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A B S T R A C T

Many studies suggest that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can infect various
animals and transmit among animals, and even to humans, posing a threat to humans and animals. There is an
urgent need to develop inexpensive and efficient animal vaccines to prevent and control coronavirus disease 2019
(COVID-19) in animals. Rabies virus (RABV) is another important zoonotic pathogen that infects almost all warm-
blooded animals and poses a great public health threat. The present study constructed two recombinant chimeric
viruses expressing the S1 and RBD proteins of the SARS-CoV-2 Wuhan01 strain based on a reverse genetic system
of the RABV SRV9 strain and evaluated their immunogenicity in mice, cats and dogs. The results showed that both
inactivated recombinant viruses induced durable neutralizing antibodies against SARS-CoV-2 and RABV and a
strong cellular immune response in mice. Notably, inactivated SRV-nCoV-RBD induced earlier antibody pro-
duction than SRV-nCoV-S1, which was maintained at high levels for longer periods. Inactivated SRV-nCoV-RBD
induced neutralizing antibodies against both SARS-CoV-2 and RABV in cats and dogs, with a relatively broad-
spectrum cross-neutralization capability against the SARS-CoV-2 pseudoviruses including Alpha, Beta, Gamma,
Delta, and Omicron, showing potential to be used as a safe bivalent vaccine candidate against COVID-19 and
rabies in animals.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
β-coronavirus of Coronaviridae and the causative pathogen of corona-
virus disease 2019 (COVID-19). SARS-CoV-2 is more contagious and
harmful than other members of β-coronavirus, such as severe acute res-
piratory syndrome coronavirus (SARS-CoV) and Middle East respiratory
syndrome (MERS-CoV). After the first case was reported in December
2019, the situation for COVID-19 has remained grim worldwide due to
the continuous emergence of novel SARS-CoV-2 variants. In the absence
of confirmed antiviral drugs for COVID-19, vaccines are undoubtedly the
best means to form a herd immunity barrier to block virus transmission
and reduce the mortality of patients. The COVID-19 vaccines were
developed using different techniques (Maruggi et al., 2019; Gao et al.,
2020; Lundstrom, 2020; Mulligan et al., 2020; van Doremalen et al.,

2020; Wang et al., 2020; Yang et al., 2020; Zhu et al., 2020; Xia et al.,
2021), and have played important roles in preventing the COVID-19
pandemic in humans.

After the emergence of SARS-CoV-2, some researchers speculated that
the widespread of SARS-CoV-2 was achieved via intermediate mamma-
lian hosts. Several studies have showed that SARS-CoV-2 infected a va-
riety of animals in addition to humans, including common experimental
animals such as ferrets, Syrian hamsters, crab-eating monkeys, and rhe-
sus monkeys, and wild animals, such as minks, raccoon dogs, white-tailed
deer, rabbits, Egyptian fruit bats, tigers, and lions (McAloose et al., 2020;
Hoffmann et al., 2021). Even the most intimate human companion ani-
mals, such as pet dogs and cats, may be infected (Shi J. et al., 2020).
Experimental studies showed that SARS-CoV-2 was transmissible be-
tween cats and minks via aerosols and contact (McAloose et al., 2020).
Further studies showed that SARS-CoV-2 was transmissible across species
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in some animals. For example, minks transmitted the virus to farm cats
and dogs through contact (Kim et al., 2020) and to humans to cause
human-to-human transmission after mutation (Munnink et al., 2021).

Recent studies showed that SARS-CoV-2 variants could be transmitted
back to humans from pet hamsters with subsequent community trans-
mission events (Chan et al., 2022; Yen et al., 2022) and from pet cats to
veterinary workers with morbidity (Sila et al., 2022). All of these studies
indicate that with the continuous emergence of novel SARS-CoV-2 vari-
ants, animals infected with the variants may transmit the virus back to
humans and pose a certain threat to humans and animals. Based on the
concept of “One Health” for the correlation among human, animal and
environmental health, we should attach importance to animals for their
roles in SARS-CoV-2 transmission and the global pandemic, and develop
efficient and inexpensive animal vaccines to prevent the outbreak of
COVID-19 in animals.

Rabies virus (RABV) SRV9 strain was purified from the SAD strains
and has been used as a vector to develop many kinds of animal vaccines
(Zhang et al., 2019; Li et al., 2020; Jin et al., 2021; Chi et al., 2022). In
this study, we employed the reverse genetic system of RABV SRV9 strain
to construct recombinant RABVs chimeric expressing S1 protein and RBD
protein of SARS-CoV-2, respectively, and evaluated their immunoge-
nicity in mice, dogs and cats. The results showed that the inactivated
recombinant viruses could effectively induce the body to produce effi-
cient and durable neutralizing antibodies against both SARS-CoV-2 and
RABV, which has the potential to be used as the effective vaccine in
animals.

2. Materials and methods

2.1. Virus, cells and plasmids

The SARS-CoV-2 Wuhan01 strain was originally isolated from a
COVID-19 patient in Wuhan (BetaCov/Wuhan/AMMS01/2020). Vesic-
ular stomatitis virus (VSV)-vectored pseudoviruses expressing the intact
S protein of SARS-CoV-2 Wuhan01 and variants of concern (VOCs),
including Alpha, Beta, Gamma, Delta, and Omicron, were generated and
stored in a Biosafety Level 3 (BSL-3) Laboratory (Wang et al., 2022; Yan
et al., 2022). BSR cells, mouse neuroblastoma N2a cells (NA) and Vero E6
cells were cultured in Dulbecco's modified Eagle's medium (DMEM,
Gibco, USA) with 10% fetal bovine serum (FBS, Gibco, USA) and 1%
penicillin and streptomycin (P/S, Gibco, USA) at 37 �C in 5% CO2. Sus-
pended hamster kidney cells (BHK-21) were cultured in CD BHK-21
Production Medium (Thermo Fisher Scientific, USA) with 1% FBS and
0.5% penicillin/streptomycin at 37 �C under rotation at 120 rpm (Jin
et al., 2021). The plasmid pD-SRV9-PM-TMCD containing the full-length
cDNA of SRV9 and the helper plasmids (pD-N, pD-P, pD-M, and pD-G)
required for the rescue of recombinant viruses were stored in our labo-
ratory (Wang et al., 2015). The plasmid containing the S gene of
SARS-CoV-2 was generated by gene synthesis (Sangon Biotech, China)
according to the sequence of SARS-CoV-2 Wuhan01 strain
(NC_045512.2) retrieved from GenBank.

