of SAG-2 [15,16] that has been used as vaccine for
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wildlife in many countries in Europe [16–19]. However, a low

level of virus-neutralizing antibody (VNA) response has been

reported after oral immunization in dogs with SAG-2 [20].

Another widely used oral vaccine for wildlife is the recombinant

vaccinia virus expressing RABV G (VRG) [21]. Application of

VRG in bait systems resulted in large-scale elimination of fox

rabies in parts of Europe [22]. Similar applications of VRG in the

United States resulted in a blockade of coyote rabies spread in

Texas [23]and raccoon rabies spread in other states [24–26].

Although VRG is safe in animals, and efficacious in stimulating

active immunity, its exposure to humans can induce intensive skin

inflammation and systemic vaccinia infection [27–29].Therefore,

affordable, safe and efficacious rabies vaccines are needed,

particularly for vaccination of stray dogs in the developing

countries.

Our previous studies have shown that rRABV expressing

chemokines/cytokines including granulocyte-macrophage colony-

stimulating factor (GM-CSF), macrophage-derived chemokine

(MDC), and macrophage inflammatory protein (MIP-1a),can

enhance RABV immunogenicity via recruitment and/or activa-

tion of DCs [30]. However, Lee et al. demonstrated that despite of

the high degree of homology (54%)between the polypeptide of

murine GM-CSF and human GM-CSF, the two polypeptides are

species specific [31]. In order to overcome possible species specific

differences in chemokines and cytokines, bacterial flagellin gene

was cloned into RABV to enhance its immunogenicity. Flagellin,

the structural component of bacteria flagellar filament, is the

ligand for Toll-like Receptor 5 (TLR5) and it can induce the

expression of CD80 and CD86 on human immature DCs as well

as a variety of chemokines and cytokines such as TNF-alpha, IL-1

beta, and MIP-1 alpha [32]. Because flagellin induces DC

maturation [32–35], it has been used as a potent systemic and

mucosal adjuvant in vaccine development [36–43]. In the present

study, the gene for bacterial flagellin was cloned in to the genome

of the parent virus LBNSE, which was based on SAD B19 strain

with two mutations in G protein [30,44,45]. This rRABV

(LBNSE-Flagellin) was rescued and used to immunize mice in

comparison with LBNSE-GMCSF. It was found that both

LBNSE-Flagellin and LBNSE-GMCSF recruited/activated more

DC and B cells and provided better protection against challenge

infection than the parent virus after both intramuscular (i.m.) and

oral immunizations.

Materials and Methods

Ethics Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. All

animal experiments were carried out as approved by the

Institutional Animal Care and Use Committee, University of

Georgia (animal welfare assurance number: A3085-01). All efforts

were made to minimize animal suffering.

Cells, Viruses, Antibodies, and Animals
BSR cells, a cloned cell line derived from baby hamster kidney

(BHK-21) cells, and mouse neuroblastoma (NA) cells [51] were

cultured in Dulbecco’s modified Eagle’s medium (DMEM)

(Mediatech, Herndon, VA) or RPMI 1640 medium (Mediatech)

supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand

Island, NY). LBNSE is a recombinant RABV, which is construct-

ed from SAD-B19 strain [44,45]with mutation of the G at amino

acid (aa) positions 194 and 333 [30]. Previous study indicated that

with the mutations at amino acid positions 194 and 333 of G

protein can result in the virus nonpathogenic for adult mice after

intracranial infection [46].LBNSE-GMCSF is a rRABV based on

the LBNSE that expresses GM-CSF [30]. Challenge virus

standard 11 (CVS-11) was propagated in NA cells, while CVS-

24 was propagated in suckling mouse brains. Fluorescein

isothiocyanate (FITC)-conjugated antibody against the RABV N

protein was purchased from Fujirebio Diagnostics, Inc. (Malvern,

PA). Antibodies used in flow cytometric analysis, i.e. anti-CD4

(clone GK1.5), anti-CD8 (clone 53-6.7), anti-CD11b (clone M1/

70), anti-CD11c (clone HL3), anti-CD40 (clone 3/23), anti-CD80

(clone 16-10A1), and anti-CD86 (clone GL1),were purchased from

BD Pharmingen (San Jose, CA), and anti-CD19(clone 1D3) from

eBioscience (San Diego, CA).Female ICR and BALB/c mice were

purchased from Harlan and housed in the animal facility of the

College of Veterinary Medicine, University of Georgia.

