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ABSTRACT
Rabies remains a public health threat in most parts of the world. Dogs, especially stray dogs, are the main sources of
rabies transmission in developing countries, while wild animals are primarily responsible for the spread of rabies in
developed countries and play an emerging role in rabies transmission in developing countries. Oral vaccination is the
most practical method for rabies control in these animals, and the greatest challenge for oral vaccination is the
hostile environment and large quantity of proteases in the gastrointestinal tract. In the present study, a promising
adjuvant with potential protease inhibitory activity, unlipidated outer membrane protein 19 (U-OMP19), was inserted
into the genome of the recombinant rabies virus (rRABV) strain LBNSE, designated LBNSE-U-OMP19, and the
immunogenicity of LBNSE-U-OMP19 was investigated. LBNSE-U-OMP19 could potentially protect viral glycoprotein
from digestion by gastrointestinal fluids in vitro. The expression of U-OMP19 attenuated viral pathogenicity by
restricting viral replication in the central nervous system (CNS) and repressing the production of inflammatory
chemokines and cytokines. After oral vaccination, LBNSE-U-OMP19 recruited dendritic cells (DCs), follicular helper T
(TFH) cells and germinal center (GC) B cells, promoted the formation of GCs, and increased the population of plasma
cells in immunized mice, resulting in higher levels of RABV-neutralizing antibodies and better protection in mice
immunized with LBNSE-U-OMP19 than in those immunized with the parent virus LBNSE. Together, our data suggest
that LBNSE-U-OMP19 is a promising candidate for oral rabies vaccines.
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Introduction

Rabies, as an ancient zoonotic disease, is caused by
rabies virus (RABV). It still poses a public threat
worldwide, especially in those developing countries
with poor infrastructure and medical conditions
[1,2]. The main source for rabies transmission in
developing countries is dogs, especially free-roaming
dogs [3,4], which are responsible for up to 99% of all
rabies transmissions to humans. It has been reported
that vaccination of over 70% of the canine population
efficiently reduce rabies transmission and human cases
[5,6]. In developed countries, bats and other wild ani-
mals are mainly responsible for rabies [7]. Recently,
rabies in other species of wildlife, such as Chinese fer-
ret badgers, greater tube-nosed bats, and raccoon
dogs, has been increasingly reported, suggesting that
wild animals can also serve as rabies reservoirs and
play an emerging role in the transmission of rabies
to humans and livestock [8–10]. Therefore, increasing

rabies vaccination of free roaming dogs and wild ani-
mals could be crucial for rabies control worldwide,
and the most practical method of rabies vaccination
for these animals is oral vaccination.

Currently, two oral rabies vaccines are widely used
in Europe for wildlife and are recommended for dog
vaccination by the World Health Organization
(WHO) [11]. One is SAG-2, which is a mutated
form of Street-Alabama-Dufferin strain (SAD) with
two nucleotide mutations at its glycoprotein (G)
codon 333 [12]; however, the virus-neutralizing anti-
body (VNA) titres induced by SAG-2 are generally
low in dogs after oral vaccination, and not all vacci-
nated dogs develop detectable VNA titres [13–15].
The other vaccine is a recombinant vaccinia virus
expressing RABV glycoprotein (VRG), which is a
recombinant vaccinia virus expressing RABV G
protein [16]. VRG has been successfully used for
rabies control of foxes in Europe and rabies control
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of coyotes and raccoons in the United States [17–19].
Nevertheless, two humans experienced intense skin
inflammation and systemic vaccinia infection after
VRG exposure, suggesting potential safety issues for
humans who are in close contact with vaccinated
dogs [20]. Previous studies have demonstrated that
immune responses after oral rabies vaccination mainly
develop in the oral cavity rather than the gut due to the
acidic conditions of the stomach and intestine [21–
23]. Therefore, it would be a promising strategy to
develop an oral rabies vaccine could activate the
immune responses in both oral cavity and gastrointes-
tinal tract.

Unlipidated outer membrane protein 19 (U-
OMP19) is a protease inhibitor from Brucella spp.
that has been used as an oral adjuvant to activate the
immune responses in gut as described previously
[24]. It was demonstrated that U-OMP19 could not
only weaken the digestion of antigens by pancreatic
and brush border proteases, but also stimulate intesti-
nal epithelial cells to accelerate the intake of antigens
and reduce degradation in the process of presentation.
Simultaneously, it can inhibit cellular lysosomes, help
complete antigens to be further transferred to the anti-
gen presenting cells (APC) in the lamina propria and
enhance specific immunity mediated by T cells even-
tually. Combined vaccination of U-OMP19 with anti-
gens derived from enteric pathogens induced a better
host immune response than vaccination with the anti-
gens alone [25,26]. Therefore, in the present study, a
novel oral rabies vaccine that a recombinant RABV
expressing U-OMP19 was constructed based on the
parent virus LBNSE. LBNSE is a SAG-2 equivalent
that contains two mutations at amino acids 333 and
194 of the G protein that was demonstrated to be
avirulent in a previous study [27]. It was found that
a recombinant RABV (rRABV) expressing U-
OMP19 could improve VNA production and protec-
tion after oral immunization by activating the dendri-
tic cell (DC)-follicular helper T (TFH) cell-germinal
center (GC) B cell-plasma cell (PC) axis as well as gen-
erating more GCs in both cervical lymph nodes
(CLNs) and mesenteric lymph nodes (MLNs) in a
mouse model, suggesting that LBNSE-U-OMP19 is a
novel oral rabies vaccine candidate.