2.2. Construction and rescue of the recombinant viruses

The primers for S1 and the receptor-binding domain (RBD) were
designed using Primer Premier software according to a construction
strategy described previously (Jin et al., 2021). All of the primer details
were provided in Supplemental Table S1. The S1 gene was amplified
from S-containing plasmids and inserted into the pD-SRV9-PM-TMCD
plasmid via restriction sites BsiWI and PacI to construct the recombi-
nant plasmid pD-SRV9-PM-S1-TMCD. For the RBD gene, two rounds of
PCR amplification were used to introduce the signal peptide of the S1
gene into its 50 end to assist expression of the RBD protein on the surface
of recombinant virus particles. The amplified products of the RBD gene
were cloned into pD-SRV9-PM-TMCD by the same manner as S1 to
construct the recombinant plasmid pD-SRV9-PM-RBD-TMCD. The

recombinant plasmids were identified by sequencing. The recombinant
viruses SRV-nCoV-S1 and SRV-nCoV-RBD were rescued as described
previously (Wang et al., 2015; Jin et al., 2021). Briefly, the recombinant
plasmids pD-SRV9-S1-TMCD and pD-SRV9-RBD-TMCD were
co-transfected with helper plasmids into BSR cells. Then the cell super-
natants were harvested and passaged on NA cells. The recombinant vi-
ruses were subsequently identified by RT-PCR and sequencing.

2.3. Immunofluorescence analysis

NA cells were infected with the recombinant viruses at a multiplicity
of infection (MOI) of 0.3, fixed with 4% paraformaldehyde (PFA) at 48 h
post-infection, and permeabilized with or without 0.2% Triton X-100.
The cells were blocked with 1% BSA for 30 min at 20–25 �C and incu-
bated with a rabbit anti-SARS-CoV-2 RBD polyclonal antibody (PAb)
(40592-T62, Sino Biological, 1:200) and mouse anti-RABV-Gmonoclonal
antibody (mAb) (MAB8727, Abcam, 1:200) at 37 �C for 1 h. An FITC-
conjugated anti-rabbit antibody (ab6717, Abcam, 1:300) and TRITC-
conjugated anti-mouse antibody (T5393, Sigma, 1:500) were added
and then incubated at 37 �C for 1 h. After staining with 4,6-diamidino-2-
phenylindole (DAPI), the fluorescence was observed by confocal laser
microscopy.

2.4. Electron microscopy analysis

The recombinant viruses were inactivated by treatment with ultra-
violet (UV) light for 30 min. The samples were prepared as described
previously (Jin et al., 2021) and observed by electron microscopy. To
confirm the presence of the target proteins on viral particles, the samples
were incubated with a mouse anti-RABV G mAb (1:50) and a rabbit
anti-SARS-CoV-2 RBD PAb (1:50) for 1 h at 20–25 �C. Then the samples
were stained with donkey anti-mouse IgG (ab39593, 10 nm gold, 1:20)
and donkey anti-rabbit IgG (ab105296, 18 nm gold, 1:20) and observed
by electron microscopy.

2.5. Growth kinetics and genetic stability of the recombinant viruses

BHK-21 suspension cells were infected with the recombinant viruses
at different MOIs of 0.1, 0.5 and 1, and suspended at 37 �C in 5% CO2 at
120 rpm for 96 h. The cell cultures were harvested every 24 h post-
infection. The virus titers were determined in NA cells as described
previously (Jin et al., 2021). The recombinant viruses were continuously
passaged in suspended BHK-21 cells, and the supernatants and cells were
collected every five passages for subsequent virus titration and genetic
stability detection. The viral titers of recombinant viruses were detected
by a previously described method (Jin et al., 2021) and calculated ac-
cording to the Reed-Muench method (Muench and Reed, 1938; Ahmad
et al., 2017; Lourenc Correia Moreira et al., 2019; Liu et al., 2020). The
identified recombinant viruses were purified by a previously described
method (Jin et al., 2021).

2.6. SDS-PAGE and Western blot analysis

The purified viruses were denatured and analyzed by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). The gels were
stained with Coomassie brilliant blue for total protein analysis. For
Western blot (WB) analysis, the separated proteins were transferred onto
nitrocellulose (NC) membranes and incubated with a rabbit anti-SARS-
CoV-2 RBD protein PAb (1:2000) or rabbit anti-SARS-CoV-2 S1 protein
PAb (40150-T62-COV2, Sino Biological, 1:2000). The membranes were
incubated with a horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG antibody (ab6721, Abcam, 1:5000) for 1 h at 20–25 �C.
Electrochemiluminescence (ECL) Western blotting Substrate (Pierce,
USA) was added, and the bands were captured by a Tanon-5200
Chemiluminescent Imaging System (Tanon, China).
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2.7. Immunizations in mice

The recombinant viruses were inactivated by treatment with β-pro-
piolactone at a ratio of 1:3000. The inactivated recombinant viruses
(109.05 TCID50/mL) were mixed with poly(I:C) (Sigma, USA) at a final
concentration of 0.2 mg/mL then mixed with ISA 201VG adjuvant
(Seppic, France) in a volume ratio of 45:55. The mixture was emulsified
and used for animal immunization experiments. The 6- to 8-week-old
BALB/c mice were randomly divided into three groups with 17 mice in
each group. The mice were immunized intramuscularly with 100 μL of
vaccines as described above, or 100 μL of PBS mixed with ISA 201VG
adjuvant and poly (I:C). The mice received three immunizations in total,
separated by 2-week intervals. The sera were collected at 0, 2, 4, 6, 8, 12,
16 weeks post first immunization.