Construction of LBNSE-Flagellin cDNA Clone
The LBNSE-Flagellin cDNA clone was generated from LBNSE

as described previously [30,47]. Briefly, the vector pLBNSE were

digested with BsiWI and NheI between the G and L genes.

Flagellin gene was amplified from a plasmid expressing flagellin

from Salmonella enterica subsp. Enterica serovar Paratyphi A

(kindly supplied by Dr. Margie Lee, Department of Population

Health, College of Veterinary Medicine, University of Georgia)

and inserted into the vector pLBNSE between these two sites. Two

primers were used for amplifying flagellin gene (forward primer:

59-TGCTCGTACGATGGCACAAGTCATTAAT-39andreverse

primer: 59-GCTAGCTAGCTTAACGCAGTAAAGAGAG-39,

BsiWI and NheI sites were underlined). The amplified fragment

was inserted into the pLBNSE.

Rescue of rRABV LBNSE-Flagellin
LBNSE-Flagellin was rescued as described previously [30].

Briefly, 2.0 mg of the full-length infectious clone,0.5 mg of N helper

plasmid, 0.25 mg of P helper plasmid, 0.1 mg of L helper plasmid

and 0.15 mg of G helper plasmid were transfect into BSR cells

using the SuperFect transfection reagent (Qiagen, Valencia, CA)

according to the manufacturer’s protocol. After 4 days incubation

at 34uC, the culture medium was discarded and fresh medium

replenished for further incubation (3 more days). Cell culture

medium was harvested and tested for rescued virus after reaction

with FITC-conjugated anti-RABVN antibody.

Virus Titration
Virus titration was performed with the direct fluorescent

antibody assay (dFA) in NA cells. NA cells in a 96-well plate

were inoculated with serial 10-fold dilutions of virus and incubated

at 34uC for 48 h. The cell culture medium was discarded, 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-

conjugated anti-RABV N antibody at 37uC. Antigen-positive foci

were counted under a fluorescence microscope (Zeiss, Germany)

and virus titer calculated as fluorescent focus units per milliliter

(FFU/ml). All titrations were carried out in quadruplicate.

Mouse Immunization and Challenge Experiment
For intramuscular immunization, groups of 25 ICR mice

(Female, 6–8 weeks old) were immunized at the quadriceps muscle

with 106 FFU of LBNSE, LBNSE-Flagellin, LBNSE-GMCSF or

DMEM in 100 ml volumes. At 21 days after immunization, mice

were intracerebrally (i.c.) challenged with 50 mouse intracerebral

lethal dose 50 (MICLD50) of CVS-24 in 40 ml and observed daily

for 3 weeks. For oral immunization, groups of 10 ICR mice

Recombinant RABV for Oral Immunization
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(Female, 6–8 weeks old) were given 50 ml of 107 FFU of LBNSE,

LBNSE-Flagellin, LBNSE-GMCSF or DMEM into the oral cavity

via a needleless syringe. Three weeks post immunization, booster

immunization were carried out with the same dose of rRABVs via

the oral route. The mice were challenged with 40 ml of

50MICLD50 of CVS-24 through i.c. route7 days after booster

immunization.

Western Blotting
NA cells were sham-infected or infected with different viruses

and then lysed with RIPA buffer (Thermo Scientific). The lysates

were centrifuged at 12,000 rpm for 15 min and the supernatants

were mixed with Laemmli Buffer (BIO-RAD).Proteins were

resolved by 10% SDS-PAGE, transferred on to a nitrocellulose

(NC) membrane, and incubated with mouse anti-Flagellin

antibody (Invitrogen, at a dilution of 1:500)or mouse anti-b-Actin

antibody(SIGMA-ALDRICH, at a dilution of 1:4000). After

incubation with goat anti-mouse secondary antibody labeled with

horseradish peroxidase (HRP) at dilution of 1:10000, the NC

membrane was incubated with CN/DAB Substrate kit (Thermo

Scientific) for color development.