Materials and methods

Viruses, Cells, Antibodies, Reagents and
Animals

The RABV strain LBNSE is a form of the SAD-B19
with mutations at amino acids 194 and 333 in the G
protein [27]. The pathogenic RABV strain CVS-24
was propagated in the brains of suckling ICR mice.
The BSR cell lines is derived from the BHK-21 cell
line, and mouse neuroblastoma (NA) cells were

cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) containing 10% FBS (Gibco). Fluor-
escein isothiocyanate (FITC)-conjugated antibodies
against the RABV N protein were purchased from
Fujirebio Diagnostics, Inc. The (HRP)-conjugated
goat anti-mouse IgA antibody was purchased from
Proteintech. The HRP-conjugated goat anti-mouse
IgM antibody was purchased from Bioss. The anti-
bodies used to label cells for flow cytometry were pur-
chased from BioLegend, including FITC-conjugated
anti-mouse CD11c (clone N418), FITC-conjugated
anti-mouse CD4 (clone GK1.5), FITC-conjugated
anti-mouse/human CD45R/B220 (clone RA3-6B2),
PE-conjugated anti-mouse CD86 (clone GL-1), PE-
conjugated anti-mouse CD279 (PD-1) (clone RMP1-
30), PE/Cy7-conjugated anti-mouse I-A/I-E (MHC-
II) (clone M5/114.15.2), and APC-conjugated anti-
mouse CD185 (CXCR5) (clone L138D7), and other
antibodies, including Alexa Fluor 647-conjugated
anti-mouse/human GL7 (clone GL7), were also pur-
chased from BioLegend, while PE-conjugated anti-
mouse CD95 (APO-1/Fas) (clone 15A7) was pur-
chased from eBioscience. The antibodies used to fluor-
escently stain GCs in lymph nodes were purchased
from BioLegend, including biotin-labelled anti-
human/mouse GL7, Alexa Fluor 647-conjugated
anti-mouse/human CD45R/B220 and Alexa Fluor
488-conjugated goat anti-mouse IgG, and the Alexa
Fluor 594-conjugated streptavidin that was used to
label GL7 was purchased from eBioscience. SuperFect
transfection reagent was purchased from Qiagen.
RIPA buffer and an enhanced chemiluminescence
(ECL) detection kit were purchased from Beyotime.
PVDF membranes were purchased from Bio-Rad.
Reference serum was obtained from the National
Institute for Biological Standards and Control. TRIzol
was purchased from Invitrogen. HiScript III 1st Strand
cDNA Synthesis Kit and ChamQ SYBR qPCR Master
Mix were purchased from Vazyme. The staining buffer
used for FACS was purchased from BD Biosciences.
Pepsin and trypsin were purchased from Sangon Bio-
tech and Gibco, respectively. ICR mice were pur-
chased from the Chinese Center for Disease Control
and Prevention of Hubei Province, China.

Construction and rescue of rRABV
expressing U-OMP19

The vector containing LBNSE was constructed as pre-
viously described [28]. The BsiWI and NheI restriction
sites were introduced between the G and RNA-depen-
dent RNA-polymerase (L) genes. The original U-
OMP19 sequence was synthesized by Genescript.
Briefly, the U-OMP19 gene was cloned and inserted
into the vector pLBNSE to generate pLBNSE-U-
OMP19, and the primers for amplifying the U-
OMP19 gene are listed in Table 1. For virus rescue,
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the constructed infectious clone pLBNSE-U-OMP19
and four helper plasmids expressing the Nucleopro-
tein (N), Phosphoprotein (P), G and L proteins were
cotransfected into BSR cells using the SuperFect trans-
fection reagent according to the manufacturer’s
instructions [28,29]. After transfection, the BSR cells
were washed with DMEM for three times to remove
the residual transfection reagents and plasmids, and
fresh culture medium were then added. After four
days of incubation, the culture medium was harvested
and examined for the presence of rescued virus with
FITC-conjugated anti-RABV N antibodies.

Virus titration

Virus titres were detected with the direct fluorescent
antibody assay as described previously [30]. Briefly, a
serial 10-fold dilution of the virus was inoculated
into BSR cells in 96-well microplates in quadruplicate,
and the cells were incubated at 37°C for 48 h. After
incubation, the medium was discarded, and the cells
were fixed with 80% ice-cold acetone and stained
with FITC-conjugated RABV N protein-specific anti-
bodies for 1 h. Antigen-positive foci were counted
under a fluorescence microscope (Zeiss), and the
virus titre was calculated as the fluorescent focus
units per millilitre (FFU/mL).

Specific antibody detection using ELISA

ELISA plates were coated with 500 ng/well of LBNSE
diluted in coating buffer overnight at 4°C. Then, plates
were washed three times in PBST and blocked in PBS
with 5% skim milk at 37°C for 2 h. To detect RABV-
specific IgM, blood samples were collected from orally
immunized mice weekly for two weeks, and the sera
were separated and incubated in plates coated with
LBNSE at 37°C for 2 h. After the plates were washed
three times with PBST, HRP-conjugated goat anti-
mouse IgM was added to the plates at 37°C for 1 h.
All plates were washed three times with PBST, TMB
substrate buffer was added to the plates for 15 min
in the dark, and 2 M H2SO4 was added to stop the
reaction. The optical density was read at 450 nm by
using a SpectraMax 190 spectrophotometer (Molecu-
lar Devices).

Western blotting

Infected cells were trypsinized and washed twice with
ice-cold PBS. Proteins were extracted with RIPA
buffer. After centrifugation, the supernatants were
separated by 12% SDS-PAGE and transferred to
PVDF membranes. After being blocked with 5%
skimmed milk for 3 h, the membrane was incubated
with primary antibodies overnight and washed twice
with TBST. The HRP-conjugated secondary antibody

was added, and the samples were incubated for 1 h
at room temperature. Signals were detected with an
ECL detection kit.