2.8. Anti-SARS-CoV-2 IgG detection and antibody isotype assay

A 96-well microtiter plate (Costar, USA) was coated with 0.5 μg per
well of the recombinant SARS-CoV-2 RBD protein (Gene Universal, USA)
in coating buffer (50mmol/LNa2CO3, pH 9.6) and incubated overnight at
4 �C. Serum was diluted 200-fold with blocking buffer, added and pro-
cessed as described previously (Jin et al., 2022). The results are reported
as the positive index (ratio of sample OD450 to control OD450) (Andria-
naivoarimanana et al., 2012; Phillips et al., 2018; Jin et al., 2022).

2.9. Neutralization assay

Neutralizing titers of mouse sera were determined using the authentic
SARS-CoV-2 Wuhan01 strain. Briefly, mouse sera were serially diluted in
DMEM and incubated with an equal volume of SARS-CoV-2 containing
100 tissue culture-infecting dose 50 (TCID50). After incubation at 37 �C
for 1 h, aliquots were added to 50 μL of 1 � 104 Vero E6 cells in 96-well
plates. The cells were observed daily for the presence or absence of virus-
caused cytopathic effect (CPE) and recorded at 3 days post-infection (dpi)
under a microscope. The serum neutralizing antibody titer was defined as
the reciprocal of the highest dilution showing a 100% CPE reduction
compared to the virus control. Virus-only controls and cell-only controls
were included in each plate.

The cross-neutralizing titers of mouse, cat, and dog sera against SARS-
CoV-2 VOCs (Alpha, Beta, Gamma, Delta and Omicron) were measured
using a pseudovirus-based neutralizing assay. Briefly, serum samples were
diluted from 1:10 with a serial twofold dilution in 96-well plates. VSV
vectored pseudoviruses (50 μL, 100 TCID50) were added to each serum
dilution in duplicate. After 1 h of incubation at 37 �C and 5% CO2, 50 μL of
1 � 104 Vero E6 cells was added to each well of the virus-serum mixture.
The mixture was incubated for 48 h, and the CPE was read by fluorescent
development detection under a fluorescence microscope. The serum
neutralizing antibody titer was defined as the reciprocal of the highest
dilution showing a 100% CPE reduction compared to the virus control.

For the detection of RABV-neutralizing antibodies, a fluorescent
antibody virus neutralization (FAVN) test (Cliquet et al., 1998), which is
a gold standards recommended by the World Organization for Animal
Health (WOAH), was performed as previously described (Jin et al.,
2021).

2.10. Flow cytometry

For dendritic cell (DC) and B-cell detection, the inguinal lymph nodes
(LNs) were collected at 3, 6, and 9 days after the first immunization. A
single-cell suspension was prepared in FACS buffer (PBS with 2% FBS)
and seeded in a 96-well U-bottom plate at 5 � 105 cells/well. The cells
were stained with antibodies against CD11c (PE-Cy7), CD80 (APC), MHC
II (PerCP-CY5.5), CD19 (PerCP-Cy5.5), and CD69 (PE-Cy7) at 4 �C for 30
min. The cells were washed twice and examined by a FACSCalibur flow
cytometer (BD Biosciences, USA).

For the detection of central memory T (TCM) cells, the spleens were
collected at one week after the third immunization. Splenocytes were
prepared as previously described (Jin et al., 2021) and suspended in RPMI
1640. A total of 2.5 � 105 splenocytes were seeded in 96-well U-bottom
plates and stimulated with the purified SARS-CoV-2 RBD protein (10
μg/well). After co-culture for 48 h, the cells were stained with antibodies
against CD4 (FITC), CD8 (PE), CD62L (Percy-cy5.5), and CD44 (APC) at
4 �C for 30 min and examined by a FACSCalibur flow cytometer.

2.11. ELISpot assay

A total of 5 � 105 splenocytes prepared above were seeded into
ELISpot plates (Mabtech, Sweden) and stimulatedwith the purified SARS-
CoV-2 RBD protein (10 μg/well). After incubation at 37 �C for 24 h, the
plates were washed 5 times with PBST and incubated with biotin-labelled
anti-interferon (IFN)-γ and anti-interleukin (IL)-4 antibodies (1:1000)
(provided by the ELISpot kits) for 2 h at RT. The plates were washed and
incubated with streptavidin-conjugated HRP (1:1000) for 1 h at RT. After
the TMB substrate was added, the spot-forming cells (SFCs) in the plates
were counted by an ELISpot reader (Multispotreader Spectrum,
Germany).

2.12. ELISA-based measurement of cytokines

A total of 5 � 105 splenocytes were cultured in 96-well plates and
stimulated with purified SARS-CoV-2 RBD protein (10 μg/well). After
incubation for 72 h, the supernatants were harvested and centrifuged to
remove cell fragments. The levels of cytokines including IL-2, tumor
necrosis factor alpha (TNF-α), IFN-γ, IL-4, IL-5, IL-6, and IL-10, were
detected by a Meso Scale Discovery (MSD) kit.