Rapid Fluorescent Focus Inhibition Test (RFFIT)
Blood was collected from mice for measurement of VNA using

the RFFIT as described previously [30]. Briefly, 50 ml of serial

five-fold dilutions of serum were prepared in Lab-Tek Chamber

slides (NalgeNunc International, Rochester, NY). Fifty FFD50

(50% Fluorescing Foci dose) of CVS-11 was added to each

chamber and incubated for 90 min at 37uC. NA cells (105 cells)

were added into each chamber and incubated at 37uC for 20 hr.

Then the cells were fixed with 80% ice-cold acetone for 30 min

and stained with FITC-conjugated anti-RABV N antibody at

37uC for 1 hr. After washing with PBS three times, twenty fields in

each chamber were observed under a fluorescent microscope, and

the 50% endpoint titers were calculated according to the Reed-

Meunch formula [48]. The values were compared with that

obtained from the reference serum (purchased from the National

Institute for Biological Standards and Control, Herts, UK) and

normalized to international units (IU/ml).

Cultivation of Bone Marrow-derived DCs
Bone marrow-derived DCs were isolated as described previously

[30,49,50]. Briefly, BALB/c mice were euthanized and bone

marrow collected by cutting and collecting the bone between the

femur and hip joints. Bone marrow was transferred to a 6-well

plate through flushing by a 10-ml syringe loaded with RPMI 1640

and dissociated into single cell suspension. The DC precursors

were counted on a hemocytometer and adjusted to a density of

26105 cells per ml, then cultured in DC medium (RPMI medium

containing 0.1% 2-mercaptoethanol, 16nonessential amino acids,

and16sodium pyruvate) supplemented with 40 ng/ml recombi-

nant mouse GM-CSF.

Flow Cytometry
Inguinal, cervical, and mesenteric lymph nodes as well as blood

were collected from mice (red blood cells in the blood were lysed

by ACK Lysing Buffer (BioSource International, Camarillo, CA).

Single-cell suspensions were prepared at106 cells/ml in Stain

Buffer (BD Pharmingen) and then stained with antibodies against

CD40, CD19, CD11b, CD11c, CD80 and CD86 at 4uC for

30 min. After staining with antibodies, cells were washed three

times and then fixed with 1% paraformaldehyde. Flow cytometery

was performed on LSR-II flow cytometer (BD Bioscience) and

data analyzed by BD FACSDiva (BD Pharmingen) and FlowJo

software (Tree Star).

Statistical Analyses
Statistical significance among experimental groups was deter-

mined using one-way ANOVA or Fisher’s exact test (x2).

Results

Generation and Characterization of rRABV Expressing
Flagellin in vitro

Our previous studies indicated that over-expression of chemo-

kine MIP-1 alpha [51]and cytokine GM-CSF [30]enhanced the

innate and adaptive immune responses by activating and

recruiting DC. To overcome the possible species specificity of

GM-CSF, the flagellin gene from Salmonella enterica subsp.

Enterica serovar Paratyphi was cloned into the LBNSE genome

(Fig. 1A) as described previously [30]. The insertion of the flagellin

gene was confirmed by sequencing the infectious clone and the

rRABV was rescued in BSR cells using the procedures described

[52]. The rRABV was designated as LBNSE-Flagellin. In order to

characterize LBNSE-Flagellin in vitro, viral growth kinetics were

examined in BSR and NA cells. As shown in Fig. 1B and 1C,

LBNSE-Flagellin grew in both BSR and NA cells as efficiently as

the parent strain LBNSE, indicating that viral replication is not

affected by the insertion of flagellin gene. The expression of

flagellin was detected by Western blotting. Since the lack of a

eukaryotic signal sequence in the flagellin gene, flagellin was

predicted to be restricted primarily inside the infected cells. As

shown in Fig. 1D, no flagellin was expressed in cells sham-infected

or infected with LBNSE, while LBNSE-Flagellin expressed

flagellin in a dose-dependent manner. To investigate if LBNSE-

Flagellin can activate DCs in vitro as well as LBNSE-GMCSF [30],

bone marrow-derived DCs were isolated from BALB/c mice and

co-cultured with each of the rRABVs. LPS and PolyI:C were used

as positive controls. As shown in Fig. 1E, both LBNSE-Flagellin

and LBNSE-GMCSF activated significantly more DCs than the

parent virus LBNSE. The results suggest that LBNSE-Flagellin,

similar to LBNSE-GMCSF, can activate bone marrow derived-

DCs in vitro.