Gastrointestinal fluid incubation assay

Gastric fluids and intestinal fluids were formulated
according to the guidelines of Pharmacopoeia.
Briefly, to construct simulated gastric fluids, 234 mL
of concentrated hydrochloric acid was diluted to 1L,
and 16.4 mL of the above solution was taken and
diluted with distilled water to 800 mL. Finally, 10 g
of pepsin was added and dissolved, and then distilled
water was added to make the total volume up to 1L.
For simulated intestine fluids, 6.8 g of potassium dihy-
drogen phosphate was dissolved with 500 ml of dis-
tilled water and the pH value was adjusted to 6.8
with 0.1 mol/l sodium hydroxide solution. Finally,
10 g of trypsin was dissolved and mixed with the
above solution, and the volume of solution was
made to 1000 ml with distilled water. Before the incu-
bation assay, the enzyme activity of the simulated
fluids including gastric fluids and intestinal fluids
were detected individually by the Enzyme Activity
Assay Kit purchased from Solarbio. Equal titres of
LBNSE and LBNSE-U-OMP19 were incubated with
these different fluids in the same volumes for 1 or
2 h. The gastric supernatants were neutralized with
sodium bicarbonate. Parts of the supernatants were
used to measure virus titres as described above. The
others were mixed with quadruple volume of cold
acetone and incubated overnight. After centrifugation,
RIPA buffer was added to dissolve the pellets. Proteins
were detected by western blotting according to the
previous study [31].

Pathogenicity studies

To confirm whether the expression of U-OMP19
could affect the pathogenicity of RABV in vivo, six-
week-old female ICR mice and five-day-old suckling
ICR mice were inoculated via the intracranial (i.c.)
route with 3 × 106 and 100 FFU of rRABVs, respect-
ively, and the same volume of DMEM was inoculated
as a negative control. The body weight change and sur-
vival rates were recorded daily for three weeks, and the
levels of viral genomic RNA and mRNA of RABV N
protein, U-OMP19, and inflammatory cytokines
such as IL-1β, TNF-α, and IL-6 were determined by
qRT-PCR assay.

qRT-PCR assay

To measure the levels of mRNA transcription and
virus replication in mouse samples, genomic RNA
and specific RABV N protein mRNA were measured
in mouse brains infected with LBNSE, LBNSE-U-
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OMP19 and DMEM. Total RNA was extracted by
TRIzol and reverse transcribed with a HiScript III
1st Strand cDNA Synthesis Kit. All samples were
detected with ChamQ SYBR qPCR Master Mix, and
the primers are listed in Table 1. Standards were
derived from the RABV N gene. The curves were con-
structed using cycle threshold (CT) values that were
obtained using dilutions of the standards. The
mRNA and genomic RNA copy numbers in each
sample were normalized to the respective copy
numbers that were derived from the standard curve.
The following programme was used: 95°C for 2 min
for one cycle followed by 40 cycles at 95°C for 5 s
and 60°C for 30 s. The specific primers are listed in
Table 1.

Nest PCR assay

In order to investigate whether the vaccine virus could
replicate in the oral cavity after oral immunization, the
buccal mucosa, CLNs and tongues of the immunized
mice were collected and the total RNA were extracted
to detect the viral RNA by primary RT-PCR and nest
PCR as previously described [13,32]. The primers for
RT-PCR and nest PCR were listed in supplementary
Table 1.

Direct fluorescent antibody test (DFAT)

To test whether the sacrificed suckling mice died of
RABV infection, the brain samples of dead suckling
mice were collected and subjected to DFAT. Briefly,
the small pieces of the selected brain sections were
grouped on a wooden applicator stick, and an
impression smear was made directly onto the slide.
Impression smear preparations of the brain samples
were placed in a Coplin jar containing 80% cold
acetone within the freezer for 30 min. The slides
were air-dried and incubated with FITC-conjugated
antibodies against the RABV N protein for 45 min at
37°C in a humid chamber. After incubation, the slides
were washed with PBST for three times, air-dried and
then visualized under a fluorescent microscope. Bright
apple-green or yellow-green inclusions indicate
RABV-positive.

Oral vaccination test

To assess the protection against rabies induced by the
recombinant vaccine, three groups of six-week-old
female ICR mice (n = 20) were orally immunized
with 107 FFU of LBNSE or LBNSE-U-OMP19 or
mock immunized with the same volume of DMEM.
At four weeks post immunization (wpi), mice were
challenged with 50 LD50 of CVS-24 via the i.c. route
and monitored daily for 21 days, and the body weight
changes and survival rates were recorded accordingly.

To assess the efficacy of U-OMP19 as an adjuvant
for inactivated oral rabies vaccines, 107 FFU of
LBNSE was UV inactivated and mixed with 150 µg
of U-OMP19. Three groups (n = 10) of six-week-old
female ICR mice were orally immunized with 107

FFU of inactivated LBNSE and U-OMP19 or 107

FFU of inactivated LBNSE or mock immunized with
the same volume of DMEM. Blood samples were col-
lected weekly from 2 to 5 wpi. At 5 wpi, mice were
challenged with 50 LD50 of CVS-24 via the i.c. route
and monitored daily for 21 days, and the body weight
changes and survival rates were recorded accordingly.

VNA test

VNA titres were calculated using the fluorescent anti-
body virus neutralization (FAVN) test as previously
described [33]. Fifty microlitres of serial three-fold
dilutions of mouse serum collected from peripheral
blood and standard serum were prepared in 96-well
microplates with 100 μL of DMEM. The tests were
detected in quadruplicate. A 50 μL suspension con-
taining 100 FFU of a rabies challenge virus, CVS-11,
was added to each well. After incubation at 37°C for
1 h, 2 × 104 BSR cells were added to each well and
incubated at 37°C for 48 h. After incubation, the cul-
ture medium was discarded, and the cells were fixed
with 80% ice-cold acetone for 30 min and stained
with FITC-conjugated antibodies against the RABV
N protein. The results were observed by an Olympus
IX51 fluorescence microscope and calculated in IU/
mL by comparison to reference serum.