2.13. Immunizations in cats and dogs

The inactivated recombinant virus SRV-nCoV-RBD (109.05 TCID50/
mL) was mixed with Gel 02 adjuvant (SEPPIC, Paris, France) at a ratio of
7:1 to prepare the vaccine. Healthy adult cats were randomly assigned to
two groups (n ¼ 3/group). The cats were immunized subcutaneously
with 1 mL of vaccine or PBS with Gel 02 adjuvant. Booster immunization
was performed by subcutaneously administration of the same dose of
vaccine or adjuvant 3 weeks after the first immunization. Serum samples
were collected at 0, 3, 6, 8, and 13 weeks. Healthy adult dogs were
randomly assigned to two groups (n ¼ 5/group) and immunized subcu-
taneously with 1 mL of vaccine or PBS with Gel 02 adjuvant. Booster
immunization was performed 3 weeks later. The sera were collected from
the dogs at 0, 3, 5, 7, 9 and 11 weeks. The fecal production, behavior, and
food and water consumption of cats and dogs were observed continu-
ously throughout the experiments. The levels of IgG antibody against the
SARS-CoV-2 RBD, and neutralizing antibodies against SARS-CoV-2 and
RABV in serum were measured.

2.14. Statistical analysis

Statistical analyses were performed in GraphPad Prism (v9; GraphPad
Software). Statistical differences between groups were assessed by one-
way analysis of variance (ANOVA), followed by Dunnett's posttest. All
experiments were performed independently with three biological repli-
cates. Error bars represent standard deviations (SD) in each group (*, P <

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

3. Results

3.1. Construction and identification of the recombinant viruses

The recombinant plasmids pD-SRV9-S1-TMCD and pD-SRV9-RBD-
TMCD were constructed (Fig. 1A). The recombinant viruses SRV-nCoV-
S1 and SRV-nCoV-RBD were rescued, and the expression of target
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proteins was detected by a confocal microscopy assay. The results
showed that when the cell membrane was permeabilized, RABV G and
foreign proteins were detected in the cells infected with the recombinant
viruses SRV-nCoV-S1 and SRV-nCoV-RBD, and RABV G was detected in
cells infected with wild-type RABV (wt-RABV) (Fig. 1B). RABV G and the
foreign protein of SARS-CoV-2 colocalized on the cell membrane when
the infected cells were not permeabilized (Fig. 1B), which indicated that
SARS-CoV-2 S1 and RBD proteins were expressed well and secreted to the
cell membrane by the recombinant viruses.

The viruses were purified and analyzed by SDS-PAGE and WB to
verify the chimeric expression of the foreign proteins in recombinant
viruses. The SDS-PAGE results showed that the expected protein bands
(approximately 120 kDa for the S1 protein and approximately 50 kDa for
RBD protein) were found in recombinant viruses, with five structural
proteins [nucleoprotein (N), phosphoprotein (P), matrix protein (M),
glycoprotein (G), and RNA-dependent RNA polymerase (L), as indicated
in the figure] of RABV found in all groups (Fig. 1C). The specific bands of
the S1 protein and RBD protein were detected in the recombinant viruses

Fig. 1. Construction and identification of the recombinant viruses. A The construction scheme of the recombinant viruses SRV-nCoV-S1 and SRV-nCoV-RBD based on
the reverse genetic operating system of RABV SRV9. B NA cells were infected with SRV-nCoV-S1, SRV-nCoV-RBD or wt-RABV SRV9. The cells were permeabilized or
not at 48 h post-infection and then immunostained with antibodies against RABV G protein (red fluorescence) and SARS-CoV-2 RBD protein (green fluorescence). The
nuclei were stained with DAPI (blue fluorescence). Scale bar: 10 μm. C The sucrose density gradient centrifugation-purified virions of recombinant viruses and wt-
RABV SRV9 were analyzed by SDS-PAGE. The RABV proteins (RNA-dependent RNA polymerase (L), glycoprotein (G), nucleoprotein (N), phosphoprotein (P), and
matrix protein (M)) and the S1 and RBD protein of SARS-CoV-2 were indicated on the corresponding bands. D Sucrose-purified virions were used to detect the
expression of the exogenous proteins SARS-CoV-2 S1 and RBD. E Electron microscopy (EM) and dual-label immunogold EM detection of recombinant viruses. Gold
particles (10 nm, red arrow) were used to label RABV G, and gold particles (18 nm, green arrow) were used to label the SARS-CoV-2 RBD protein. Scale bars represent
50 nm.
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by WB analysis (Fig. 1D). These results suggested that the recombinant
viruses SRV-nCoV-S1 and SRV-nCoV-RBD successfully chimerically
expressed the S1 protein and RBD protein of SARS-CoV-2, respectively.
To further detect whether the expression of exogenous protein affected
the spatial structure of the recombinant RABVs, the recombinant viruses
were negatively stained and observed by electron microscopy. As shown
in Fig. 1E, the typical bullet shape of viral particles was observed in both
recombinant viruses and wt-RABV, indicating that the expression of the
exogenous proteins did not affect the assembly of RABV (Fig. 1E). Dual-
labelling immunogold electron microscopy was used to detect the foreign
proteins expressed on the surface of the viruses. The results showed that
the recombinant viruses were labelled by both 10-nm gold particles (anti-
RABV G) and 18-nm gold particles (anti-SARS-CoV-2 RBD), and the wt-
RABV was only labelled by the 10-nm gold particles (Fig. 1E), which is
consistent with the confocal and WB results. These results indicated that
the S1 and RBD of SARS-CoV-2 proteins were successfully expressed on
the viral particle surface by the recombinant viruses constructed in this
study.