Recruitment and Activation of DCs and B cells in vivo by
rRABVs

Our previous study has shown that rRABV LBNSE-GMCSF

can recruit and/or activate DCs and B cells in vivo [30]. Flagellin

has been reported to stimulate the maturation and activation of

human DCs [32,53]. To investigate if LBNSE-Flagellin can induce

the recruitment and maturation of DCs, BALB/c mice were

immunized with 106 FFU of rRABV by the i.m. route. Flow

cytometric analysis was carried out to detect the recruitment and

activation of DCs and B cells in the draining lymph nodes and the

blood at 3, 6 and 9 days post infection (dpi).As shown in Fig. 2A

and 2C, significantly more DCs (CD86+ and CD11c+) and B cells

(CD40+ and CD19+) were detected in the draining lymph nodes

(inguinal) of mice immunized with LBNSE-Flagellin and LBNSE-

GMCSF than in mice immunized with the parent virus LBNSE at

6 and 9 dpi. Significantly more DCs were detected in the blood of

mice immunized with LBNSE-GMCSF than in those immunized

with the parent virus at all time points (3, 6, 9 dpi), while

significantly more DCs were observed in the blood of mice

immunized with LBNSE-Flagellin than in mice immunized with

the parental virus at 9 dpi(Fig. 2B). Thus the difference in

peripheral immune activation indicates that the LBNSE-GMCSF

induces early recruitment and/or activation of DCs, whereas,

Recombinant RABV for Oral Immunization
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LBNSE-Flagellin shows delayed activation of DCs in the

peripheral blood. Significantly more activated B cells were

detected in the blood of mice immunized with LBNSE-Flagellin

or LBNSE-GMCSF than in mice immunized with the parent virus

at 6 dpi, while the significant difference was only found in mice

immunized with LBNSE-GMCSF at 9dpi(Fig. 2D). This result

Figure 1. Construction and in vitro characterization of rRABV expressing flagellin. Schematic diagram for the construction of rRABVs
LBNSE, LBNSE-GMCSF, and LBNSE–Flagellin (A). The pLBNSE vector was constructed from SAD B19 by deleting the long non-coding region of the G
gene and adding BsiWI and NheI sites between the G and L genes [30]. N, P, M,G and L represented RABV nucleoprotein, phosphoprotein, matrix
protein, glycoprotein, and polymerase genes, respectively. Mouse GM-CSF [30] and bacterial flagellin genes were individually cloned between the G
and L instead of thelong non-coding region of the G gene. Virus growth curves were determined on BSR cells (B) or NA cells (C). Cells were infected
with either the LBNSE or LBNSE-Flagellin at a multiplicity of infection (MOI) of 0.01. The culture supernatants were harvested at 1,2,3, 4 and 5 dpi, and
viral titers determined as described in Materials and Methods. All titrations were carried out in quadruplicate. The level of flagellin expression was
determined by Western blotting analysis (D). NA cells were sham-infected, infected with LBNSE-Flagellin, (MOI = 1, 0.01, or 0.001), or LBNSE (MOI = 1)
for 24 hrs, then cells were collected and lysed for Western blotting. The levels ofb-Actin were assayed as a loading control. Activation of bone
marrow-derived DCs by rRABV was determined (E), Bone marrow was harvested from BALB/c mice, and DC precursors were cultured with GM-CSF.
The cells were infected with each of the rRABVs. The expression of DC activation markers (CD11c+and CD86+) was analyzed with flow cytometery.
Both LPS and PolyI:C were used as positive controls, and the medium from untreated cells (Mock) was used as negative controls. Data are the means
from three independent experiments. The horizontal lines represent the geometric mean for each group, and statistical analysis was performed by
one-way ANOVA. (*,P,0.05;**,P,0.01;***,P,0.001).
doi:10.1371/journal.pone.0063384.g001
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indicates LBNSE-GMCSF induces persistent B cell activation,

while LBNSE-Flagellin activates B cell transiently. All these data

suggest that both LBNSE-GMCSF and LBNSE-Flagellin can

recruit and/or activate more DCs and B cells in lymph nodes and

peripheral blood than the parent virus.