Histology and immunofluorescence assays

CLNs and MLNs of orally immunized mice were col-
lected and fixed with 4% paraformaldehyde for 48 h.
Then, the tissues were dehydrated with 30% sucrose
and cut into 30 μm-thick sections. Sections were fluor-
escently stained with Alexa Fluor 647-conjugated anti-
mouse/human CD45R/B220, Alexa Fluor 488-conju-
gated goat anti-mouse IgG, and biotin-labelled anti-
human/mouse GL7 followed by staining with Alexa
Fluor 594-conjugated streptavidin [34]. Images were
captured under an Olympus IX51 fluorescence
microscope.

FACS analysis

Groups of six-week-old female ICR mice were orally
immunized with 107 FFU of LBNSE or rLBNSE-U-
OMP19 or mock immunized with DMEM. CLNs,
MLNs and bone marrow were collected at 7 or
14 dpi. Single-cell suspensions (105 cells/sample)
were incubated in staining buffer with fluorescence-
conjugated antibodies for 30 min at 4°C in the dark.
Cells were washed twice with PBS containing 0.2%
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BSA and fixed in 4% paraformaldehyde for 30 min.
Data collection and analysis were performed using a
BD LSR-II flow cytometer, BD FACS-Diva software,
and FlowJo software (TreeStar).

Statistical analysis

All data were analysed using GraphPad Prism 8. To
determine the percent survival, Kaplan-Meier survival
curves were analysed using the log-rank test. For the
other data, an unpaired two-tailed t-test was used to
determine whether differences were statistically sig-
nificant. Data are representative of two independent
experiments. For all results, the following notations
are used to indicate significant differences between
groups: *p < 0.05, **p < 0.01; ***p < 0.001; and ****p
< 0.0001.

Results

Construction of an rRABV expressing U-OMP19
and evaluation of its gastrointestinal protease
resistance in vitro

As shown in Figure 1(A), the U-OMP19 gene was
cloned and inserted between the G and L genes
within the genome of the RABV strain LBNSE,
which is a form of the oral vaccine strain SAD-
B19 with two mutations at amino acids 194 and
333 of the G protein. The rRABV expressing U-
OMP19 was then rescued as shown in Figure S6A
and designated as LBNSE-U-OMP19. The growth
curves of LBNSE-U-OMP19 in BSR and NA cells
were generated and compared with that of the
parent virus LBNSE. As shown in Figure 1(B) and
(C), the growth curves of LBNSE-U-OMP19 in
BSR and NA cells were similar to that of LBNSE,
suggesting that the insertion of the U-OMP19 gene
into the LBNSE genome did not affect viral replica-
tion. Furthermore, the expression of U-OMP19 was
then detected by western blotting assay as shown
in Figure 1(D), and U-OMP19 was well expressed
in a dose-dependent manner by the BSR cells
infected with LBNSE-U-OMP19 in both cell lysates
and culture supernatants.

As U-OMP19 has been demonstrated to be a pro-
tease inhibitor [25], the potential of LBNSE-U-
OMP19 and LBNSE to resist stomach and intestine
proteases was compared by detecting the levels of
G protein, the only exposed and immunogenic
protein of RABV, and N protein using western blot-
ting assays after incubation with simulated stomach
or intestine fluid. The enzyme activity of simulated
gastric fluid and intestinal fluid were verified as
shown in Figure S3A and S3B respectively. As
shown in Figure 1(E), after incubation with simu-
lated stomach fluid for 1 h, more G and N proteins

of LBNSE were digested than those of LBNSE-U-
OMP19 according to the exhibited bands, especially
after 2 h of incubation, at which point almost all the
G and N proteins of LBNSE were digested, while
clear and thick bands of the G and N proteins of
LBNSE-U-OMP19 were still observed. Similar results
were observed after incubation with simulated intes-
tine fluid, as shown in Figure 1(F). Moreover, to
determine whether the expression of U-OMP19
could potentially protect viral replication ability,
the viral titres of rRABVs after incubation with
stomach or intestine protease solution were also
measured. Nevertheless, no detectable or dramati-
cally decreased virus titres were observed after incu-
bation with simulated stomach or intestine fluids for
either LBNSE or LBNSE-U-OMP19 respectively
(data not shown), indicating that expressing U-
OMP19 could not effectively protect the viral repli-
cation ability. These data indicate that the expression
of U-OMP19 by LBNSE-U-OMP19 has the potential
to reduce the digestion of viral proteins by simulated
stomach and intestine fluids in vitro, and whether
the potential effect still hold true in vivo needs
further investigations.