3.2. Growth characteristics of the recombinant viruses

Suspended BHK-21 cells were infected with the recombinant viruses
at various MOIs to measure the viral growth kinetics. The titers of re-
combinant viruses were initially proportional to the MOI, i.e., the viral
titers were increased with the increasing MOIs of the infected cells. The
viral titers peaked on the 3rd day post-infection (up to 108.97 TCID50/mL
for SRV-nCoV-S1 and SRV-nCoV-RBD) (Fig. 2A and B). Comparison of the
growth kinetics of the recombinant viruses and wt-RABV added at an
MOI of 0.5 showed that the recombinant viruses SRV-nCoV-S1 and SRV-
nCoV-RBD had growth kinetics similar to wt-RABV (Fig. 2C), indicating
that the chimeric expression of foreign proteins did not affect the growth
kinetics of the recombinant viruses.

To confirm the genetic stability of the foreign genes inserted into the
genome of RABV, the recombinant viruses were passaged continuously,
the viral titers of the P5/P10/P15 viruses were determined and the target
genes were amplified by RT-PCR. The results showed that the recombi-
nant viruses could be passaged stably with the foreign genes and at high
titers (Fig. 2D).

3.3. Inactivated recombinant viruses induced humoral immunity to RABV
and SARS-CoV-2 in mice

To determine the immunogenicity of the recombinant viruses in
mice, BALB/c mice were immunized intramuscularly with the inacti-
vated recombinant viruses SRV-nCoV-S1 and SRV-nCoV-RBD, or PBS
mixed with adjuvant and poly(I:C) at the indicated time points. The
samples from mice, including sera, lymph nodes, and spleens, were
collected at the indicated time points post-immunization for further
analysis (Fig. 3A). Indirect ELISA was used to detect the level of anti-
bodies in mouse sera, and the results showed that IgG antibodies against
SARS-CoV-2 RBD protein were induced in the groups immunized with
the inactivated SRV-nCoV-S1 and SRV-nCoV-RBD viruses. The level of
IgG antibodies against SARS-CoV-2 RBD protein in mouse sera was
increased after booster immunization, and the antibodies lasted at least
16 weeks after the first immunization (Fig. 3B). The IgG antibodies
against the RBD protein induced by the inactivated SRV-nCoV-RBD
appeared earlier and lasted longer than that of SRV-nCoV-S1, and the
antibody titers of the SRV-nCoV-RBD group were significantly higher
than those of SRV-nCoV-S1 group at the late stage after immunization
(8-, 12-, and 16-week after the first immunization). The ratio of IgG2a
(Th1-associated) to IgG1 (Th2-associated) in mouse sera was further
analyzed to evaluate the type of immune response induced by the
different viruses. The results showed that inactivated SRV-nCoV-RBD
elicited a Th1/Th2-balanced immune response, and inactivated

Fig. 2. Growth kinetics and genetic characterization of the recombinant viruses SRV-nCoV-S1 and SRV-nCoV-RBD. A–B Suspended BHK21 cells were infected with
SRV-nCoV-S1 or SRV-nCoV-RBD at an MOI of 0.1, 0.5 or 1. The samples were collected at days 1, 2, 3 and 4 post-infection, and the RABV titers were determined in NA
cells. C The growth kinetics of the recombinant viruses were compared with RABV SRV9 at an MOI of 0.5. D The titers of recombinant viruses of different passages
were determined, and the S1 and RBD genes in recombinant viruses were identified by PCR and sequencing. All of these experiments were repeated 3 times
independently.
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SRV-nCoV-S1 induced a Th2-biased immune response (Fig. 3C). To
further evaluate the neutralization titers of antibodies induced by
different recombinant viruses, we collected mouse sera at 6 weeks after
immunization and tested their neutralization efficiency against the
authentic SARS-CoV-2 Wuhan01 strain. Sera from the immunization
groups showed neutralization of the Wuhan01 strain at titers greater
than 1:80. The inactivated SRV-nCoV-RBD induced higher neutraliza-
tion antibody titers than SRV-nCoV-S1 group (Fig. 3D).

Virus-neutralizing antibodies (VNAs) against RABV in mouse sera
were detected by the FAVN method. The results suggested that the titers
of VNAs induced by inactivated SRV-nCoV-S1 and SRV-nCoV-RBD were
much higher than the standard 0.5 international unit (IU)/mL level
considered protective (Shiota et al., 2009), indicating that SRV-nCoV-S1
and SRV-nCoV-RBD induced considerable amounts of protective anti-
bodies against RABV in mice (Fig. 3E). Specifically, the VNAs induced by
SRV-nCoV-RBD, reaching a peak with the value of 53.3 IU/mL at 6 weeks
after the first immunization, were significantly higher than that of
SRV-nCoV-S1 at 6 and 8 weeks.

3.4. Early activation of DCs and B cells in mice post immunization

To verify the cellular immune response induced by the recombinant
viruses, mouse lymphocytes from LNs were collected at 3, 6, and 9 days
after the first immunization, and the activation of DCs and B cells was
analyzed by flow cytometry. The gating strategies for flow cytometry
analysis are shown in Supplementary Fig. S1. The results showed that the
percentage of CD11cþ MHC IIþ double-positive cells was significantly
increased on the 6th and 9th days after immunization with the recombi-
nant viruses compared to the control group (Fig. 4A), and the percentage
of CD11cþ CD80þ double-positive cells was significantly increased on the
6th day after immunization, indicating that the recombinant viruses
enhanced the activation of DCs in LNs (Fig. 4B). Compared to the control
group, the proportion of CD19þ CD69þ double-positive cells was signif-
icantly increased on the 9th day after immunizationwith the recombinant
viruses, indicating that the recombinant viruses induced the activation of
B cells in LNs (Fig. 4C). These data suggested that at the early stage post-
immunization, antigens, including inactivated SRV-nCoV-S1 and