VNA Induction and Protection by rRABV via i.m.
Immunization

In order to determine if the rRABVs induce more VNA

production than the parent RABV, mice (10 in each group) were

immunized once by the i.m route (hind leg) with 106 FFU of

rRABVs. Blood samples were collected at 21 dpi, and serum VNA

was determined by RFFIT. Significantly higher VNA titers were

detected in mice immunized with LBNSE-GMCSF (24.83615.79

IU) or LBNSE-Flagellin (24.63612.32 IU) than in mice immu-

nized with the parent virus (4.6063.10 IU) (Fig. 3A). To

investigate if the higher VNA titer correlates with better

protection, mice (n = 25 in each group) immunized with 106

FFU of rRABV by i.m. route and then challenged by i.c. route

with 50 MICLD50of CVS-24 on day 21 after vaccination.

Challenged mice were observed for the development of rabies

for 2 weeks. As shown in the Fig. 3B, more survivors were

observed in mice immunized with LBNSE-GMCSF or LBNSE-

Flagellin than those immunized with the parent virus LBNSE.

Overall these results indicate that rRABV expressing GMCSF or

flagellin stimulates higher VNA responses and provides better

protection than the parent virus.

Recruitment and/Activation of DC and B cells after Oral
Immunization

To determine if oral immunization with rRABV also recruits

and activates DC and B cells, mice were orally immunized with

107 FFU of LBNSE, LBNSE-Flagellin or LBNSE-GMCSF. Sham-

immunized (medium only) mice were included as controls.

Figure 2. Recruitment and/or activation of DCs and B cells in draining lymph nodes and blood after i.m. inoculation with rRABVs.
BALB/c mice were infected with 16106 FFU of rRABVs or DMEM by i.m. route. The draining (inguinal) lymph nodes and blood were collected on 3, 6
and 9 dpi. Single cell suspensions were prepared from the draining lymph nodes or blood and stained with antibodies for DCs (CD11c+ and CD86+) (A
and B) and B cells (CD19+ and CD40+) (C and D). Asterisks indicate significant differences between the experimental groups as analyzed by one-way
ANOVA. (*,P,0.05;**,P,0.01;***,P,0.001).
doi:10.1371/journal.pone.0063384.g002
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Draining lymph nodes (cervical and mesenteric lymph nodes) and

blood were collected on 3, 6, and 9 dpi. Single cell suspensions

were prepared and stained with antibodies for DCs and B cells. In

the cervical lymph nodes, significantly more DCs were found in

mice immunized with LBNSE-Flagellin or LBNSE-GMCSF than

sham-immunized mice at 3 dpi. By 6 and 9 dpi, significantly more

activated DCs were detected in all the immunized mice than in

sham-immunized mice (Fig. 4A). In the mesenteric lymph nodes,

significantly more DCs were detected in immunized mice than in

sham-immunized mice at 3 dpi, indicating transient early activa-

tion of DCs (Fig. 4B). In the blood, significantly more DCs were

detected in mice immunized with LBNSE-GMCSF and LBNSE-

Flagellin than in sham-immunized mice at 6 dpi and 9 dpi,

respectively (Fig. 4C).LBNSE-GMCSF recruited and/or activated

significantly more B cells in the cervical lymph nodes than the

parent virus at 3 and 6 dpi (Fig. 4D).Significantly more activated B

cells were detected at 3 dpi in mice immunized with LBNSE-

Flagellin than the parent virus, indicating transient early activation

of B cells. No significant difference in B cells activation and

recruitment were found in the mesenteric lymph nodes at any time

points between these experimental groups (Fig. 4E). In the blood,

significantly more B cells were detected in mice immunized with

LBNSE-GMCSF than in mice immunized with the parent virus at

6 and 9 dpi (Fig. 4F). Significantly more B cells were detected in

mice immunized with LBNSE-Flagellin than in sham-immunized

mice at 9 dpi (Fig. 4F). Overall, our data suggest that LBNSE-

GMCSF and LBNSE-Flagellin can recruit and activate B cells in

the draining lymph nodes, particularly the cervical lymph nodes.