Expression of U-OMP19 attenuates RABV
pathogenicity in vivo

The safety of vaccine strains is an important assess-
ment for live vaccines; therefore, the pathogenicity
of LBNSE-U-OMP19 was assessed in a mouse
model by direct injection of the virus into the brains
of mice through the i.c. route. Neither death nor clini-
cal neurological symptoms were observed in mice
infected with LBNSE or LBNSE-U-OMP19 during
the observed period. For body weight change, mice
injected with LBNSE were significantly decreased
from 3 to 10 days post infection (dpi) compared
with those of mice injected with LBNSE-U-OMP19
or those of mice mock injected with DMEM, as
shown in Figure 2(A). Moreover, as shown in Figure 2
(B) and (C), the levels of viral RNA and rRABV N
gene mRNA were measured by qRT-PCR in the
brain samples of infected mice at 3 and 6 dpi, and sig-
nificantly higher levels of viral RNA and mRNA were
detected in the brains of LBNSE-infected mice than in
those of LBNSE-U-OMP19-infected mice. Mean-
while, a significantly higher level of U-OMP19
mRNA was detected in LBNSE-U-OMP19-infected
mice at 3 dpi, as shown in Figure 2(D). The above
data indicate that LBNSE-U-OMP19 had decreased
viral pathogenicity in mice because of expression of
U-OMP19. To further explore the possible reasons
for this attenuation, inflammatory cytokine levels
were determined by qRT-PCR, and the mRNA levels
of IL-6, TNF-α, and IL-1β were significantly
decreased in the brains of mice infected with
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LBNSE-U-OMP19 compared with the respective
levels in the brains of mice infected with LBNSE, as
shown in Figure 2(E)–(G), indicating that the
decreased pathogenicity of LBNSE-U-OMP19 in
mice was most likely due to the reduction in central
nervous system (CNS) inflammation caused by the
expression of U-OMP19. Furthermore, to examine
whether the expression of U-OMP19 can also
decrease the pathogenicity of RABV in immunocom-
promised mice, groups of five-day-old ICR mice were
inoculated with 100 FFU of different rRABVs via the
i.c. route, and the clinical signs of rabies and survival
rates were observed and recorded. As shown in Figure
2(H), all the suckling mice injected with LBNSE suc-
cumbed to infection from 6 to 10 dpi, while 43.75% of
the suckling mice injected with LBNSE-U-OMP19 did
not develop any clinical signs of rabies and survived.
To confirm that the suckling mice succumbed to
rabies, the brains of dead suckling mice were har-
vested and analysed for RABV infection with the
direct fluorescent antibody test (DFAT), as shown
in Figure S2. Together, the results demonstrate that
the expression of U-OMP19 attenuates RABV patho-
genicity in mice.

Recruitment and activation of DCs in mice
orally immunized with LBNSE-U-OMP19

Our previous studies have demonstrated that recruit-
ment and activation of DCs can enhance the immuno-
genicity of oral rabies vaccines. Therefore, the mice
were orally immunized with a needleless syringe
with 107 FFU of LBNSE-U-OMP19 or LBNSE or
mock immunized with DMEM, and the CLNs and
MLNs of immunized mice were collected at the indi-
cated time points and subjected to FACS analysis.
The gating strategy and representative flow cytometric
plots for activated DCs (CD11c+CD80+ or
CD11c+CD86+) are as shown in Figure 3(A) and (B),
respectively. As expected, the numbers of activated
DCs detected in both the CLNs and MLNs of mice
immunized with LBNSE-U-OMP19 were significantly
higher than those detected in the CLNs and MLNs of
mice immunized with LBNSE at 7 dpi, as shown in
Figure 3(C) and (D). In addition, significant more
activated DCs were detected in CLN of LBNSE immu-
nized mice than those of mock immunized mice at
both 7 and 14 days post immunization. In contrast,
no significant difference on DCs activation in MLN

Figure 1 . Strategy for the construction of rRABV expressing U-OMP19 and the evaluation of its gastrointestinal protease resist-
ance in vitro. (A) Schematic diagram for the construction of LBNSE-U-OMP19. The parent vector pLBNSE was constructed based on
the SAD-B19 strain by deleting the pseudogene between the G and L genes where BsiwI and NheI restriction enzyme sites were
introduced. N, P, M, G and L represent the nucleoprotein, phosphoprotein, matrix, glycoprotein, and polymerase genes of RABV,
respectively. Multistep virus growth curves were determined with BSR cells (B) and NA cells (C). Cells were infected with either
LBNSE or LBNSE-U-OMP19 at a multiplicity of infection (MOI) of 0.01. Culture supernatants were collected at 1, 2, 3, 4 and
5 dpi for viral titration. The virus growth curves were drawn according to the viral titres measured at each time point, and
data are presented as the mean ± SEM (n = 3). (D) Expression of U-OMP19 was detected in infected BSR cells by western blotting.
BSR cells were infected with rRABVs at different MOIs (1, 0.1 and 0.01), and cells were collected at 48 post infection. The expression
of U-OMP19, RABV N and GAPDH was detected in cell lysates by western blotting, and the expression of U-OMP19 was detected in
culture supernatants as well. The degradation of RABV G and N proteins after 1 h or 2 h of incubation with artificial fluids, includ-
ing gastric fluids (E) and intestinal fluids (F), was detected by western blotting assay. The data are representative of results from
two independent experiments. (*p < 0.05; **p < 0.01).
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were observed except that only significantly more
CD11c+ CD86+ DCs (p = 0.019) were observed in
MLN of LBNSE immunized mice than mock immu-
nized mice at seven days post immunization as
shown in Figure 3(E) and (F), indicating that the
lack of activation in MLNs most likely depends on
protease digestion by gastrointestinal proteases.
These data suggest that mice orally immunized with
LBNSE-U-OMP19 have enhanced recruitment and/
or activation of DCs in both CLNs and MLNs.