Fig. 3. Inactivated recombinant viruses induced humoral immunity to RABV and SARS-CoV-2 in mice. A Schematic of the immunization strategy in mice. The 6- to 8-
week-old BALB/c mice (n ¼ 17/group) were immunized intramuscularly with three doses of inactivated SRV-nCoV-S1 (20 μg), SRV-nCoV-RBD (20 μg), or PBS
combined with an adjuvant complex of ISA 201 VG and poly(I:C) at 2-week intervals. Blood samples (n ¼ 5/group) were collected on days 0, 14, 28, 56, 84 and 112.
The inguinal lymph nodes (n ¼ 3/group/day) were collected on days 3, 6, and 9. The spleens (n ¼ 3/group) were collected on day 35. B SARS-CoV-2 RBD-specific IgG
titers of mouse sera (n ¼ 5/group) were detected by indirect ELISA with the purified RBD protein and were displayed as the ratio of sample/control OD450.
C IgG2a/IgG1 ratios of SARS-CoV-2 RBD-specific antibodies at week 6 post-immunization were assessed by indirect ELISA with the purified RBD protein. D The
neutralizing antibody titers against the authentic SARS-CoV-2 Wuhan01 strain in mouse sera from different immunization groups (n ¼ 5/group) at week 6 post-
immunization were determined by a standard method. E RABV-neutralizing antibody titers of mouse sera at weeks 0, 4, 6, and 8 post-immunization were
determined by the FAVN test. Data are presented as the means � SD for each group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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SRV-nCoV-RBD, were successfully taken up by DCs in LNs to trigger the
activation of DCs followed by the activation of B cells.

3.5. Cytokine secretion upon ex vivo re-stimulation

Cytokines secreted by activated T cells play important roles in regu-
lating the immune response against pathogens (Chabalgoity et al., 2007;
Huang et al., 2017). Splenocytes isolated from immunized mice were
stimulated with purified SARS-CoV-2 RBD protein and analyzed by ELI-
Spot assay and ELISA to quantify their capacity to produce cytokines.
Representative pots of ELISpot assay are shown in Supplementary Fig. S2.
The ELISpot results showed that the number of SFCs was significantly
increased in the groups immunizedwith SRV-nCoV-S1 and SRV-nCoV-RBD
compared to the control group, indicating that significantly higher levels of
IFN-γ (Th1-type cytokine) and IL-4 (Th2-type cytokine) were produced in
response to re-stimulation in the vaccinated groups (Fig. 5A). Consistent
with the results of the ELISpot assay, the levels of Th1-type (IL-2, TNF-α,
and IFN-γ) and Th2-type (IL-4, IL-5, and IL-6) cytokines in the supernatants
were significantly higher in the groups vaccinated with SRV-nCoV-S1 and
SRV-nCoV-RBD than the control group (Fig. 5B). These data indicated that
the inactivated vaccines SRV-nCoV-S1 and SRV-nCoV-RBD promoted the
activation of immune cells and subsequently the production of Th1- and
Th2-type cytokines in vivo.

3.6. T cell memory induced by the recombinant viruses in mice

TCM cells are generated from naive T cells stimulated by antigens as
long-term memory T cells that return to LNs to undergo antigen re-
stimulation and provide rapid protection. TCM cells are primarily
located in the LN, blood, and spleen. To detect the immunological
memory induced by the recombinant viruses in mice, splenic lympho-
cytes isolated from immunized mice one week after the third immuni-
zation were stimulated with purified SARS-CoV-2 RBD protein and
analyzed by flow cytometry. The results showed that the percentages of
CD62Lþ CD44þ double-positive cells among CD4þ T cells were signifi-
cantly increased in the inactivated virus groups compared to the control
group (Fig. 6A), and the percentages of CD62Lþ CD44þ double-positive
cells among CD8þ T cells showed no significant change (Fig. 6B).
These results indicated that both inactivated SRV-nCoV-S1 and SRV-
nCoV-RBD induced the production of CD4þ TCM cells but not CD8þ

TCM cells in mice post immunization.

3.7. Inactivated recombinant SRV-nCoV-RBD induced robust humoral
immunity to both SARS-CoV-2 and RABV in cats and dogs

Because the humoral immunity induced by the inactivated vaccine
SRV-nCoV-RBD was stronger and lasted longer than the inactivated

Fig. 4. DC and B-cell activation in mice immunized with recombinant viruses. BALB/c mice were immunized with inactivated recombinant viruses or PBS combined
with an adjuvant complex of ISA 201 VG and poly(I:C), respectively. The lymph nodes (LNs) of immunized mice (n ¼ 3/group/day) were collected on days 3, 6 and 9.
Single-cell suspensions prepared from LNs were analyzed for the presence of DCs (CD11cþ and MHC IIþ (A) or CD11cþ and CD80þ (B) and B cells (CD19þ and CD69þ)
(C). Data are presented as the means � SD for each group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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SRV-nCoV-S1 in mice (Fig. 3), we chose SRV-nCoV-RBD for further
testing of immunogenicity in cats and dogs (Fig. 7). The immunization
programs followed the schematic diagram (Fig. 7A and D). No abnormal
behavior was observed in cats or dogs immunized with the inactivated
SRV-nCoV-RBD during the experiments. IgG antibodies against the SARS-
CoV-2 RBD protein were detectable in the sera of the vaccinated group
and significantly increased after the booster immunization. The anti-
bodies, with high titers, lasted at least 13 weeks in cats and 11 weeks in
dogs after the first immunization (Fig. 7B and E). The titers of VNAs of
RABV induced by inactivated SRV-nCoV-RBD were much higher than 0.5
IU/mL and were sustained at a high level for at least 13 weeks in cats and
11 weeks in dogs, indicating that inactivated SRV-nCoV-RBD can
robustly induced the production of protective antibodies against RABV in
cats and dogs (Fig. 7C and F). These results suggested that the inactivated
recombinant SRV-nCoV-RBD induced antibodies against SARS-CoV-2 in
cats and dogs and high levels of neutralizing antibodies against RABV.