After booster oral immunization, significantly more DCs were

detected in the cervical lymph nodes in mice immunized with

LBNSE-Flagellin or LBNSE-GMCSF than in sham-immunized

mice or in mice immunized with the parent virus LBNSE at day 3

after booster immunization, indicating early transient activation of

DCs in cervical lymph nodes (Fig. 5A). No significant differences

for recruitment and/or activation of DCs were detected in the

mesenteric lymph nodes (Fig. 5B). In the blood, LBNSE-GMCSF

recruited and/or activated significantly more DCs than the parent

virus at day 6 after booster immunization (Fig. 5C).In the cervical

lymph nodes, significantly more B cells were detected in mice

immunized with LBNSE-GMCSF and LBNSE-Flagellin than in

mice immunized with the parent virus at days 3, 6, and 9 after

booster immunization (Fig. 5D).In the mesenteric lymph nodes,

significantly more B cells were detected in mice immunized with

LBNSE-GMCSF and LBNSE-Flagellin than in sham-immunized

mice or mice immunized with the parent virus at 9 dpi(Fig. 5E). In

the blood, significantly more B cells were detected in mice

immunized with LBNSE-Flagellin than in mice immunized with

the parent virus (Fig. 5F).All these data indicate that LBNSE-

Flagellin and LBNSE-GMCSF can recruit and/or activate more

DCs and B cells than parent virus LBNSE after booster

immunization.

VNA Induction and Protection by rRABV via Oral
Immunization

To investigate if oral immunization with rRABV induces the

production of VNA and provides protection, groups of mice were

immunized per os with 107 FFU of LBNSE, LBNSE-GMCSF or

LBNSE-Flagellin. Sham-immunized mice (medium only) were

included as controls. Blood was collected and the serum was used

for measurement of VNA at 21 days after primary immunization

and the booster immunization (per os as well) was carried out at the

same time. Blood was collected again at 7 days after booster

immunization for VNA test and the mice were challenged with 50

MICLD50 of CVS-24 and observed daily for 2 weeks. As shown in

Fig. 6A, both LBNSE-GMCSF (2.0060.27 IU) and LBNSE-

Flagellin (2.0660.60 IU) induced significantly more VNA than the

parent virus (0.2260.04 IU) after primary immunization. After

booster immunization, VNA titers were much higher in mice

Figure 3. VNA production and protection by rRABVs after i.m. immunization. Groups of 10 ICR mice were immunized with 16106 FFU of
LBNSE, LBNSE-GMCSF, LBNSE-Flagellin, or DMEM by the i.m. route. At 21 days post immunization, blood was collected and serum was separated for
VNA test by RFFIT (A).For protection studies, mice (25 in each group) were immunized as above. At 21 days after immunization, immunized mice were
challenged with 50 MICLD50 of CVS-24 and observed daily for 2 weeks. The numbers of survivors were recorded and compared (B). Asterisks indicate
significant differences between the experimental groups as analyzed by one-way ANOVA or Fisher’s exact test (x2).(*,P,0.05;**,P,0.01;***,P,0.001).
doi:10.1371/journal.pone.0063384.g003
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immunized with LBNSE-GMCSF (6.0065.77 IU) or LBNSE-

Flagellin (7.8167.04 IU) than in mice immunized with the parent

virus (2.6662.30IU) (Fig. 6B). No VNA was detected in the sham-

immunized mice. Consistent with the VNA titers in each group,

immunization with LBNSE-GMCSF or LBNSE-Flagellin protect-

ed almost 90% of the mice while immunization with the parent

virus LBNSE provided only 50% protection against a lethal

challenge with CVS-24 (Fig. 6C). Overall, our data indicate that

both LBNSE-Flagellin and LBNSE-GMCSF can stimulate higher

VNA responses and provide better protection than the parent

virus after oral vaccination.

Pathogenicity of rRABVs in Mice
To determine if expression of GMCSF or Flagellin has adverse

effects in mice, four groups of 10 ICR mice(6 to 8 weeks old,

female ) were injected with 16107 FFU of LBNSE, LBNSE-

GMCSF, LBNSE-Flagellin or DMEM (mock infection) by the i.c.