Expression of U-OMP19 enhances the
recruitment of TFH cells and the generation of
GCs in orally immunized mice

After the capture and presentation of antigens by anti-
gen-presenting cells (APCs), such as DCs, activated
DCs interact with CD4+ naïve T cells, which then
differentiate into different subtypes, including TFH

cells. TFH cells play an important role in GC formation
and are essential for high-affinity antibody production

Figure 2. Expression of U-OMP19 attenuates RABV pathogenicity in vivo. Groups of six-week-old female ICR mice (n = 10) were
inoculated via the i.c. route with 3 × 106 FFU of LBNSE or LBNSE-U-OMP19 or mock injected with DMEM. Body weight losses were
monitored for 14 days, and the body weight change curves are depicted (A). Furthermore, groups of 6-week-old female ICR (n = 5)
were infected via the i.c. route with 3 × 106 FFU of LBNSE or LBNSE-U-OMP19, and the levels of viral genomic RNA (B) and the
mRNA levels of RABV N (C), U-OMP19 (D), IL-1β (E), TNF-α (F) and IL-6 (G) were quantified by qRT-PCR. To evaluate the pathogen-
icity of rRABVs in suckling mice, litters of 5-day-old ICR mice (n = 15) were infected via the i.c. route with 100 FFU of LBNSE or
LBNSE-U-OMP19 or mock infected with DMEM, and survival rates were monitored daily for 21 days (H). The error bars represent
the mean ± SEM (n = 5), and the data are representative of the results of two independent experiments. (*p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001).
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Figure 3. Recruitment and activation of DCs in orally immunized mice. Groups of six-week-old female ICR mice were orally immu-
nized with 107 FFU of LBNSE or LBNSE-U-OMP19 or mock immunized with DMEM. CLNs and MLNs were harvested at 7 and 14 dpi.
Single-cell suspensions prepared from collected lymph nodes were analysed for activated DCs by FACS. The gating strategies (A)
and representative cytometric plots (B) for activated DCs (CD11c+CD86+ or CD11C+CD80+) are presented. The percentages of acti-
vated DCs (CD11c+CD80+ or CD11C+CD86+) in CLNs and MLNs (C–F) are shown. The data are representative of two independent
experiments and are presented as the mean ± SEM (n = 3). (*p < 0.05; ns: non-significant).
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because of the interaction between TFH cells and B
cells. Hence, TFH cells were detected in the CLNs
and MLNs of orally immunized mice by FACS. The
gating strategy and representative flow cytometric
plots for TFH cells (PD1+CXCR5+CD4+) are shown
in Figure 4(A) and (B), respectively. The numbers of
TFH cells detected in both the CLNs and MLNs of
mice immunized with LBNSE-U-OMP19 were signifi-
cantly higher than those detected in the CLNs and
MLNs of mice immunized with LBNSE at 7 and
14 dpi, as shown in Figure 4(C) and (D).

To investigate whether the expression of U-OMP19
by LBNSE-U-OMP19 can enhance the generation of
GCs, the CLNs and MLNs of immunized mice were

harvested at 14 dpi, and the formation of GCs was
measured via histology and immunofluorescence
assays. Representative results for GC formation in
the CLNs and MLNs of immunized mice at 14 dpi
are shown in Figure 5(A) and (B), respectively, and
significantly more GCs were observed in both the
CLNs and MLNs of the mice immunized with
LBNSE-U-OMP19 than in those immunized with
LBNSE, as shown in Figure 5(C) and (D), respectively,
as determined by calculating the numbers of GCs per
CLN and MLN in immunized mice. These results
indicate that the expression of U-OMP19 can enhance
the recruitment of TFH cells and facilitate the for-
mation of GCs in orally immunized mice.

Figure 4. Recruitment of TFH cells in orally immunized mice. Groups of six-week-old female ICR mice were orally immunized with
107 FFU of LBNSE or LBNSE-U-OMP19 or mock immunized with DMEM. CLNs and MLNs were harvested at 7 and 14 dpi. Single-cell
suspensions prepared from collected lymph nodes were analysed for the recruitment of TFH cells by FACS. The gating strategies (A)
and representative cytometric plots (B) for TFH cells (CD4+CXCR5+PD-1+) are presented. The percentages of TFH cells detected in
CLNs (C) and MLNs (D) in immunized mice are shown. The data are representative of two independent experiments and are pre-
sented as the mean ± SEM (n = 3). (*p < 0.05; ***p < 0.001).
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Expression of U-OMP19 augments GC B cell and
PC populations in orally immunized mice

Since TFH cells directly associate with GC B cells, the
GC B cells (B220+CD95+GL7+) in CLNs and MLNs
were quantified at 7 and 14 dpi. The gating strategy

and representative flow cytometric plots for GC B
cells are shown in Figure 6(A) and (B), respectively.
Significantly more GC B cells were detected in both
CLNs and MLNs of the mice immunized with
LBNSE-U-OMP19 than in those of mice immunized

Figure 5. Generation of GCs in orally immunized mice. Groups of 6-week-old female ICR mice were orally immunized with 107 FFU
of LBNSE or LBNSE-U-OMP19 or mock immunized with DMEM. CLNs and MLNs were harvested at 14 dpi. Tissue sections were
prepared to detect GCs (B220+, blue; IgG+, green; GL7+, red). Scale bars, 1000 or 200 μm (rightmost column only). The represen-
tative results of GC formation in CLNs (A) and MLNs (B) are shown. The numbers of GCs formed at 14 dpi in CLNs (C) and MLNs (D)
were calculated. The data are representative of two independent experiments and are presented as the mean ± SEM (n = 3). (*p <
0.05; **p < 0.01).
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with LBNSE, as shown in Figure 6(C) and (D),
respectively.

GC B cells can further differentiate into PCs, which
then leave secondary lymphoid organs to reside pri-
marily in bone marrow for antibody production
[35,36]. Hence, the generation of PCs in the bone mar-
row of immunized mice was also examined by FACS.
The gate strategy and representative flow cytometric
plots for PCs are shown in Figure 7(A) and (B),
respectively. Significantly more PCs were detected in
the bone marrow of the mice immunized with
LBNSE-U-OMP19 than in those immunized with
LBNSE at 14 dpi, as shown in Figure 7(C). These
data indicate that the expression of U-OMP19 can
increase the populations of GC B cells and PCs in
orally immunized mice.