3.8. Inactivated recombinant virus SRV-nCoV-RBD-induced antibodies
exhibit broad cross-neutralizing activity against SARS-CoV-2 variants

To further evaluate the humoral immune responses induced by
inactivated recombinant SRV-nCoV-RBD in different animals, we
collected sera from mice and cats at six weeks after the first immuniza-
tion and from dogs at five weeks after the first immunization and tested
their neutralization efficiency against different VSV-vectored pseudovi-
ruses of SARS-CoV-2 variants, including Wuhan01, Alpha, Beta, Gamma,

Delta, and Omicron (Fig. 8). The neutralizing antibody titer was defined
as the highest dilution of sera that completely inhibited virus-caused
CPE. The results showed that sera from immunized mice (Fig. 8A) and
dogs (Fig. 8C) neutralizedWuhan01, Alpha, Beta, Gamma, and Delta, and
to a lesser extent, Omicron. Sera from immunized cats showed neutral-
ization capacity for Wuhan01, Alpha, and Beta, and to a lesser extent,
Gamma, Delta, and Omicron (Fig. 8B). These results indicated that the
inactivated recombinant SRV-nCoV-RBD could induce the production of
neutralizing antibodies in different animals and elicit cross-variant
neutralization against most SARS-CoV-2 variants.

4. Discussion

A growing number of studies suggest that SARS-CoV-2 is trans-
missible between animals and humans, and it poses a certain threat.
There is an urgent need to develop inexpensive and efficient animal
vaccines to prevent and control COVID-19 in animals to help realize the
goal of “One Health”. The present study selected RABV as the viral vector
to construct a recombinant vector vaccine for COVID-19. The use of
RABV as a vaccine vector has many advantages for the construction of
recombinant viruses based on its mature reverse genetic system (Schnell
et al., 1994; McGettigan et al., 2003), such as a simple genome,
permitting the insertion of large fragments of exogenous genes, and lack
of integration into the host genome. RABV-vectored vaccines have been
developed for a variety of severe diseases and animal diseases (Willet
et al., 2015; da Fontoura Budaszewski et al., 2017; Wirblich et al., 2017;

Fig. 5. The cytokine production of activated splenic lymphocytes. On the 35th day post-immunization, splenic lymphocytes from the immunized mice were prepared
and stimulated with purified SARS-CoV-2 RBD protein. A After ex vivo culture for 24 h, the numbers of splenic lymphocytes of immunized mice (n ¼ 3/group) capable
of secreting IFN-γ or IL-4 were quantified by an ELISpot assay. B After cultured for 72 h, the cytokines in supernatants secreted by splenic lymphocytes of immunized
mice (n ¼ 5/group) were measured by MesoScale Discovery (MSD). Data are presented as the means � SD for each group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P
< 0.0001.
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Abreu-Mota et al., 2018; Kurup et al., 2021). The RABV SRV9 strain used
in this study was purified from the RABV SAD strain and showed no
pathogenicity to a variety of animals (Wang et al., 2015). The recombi-
nant virus constructed based on SRV9 can replicate well in suspended
cells to a high titer, which is conducive to mass production and prepa-
ration of vaccines in the later stage (Wang et al., 2015). Moreover, the
chimeric expression strategy we used here achieved the display of
SARS-CoV-2 S1 and RBD proteins on the surface of RABV particles to
maintain their conformational structure and enhanced the host immune
response when they were used as inactivated vaccines, which avoided the
interference of prestored antibodies in animals. Rabies is another
important zoonotic disease that endangers animal health, and vaccina-
tion remains the only main way to prevent and control rabies.
Strengthening animal rabies vaccination, especially vaccination for pet
cats and dogs, is an important means to effectively control human rabies
(Wallace et al., 2017). The inactivated recombinant SARS-CoV-2 vaccine
based on RABV can prevent the spread of the COVID-19 pandemic and
effectively control rabies in animals.

The selection of immunogens plays a decisive role in the successful
development of vaccines, and ideal immunogens should simultaneously
stimulate sustained humoral and cellular immunity (Dai and Gao,
2021). Similar to other coronaviruses, the S protein of SARS-CoV-2
mediates viral entry into cells, and it is widely distributed on the sur-
face of viral particles (Ou et al., 2020). The S protein stimulates
high-intensity humoral and cellular immune responses. Further study
revealed that the S protein was composed of S1 and S2 proteins. The
C-terminal RBD of S1 mediates virus binding to angiotensin-converting
enzyme 2 (ACE2), which is the target for neutralizing antibodies (Shi
et al., 2020; Wrapp et al., 2020). Therefore, the S1 protein and its RBD
are the main immunogen targets for many COVID-19 vaccines (Li et al.,
2022). A recent study described the construction of an inactivated
vaccine, CORAVAX, that chimerically expressed the S1 protein based on
the RABV vector, and this inactivated vaccine induced the production