route and their body weights were measured daily for 2 weeks. As

shown in Fig. 7, mice injected with LBNSE-GMCSF and LBNSE-

Flagellin lost significantly less body weight than those injected with

the parent virus. One of the mice infected with LBNSE lost about

20% body weight and died at 5 dpi. Most of the mice regained

their pre-infection body weight by 15 dpi. These data suggest that

Figure 4. Recruitment and/or activation of DCs and B cells in cervical and mesenteric lymph nodes as well as in blood of mice after
primary oral immunization with rRABV. BALB/c mice were orally immunized with 16107 FFU of rRABVs or DMEM. The cervical and mesenteric
lymph nodes as well as the blood were collected on 3, 6 and 9 dpi. Single cell suspensions were prepared and stained with antibodies for DCs
(CD11c+ and CD86+) (A, B and C) and B cells (CD19+ and CD40+) (D, E and F). Asterisks indicate significant differences between the experimental
groups as analyzed by one-way ANOVA. (*,P,0.05;**,P,0.01;***,P,0.001).
doi:10.1371/journal.pone.0063384.g004
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expression of GMCSF and Flagellin decreased significantly the

virulence of RABV.

Discussion

Our previous studies indicate that expression of cytokines/

chemokines including MIP-1a, MDC and GM-CSF can enhance

the protective immune responses to RABV via recruitment and/or

activation of DCs [30,50]. Immunization of mice with these

recombinant viruses enhanced both innate and adaptive immu-

nity, as demonstrated by higher levels of DC activation and VNA

production. The aim of this study is to further confirm the role of

DCs in effective immune responses against RABV and to

construct additional rRABV that could potentially overcome the

species specificity of cytokines/chemokines. Bacterial flagellin, a

highly potent adjuvant with the ability to activate DC [36–43,54],

was cloned into RABV genome. The immunogenicity of the

rRABV expressing flagellin (LBNSE-Flagellin) was determined in

a mouse model via i.m. or oral route of immunization in

comparison with LBNSE-GMCSF and LBNSE. Our results show

that LBNSE-Flagellin, like LBNSE-GMCSF, induced greater

activation and maturation of DCs and B cells in vitro and in vivo

than the parent virus [30]. Furthermore, both LBNSE-Flagellin

and LBNSE-GMCSF induced higher VNA titers and provided

Figure 5. Recruitment and/or activation of DCs and B cells in cervical and mesenteric lymph nodes as well as blood after booster
oral immunization. BALB/c mice were orally immunized with 16107 FFU of rRABVs or DMEM and booster oral immunization was carried out at day
21 after the primary immunization by immunizing with the same dose. Then the cervical and mesenteric lymph nodes as well as the blood were
collected on 3, 6 and 9 days after boost immunization. Single cell suspensions were prepared and stained with antibodies for DCs (CD11c+ and
CD86+) (A, B and C) and B cells (CD19+ and CD40+) (D, E and F). Asterisks indicate significant differences between the experimental groups as analyzed
by one-way ANOVA (*,P,0.05;**,P,0.01;***,P,0.001).
doi:10.1371/journal.pone.0063384.g005
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better protection than the parent virus. Thus, LBNSE-flagellin is

as effective as LBNSE-GMCSF in activating DC and B cells and

protecting mice against challenge infection, yet with the added

advantage of overcoming the potential species specificity of

cytokines/chemokines. Flagellin is a major structural protein of

bacterial flagella and is considered as a pathogen-associated

molecular pattern (PAMP). Flagellin binds to TLR5 and

subsequently, activates downstream signaling pathways that

ultimately results in the production of inflammatory molecules

and activation of cellular immune responses, including that of DCs

[40]. Flagellin has been cloned into many viral vectors including

vesicular stomatitis virus [55], West Nile virus [56], poxvirus [57],

and avian influenza virus [58]. In these studies, the addition of

flagellin into the viral genomes was found to enhance the efficacy

of viral vaccines. Likewise, our findings show that expression of

Flagellin gene in RABV vaccine results in increased VNA

production and better protection through recruitment and/or

activation of DCs and B cells.

Current RABV vaccines for domestic animals (mostly dogs) are

inactivated vaccines and given via i.m. route. In the developing

countries, dogs are still the primary reservoir for rabies and a large

portion of the dog population are stray dogs, not accessible for i.m.

vaccination [59]. Thus, oral immunization of stray (free-ranging)

dogs would be a very important alternative in controlling rabies in

Figure 6. VNA production and protection by rRABVs after oral immunization. Groups of 10 ICR mice were orally immunized with 16107