Expression of U-OMP19 enhances VNA
production and provides superior protection

To investigate whether the recruitment of activated
DCs, TFH cells, GC B cells and PCs and the increased
generation of GCs can improve vaccine efficacy,
groups of 20 ICR mice were orally immunized with
107 FFU of LBNSE-U-OMP19 or LBNSE or mock
immunized with DMEM. Blood samples were col-
lected weekly for five weeks to test for VNAs, and as
shown in Figure 8(A), significantly higher levels of
VNAs were detected in mice immunized with
LBNSE-U-OMP19 than in those immunized with
the parent virus LBNSE from 2 to 5 wpi. The average
VNA titres of LBNSE immunized mice were 0.07, 0.40,
1.15, 0.85, and 0.64 IU/mL from 1 to 5 weeks post

Figure 6. Generation of GC B cells in orally immunized mice. Groups of six-week-old female ICR mice were orally immunized with
107 FFU of LBNSE or LBNSE-U-OMP19 or mock immunized with DMEM. CLNs and MLNs were harvested at 7 and 14 dpi. Single-cell
suspensions prepared from collected lymph nodes were analysed for GC B cells by FACS. The gating strategies (A) and represen-
tative cytometric plots (B) for GC B cells (B220+CD95+GL-7+) are presented. The percentages of TFH cells detected in CLNs (C) and
MLNs (D) in immunized mice are shown. The data are representative of two independent experiments and are presented as the
mean ± SEM (n = 3). (*p < 0.05; **p < 0.01).
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immunization respectively, while the average VNA
titres of LBNSE-U-OMP19 immunized mice were
0.34, 4.01, 6.98, 5.22, and 4.40 IU/mL from 1 to 5
weeks post immunization respectively. As for serocon-
version of rabies vaccination, the VNA titre ≧0.5 IU/
mL is considered to be protective [37]. According to
the VNA titres of each immunized mice, the

seroconversion rates for LBNSE immunized mice
were 0, 37.5%, 37.5%, 50% and 50% from 1 to 5
weeks post immunization respectively, while LBNSE-
U-OMP19 immunized mice were 12.5%, 62.5%,
87.5%, 87.5% and 87.5% from 1 to 5 weeks post immu-
nization respectively. In the literature, it has been
reported that early vaccine-induced secretory IgM

Figure 7. PCs populations in orally immunized mice. Groups of 6-week-old female ICR mice were orally immunized with 107 FFU of
LBNSE or LBNSE-U-OMP19 or mock immunized with DMEM. Bone marrow was harvested at 7 and 14 dpi, and single-cell suspen-
sions were prepared to detect PCs by FACS. The gating strategies (A) and representative cytometric plots (B) for PCs
(B220lowCD138+) are presented. The percentages of PCs detected in the bone marrow (C) of immunized mice are shown. The
data are representative of two independent experiments and are presented as the mean ± SEM (n = 3). (*p < 0.05; ns: non-
significant).
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(SIgM) can limit the dissemination of pathogenic
RABV to the CNS and mediate protection against
pathogenic RABV challenge [38]. Therefore, blood
samples of immunized mice were collected weekly
for two weeks to measure the level of RABV-specific
SIgM. As shown in Figure 8(B), significantly higher
levels of SIgM were produced in LBNSE-U-OMP19-
immunized mice than in LBNSE-immunized mice at
7 dpi. To further assess the vaccination efficacy, the
immunized mice were challenged with 50 LD50 of
CVS-24 via the i.c. route. As expected, mice immu-
nized with LBNSE-U-OMP19, mice immunized with

LBNSE and mice mock immunized with DMEM
began to die of rabies at 8 dpi, from 6 to 9 dpi, or
from 5 to 8 dpi, respectively. Ultimately, 90% of
mice immunized with LBNSE-U-OMP19 were pro-
tected after challenge, while only 55% of LBNSE-
immunized mice were protected, as shown in Figure
8(C). Moreover, the body weight changes of mice
were also monitored after challenge as depicted in
Figure 8(D), and significantly greater body weight
changes after challenge were observed in LBNSE-
immunized mice than in those immunized with
LBNSE-U-OMP19 from 5 to 7 dpi. Overall, these

Figure 8. VNA production and protection after challenge of orally immunized mice. Groups of six-week-old female ICR mice (n =
10) were orally immunized with 107 FFU of LBNSE or LBNSE-U-OMP19 or mock immunized with DMEM. At the indicated time
points post immunization, peripheral blood samples were collected, sera were separated to quantify VNA titres by using FAVN
(A), the green dash line indicates VNA titre of 0.5 IU/mL. The RABV-specific IgM antibody levels (B) in the collected sera samples
were also measured by ELISA. The data are presented as the mean ± SEM (n = 10). To determine protection, groups of six-week-old
female ICR mice (n = 20) were orally immunized with 107 FFU of LBNSE or LBNSE-U-OMP19 or mock immunized with DMEM, and
the immunized mice were infected via the i.c. route with 50 LD50 of CVS-24 at 4 weeks post immunization, and the survival rates
(C) and body weight changes (D) were monitored and recorded for 21 days. The data are representative of two independent
experiments. (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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results show that expression of U-OMP19 by LBNSE-
U-OMP19 can enhance VNA production and improve
the survival rate of orally immunized mice.

Taken together, these data indicated that the
expression of U-OMP19 can improve VNA pro-
duction and protection by activating the DC-TFH

cell-GC B cell-PC axis and generating more GCs in
both CLNs and MLNs after oral immunization in
mice, suggesting that LBNSE-U-OMP19 is a promis-
ing oral rabies vaccine strain.