of high levels of neutralizing antibodies against SARS-CoV-2 (Kurup
et al., 2020) and prevented disease in a Syrian hamster model (Kurup
et al., 2021). The present study constructed two recombinant RABV
viruses chimerically expressing S1 and RBD respectively (Figs. 1 and 2),
and evaluated their immunogenicity in mice. The results showed that
both recombinant viruses induced the production of highly effective
SARS-CoV-2 IgG and neutralizing antibodies and RABV-neutralizing
antibodies (Fig. 3). Both recombinant viruses induced the activation
of DCs and enhanced the uptake and presentation of antigens (Fig. 4),
which is an important event in inducing humoral and cellular immunity
after vaccination. After the maturation of DCs, Th0 cells can be promote
to differentiate into Th1 and Th2 subsets (Vieira et al., 2000), and the
secretion of cytokines, including IL-2, TNF-α, IFN-γ, IL-4, IL-5, and IL-6,
was significantly increased in the vaccine-immunized groups (Fig. 5),
which could provide sufficient protection against SARS-CoV-2 and
RABV and in turn affect the differentiation of memory T cells (Cha-
balgoity et al., 2007). Our results showed that CD4þ TCMs were
strongly enriched in the vaccine-immunized groups (Fig. 6), which can
provide long-term protection against pathogens and proliferate quickly
and secrete cytokines to resist pathogen re-infection (Sahin et al., 2020;
Guo et al., 2022). Specifically, inactivated SRV-nCoV-RBD induced the
production of antibodies against SARS-CoV-2 and RABV earlier and
maintained titers at high levels for a longer time. SRV-nCoV-RBD
induced the production of Th1/Th2 balanced antibodies, and
SRV-nCoV-S1 induced the production of the Th2-biased antibodies. The
Th1 immune response is beneficial for protection against COVID-19 and
rabies (Chen et al., 2019; Allegra et al., 2020), and SRV-nCoV-RBD
induced the production of higher titers of neutralizing antibodies
against SARS-CoV-2 and RABV than SRV-nCoV-S1 (Fig. 3). Therefore,
SRV-nCoV-RBD was selected as a vaccine candidate for further immu-
nogenicity testing in cats and dogs. The results showed that this re-
combinant virus induced the production of neutralizing antibodies
against both viruses in cats and dogs (Fig. 7).

Fig. 6. T cell memory induced by the recombinant viruses in mice. On the 35th day post-immunization, the splenic lymphocytes from the immunized mice (n ¼ 3/
group) were prepared and stimulated with purified SARS-CoV-2 RBD protein. After cultured ex vivo for 72 h, the percentages of CD4þ TCM cells among CD4þ T cells
(A) and CD8þ TCM cells among CD8þ T cells (B) were assessed by the presence of CD44 and CD62L surface markers. Data are presented as the means � SD for each
group. **P < 0.01.
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With new VOCs constantly emerging, the accumulation of major
antigen site mutations may lead to the immune escape of new mutant
strains (Lou et al., 2021; Thomson et al., 2021), which increases the
difficulty of pandemic control and brings new challenges to the devel-
opment of COVID-19 vaccines. A recent study suggested that the sera
from individuals naturally infected with the Wuhan01 ancestral strain
conferred effective protection against the Wuhan01, Alpha, and Delta,
but not the Beta or Omicron strains, showing a relatively broad range of
neutralizing activity (Suryawanshi et al., 2022). SRV-nCoV-RBD
chimerically expressed RBD of Wuhan01 exhibited varying neutraliza-
tion titers for VSV-vectored pseudoviruses expressing the intact S pro-
tein of SARS-CoV-2 VOCs in this study and showed a wide range of
neutralization capabilities (Fig. 8), which is consistent with a previous
study (Suryawanshi et al., 2022). Several studies showed that the
pseudovirus may be used as an alternative to the authentic viruses for
neutralizing antibody detection, and the detection results are highly
consistent (Nie et al., 2020; Weisblum et al., 2020; Collier et al., 2021).

Although the challenge protection efficiency of this recombinant virus
was not measured, we speculated that the recombinant SRV-nCoV-RBD
has potential for use as a vaccine candidate against SARS-CoV-2 VOCs
and new emerging variants, according to our data. One limitation of the
use of this recombinant virus as a vaccine candidate is that the RBD of
the ancestral strain, but not the new emerging VOCs, such as Delta or
Omicron strains, was chimeric expressed, which may weaken the
effectiveness of this vaccine candidate in further application. However,
other studies showed that sequential vaccination with heterologous
vaccines induced a stronger immune response (Cheng et al., 2022; Las-
sauniere et al., 2022), and subunit vaccines developed based on the
RBD-dimer framework provided broader protection (Xu et al., 2022).
Therefore, we will construct more RABV-vectored recombinant viruses
to chimerically express the RBD proteins of SARS-CoV-2 VOCs in future
work and combine these new recombinant viruses with SRV-nCoV-RBD
to develop effective immunization strategies for the control of COVID-19
and rabies in animals.

Fig. 7. The inactivated recombinant SRV-nCoV-RBD induced robust humoral immunity to SARS-CoV-2 and RABV in cats and dogs. (A and D) Schematic of the
immunization strategy in cats (A) and dogs (D). The cats (n ¼ 3/group) or dogs (n ¼ 5/group) were immunized subcutaneously with two doses of 1 mL of inactivated
recombinant viruses or PBS, combined with Gel 02 adjuvant at 3-week intervals. Blood samples were collected at the indicated time points. (B and E) SARS-CoV-2
RBD-specific IgG titers of cat sera (B) and dog sera (E) were detected by indirect ELISA with the purified RBD protein and were displayed as the ratio of sample/control
OD450. (C and F) RABV-neutralizing antibody titers of cat sera (C) and dog sera (F) at the indicated time points were determined by the FAVN test. These data are
presented as the mean � SD for each group.
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5. Conclusions

In summary, we constructed an inactivated recombinant virus SRV-
nCoV-RBD, based on the RABV vector, which induced humoral and
cellular immunity in mice, cats, and dogs with a relatively wide cross-
neutralization of variants including Alpha, Beta, Gamma, Delta, and
Omicron. This inactivated recombinant virus is a potential bivalent
vaccine candidate for the control of COVID-19 and rabies in animals. As
the inactivated RABV vaccine has been tested in humans and exhibited
high safety, the use of this vaccine candidate in humans cannot be
excluded in the future.
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