FFU of LBNSE, LBNSE-GMCSF, LBNSE-Flagellin or DMEM. At 21 days post primary immunization, blood was collected from mice and serum was
separated for VNA test by RFFIT (A). After blood collection, booster oral immunization was carried out with the same dose of rRABVs or DMEM. At day
7 post booster immunization, blood was collected for VNA test (B). Then mice were challenged with 50 MICLD50 of CVS-24 and observed daily for 2
weeks, and the numbers of survivors were recorded and compared(C). Asterisks indicate significant differences between the experimental groups as
analyzed by one-way ANOVA or Fisher’s exact test (x2). (*,P,0.05;**,P,0.01;***,P,0.001).
doi:10.1371/journal.pone.0063384.g006
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the developing countries [59,60]. Although oral rabies vaccines

(VRG and SAG-2) have been developed successfully and used

widely in wildlife animals to eliminate rabies in parts of Europe

and to stop rabies spread in North America [61,62], their use in

stray dogs has been limited due to many factors. VRG has been

associated with intensive skin inflammation and systemic vaccinia

infections in humans [28], raising safety issues since humans are in

close contact with dogs. Oral immunization of dogs with live

attenuated SAG-2 has been reported to produce only low level of

VNA titers [20], making post-vaccination monitoring difficult.

Attempts have also been made to develop oral vaccines for dogs

using other recombinant viral vectors, such as human [63]or

canine adenoviruses [64,65], pseudorabies virus [66], and

parapoxvirus [67]. However, these vaccines induce low VNA

responses. A rRABV SPBNGAS-GAS has recently been used for

oral immunization in dogs [68].Although it was reported to be

very effective, the VNA titers were generally low and not all of the

dogs produced detectable VNA after oral immunization. One of

the major findings in the present study is that rRABV expressing

GM-CSF or flagellin were found to be more immunogenic (higher

VNA titers) and to provide better protection than the parent

LBNSE (a SAG-2 equivalent) in the mouse model not only via i.m.

but more importantly via oral immunization. Although the

challenge was conducted after booster immunization in the

present study, mice immunized with rRABV developed VNA

averaged 2 IU after the first immunization, indicating that these

animals would have been adequately protected. On the contrary,

mice immunized with the parent virus showed an average VNA

below 0.5 IU after the first immunization, generally considered

unprotective [69]. These data indicate the superiority of the

rRABV over the parent virus in oral immunogenicity.

Investigations for oral vaccination in wildlife indicate that

immune responses against RABV are developed in the oral cavity

but not necessarily in the gut [70,71].The oral cavity is rich in

lymphatic tissues which could serves as depots for mounting

immune responses [72]. Comparatively, the oral cavity has mild

physiological conditions. In contrast, the stomach and the

intestines are highly acidic and would likely degrade virus

particles. Indeed, when comparing immune cells from the cervical

lymph nodes (which drain the oral cavity) and the mesenteric

lymph nodes (which drain the gut), we observed a greater

magnitude of activation of DCs and B cells in the cervical than the

mesenteric lymph nodes, which suggest that our rRABV

expressing GM-CSF or flagellin most likely initiated immune

responses in the oral cavity. Local but limited replication of SAG2

[73] and VRG [72] in the buccal cavity has been demonstrated in

orally vaccinated animals, leading to the development of systemic

immune responses. In the present study, attempts were made to

detect virus in the oral cavity (oral swabs) by virus titration and

quantitative reverse transcription-polymerase chain reaction (RT-

PCR) (data not shown).Neither virus nor viral RNA was detected

in the oral swabs. It is possible that only limited virus replication

occurred within the oral cavity, but this is enough to stimulate a

robust systemic immune response.

A good vaccine candidate, particularly live-attenuated vaccines,

should not only be immunogenic but also safe. Recombinant

RABVs expressing GM-CSF or flagellin were found to be further

attenuated when compared to the parent LBNSE since signif-

icantly lower weight loss was observed in mice infected i.c. with

rRABV than in mice with the parent virus LBNSE. This finding is

consistent with previous studies with rRABV expressing MIP-1a
[51]. Thus, expression of chemokines/cytokines with DC-activa-

tion capacity not only enhanced the RABV immunogenicity, but

also reduced RABV virulence. Together, the enhancement of

immunogenicity, the improvement of protection, and the reduc-

tion of rRABV pathogenicity potentiate LBNSE-GMCSF and

LBNSE-flagellin to be developed as oral rabies vaccines for dogs.

Further studies are warranted to test this contention.
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