Discussion

Recent studies have indicated that oral immunization
with U-OMP19 can induce the recruitment of DCs in
the gut [26,31], and our previous studies have demon-
strated that activation of DCs could improve the
immunogenicity of rabies vaccines. Therefore, a
recombinant RABV expressing U-OMP19 was con-
structed, and it was also found that DCs were recruited
in LBNSE-U-OMP19-immunized mice. Moreover, the
production of high-affinity antibodies by B cells is a
hallmark of the humoral response, and activated B
cells then undergo affinity maturation and differen-
tiation in GCs after exposure to a specific antigen
[39]. TFH cells regulate the size of GCs, limit the
entry of low-affinity B cells into GCs, promote high-
affinity B cell occupancy in GCs, and select high-
affinity B cells during affinity maturation [40]. How-
ever, whether the formation of GCs can be induced
by U-OMP19 remains unclear. In our study, we
found that LBNSE-U-OMP19 enhanced the recruit-
ment of TFH cells and the formation of GCs in immu-
nized mice. GCs are also the site of differentiation of
long-lived memory B cells and long-lived PCs. The
antibody-secreting PCs exported from GCs persist in
bone marrow niches that support their longevity. As
expected, more PCs were observed in the bone mar-
row of LBNSE-U-OMP19-immunized mice than in
the bone marrow of LBNSE-immunized mice, which
is consistent with the VNA titre results. These results
indicate that U-OMP19 is a promising adjuvant for
oral rabies vaccine that could enhance the immuno-
genicity by generating more GCs and activating
DCs-TFH-GC B-PCs axis in orally immunized mice
both in the oral cavity and gastrointestinal tract.

Besides efficacy, safety is an important factor for
vaccine development [41]. Intriguingly, the expression
of U-OMP19 attenuated RABV pathogenicity by
restricting RABV transcription and replication in
mouse brains. A previous study illustrated that lipi-
dated (L)-OMP16 and L-OMP19, but not their unlipi-
dated forms, induced inflammatory responses [42].
Similarly, decreased inflammatory chemokine or cyto-
kine production was found in LBNSE-U-OMP19-
injected mice, but the mechanism remains to be

further investigated in future studies. Additionally,
to examine whether the vaccine virus would develop
persistent infection in oral cavity and induce injury
of lung and brains after oral vaccination, the viral
RNA (vRNA) in buccal mucosa, CLN and tongues
and the pathogenic injury of lungs and brains in
immunized mice were detected by nest PCR and
H&E staining analysis, respectively, as previous
described [13,32]. A shown in Figure S4 and S5, no
vRNA were detected in the tested samples, and no
obvious injury were observed in lungs and brains of
immunized mice after oral vaccination, respectively.
All these data suggested that LBNSE-U-OMP19 is
safe as an oral rabies vaccine [43]. Furthermore,
regarding the safety of vaccines, killed oral vaccines
could be a better choice than live vaccines. U-
OMP19 was used as an adjuvant in oral killed vaccines
in a previous study [31], and we confirmed that U-
OMP19 can enhance the immunogenicity of an inac-
tivated oral rabies vaccine (Figure S1).

Previous studies have demonstrated that replica-
tion of some viruses, such as HIV [44,45] and
HCMV [46], can occur in gut-associated lymphoid tis-
sue (GALT), where other viruses, including poliovirus
[47] and dengue virus [48], replicate in Peyer’s patches
(PPs). In our study, however, the viral titres were not
detectable after incubation with simulated gastric
fluid, or relatively low after incubation with simulated
intestinal fluid. Simultaneously, the viral RNA of vac-
cine virus was undetectable in buccal mucosa, CLN,
and tongue at one and two days post oral immuniz-
ation as shown in Figure S4. Therefore, we believe
that LBNSE-U-OMP19 would be inactivated after tra-
velling through the gastrointestinal tract after oral
immunization. As it is known that the greatest barrier
for oral vaccination lies in the gastrointestinal tract,
which is a hostile environment and contains large
quantities of proteases. In our study, we attempted
to design a novel rabies vaccine with potential resist
to those proteases in the gastrointestinal tract. We
found that the recombinant virus LBNSE-U-OMP19
could potentially reduce the degradation of viral G
protein and N protein after incubating with simulated
gastrointestinal fluids (Figure 1(E) and (F)). However,
the viral replication ability of LBNSE-U-OMP19 was
dramatically decreased or even completely destroyed
after incubation with simulated gastrointestinal
fluids (Data not shown). Therefore, according to the
results collected in our study so far, expression U-
OMP19 by LBNSE-U-ONP19 could only possibly
reduce the degradation of viral G protein in vitro,
and whether this potential protection hold true in
vivo still needs a further investigation.

The expression level of U-OMP19 could be crucial
for the oral rabies vaccine efficacy, and there are sev-
eral ways to improve the expression of U-OMP19
such as advancing the insertion position of the
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U-OMP19 gene between the N and P genes or the P
and M genes, as described previously [49]. Addition-
ally, codon optimization or insertion of two or three
copies of U-OMP19 could be potential options for
improving this vaccine [50,51]. Furthermore, whether
the incorporation of U-OMP19 into RABV virons
would be more effective on reducing the degradation
of viral antigens is worthy of investigation, which is
warranted in our future study.

Together, our data suggest that LBNSE-U-OMP19
is a novel candidate for oral rabies vaccines that can
enhance immunogenicity and improve protection
after challenge by expressing U-OMP19 through acti-
vating the DC-TFH cell-GC B cell-PC axis. LBNSE-U-
OMP19 has the potential to decrease the digestion of
viral G protein by gastrointestinal proteases in vitro,
and this will be further investigated in vivo in our
future studies.
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