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Abstract

African swine fever (ASF) is an infectious disease caused by ASF virus (ASFV), which is characterized by high infectivity,
rapid onset of disease, and a high mortality rate. Outbreaks of ASFV have caused great economic losses to the global pig
industry, and there is a need to develop safe and effective vaccines. In this study, two recombinant pseudorabies virus (PRV)
strains, rtGXGG-2016-Agl/AgE-EP364R and rGXGG-2016-Agl/AgE-B119L, expressing the EP364R and B119L protein,
respectively, of ASFV, were constructed by homologous recombination technology. Western blotting and immunofluores-
cence analysis showed that these foreign proteins were expressed in cells infected with the recombinant strains. The strains
showed good genetic stability and proliferative characteristics for 20 passages in BHK-21 cells. Both of these strains were
immunogenic in mice, inducing the production of specific antibodies against the expressed ASFV proteins while providing
protection against lethal challenge with PRV. Thus, the recombinant strains rGXGG-2016-Agl/AgE-EP364R and rtGXGG-
2016-Agl/AgE-B119L could be used as candidate vaccines for both ASFV and PRV. In addition, our study identifies two
potential target genes for the development of safe and efficient ASFV vaccines, provides a reference for the construction of

bivalent ASFV and PRV vaccines, and demonstrates the feasibility of developing a live ASFV vector vaccine.

Introduction

African swine fever (ASF) mainly affects domestic pigs
and wild boars [1]. Its pathogenesis is short and its mortal-
ity rate is high [2]. An ASF epidemic was first reported in
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Kenya in 1921, after which the disease spread throughout
Africa [3]. In 1957, an outbreak of ASF spread from West
Africa to Portugal, marking the beginning of the European
epidemic [4]. In China, ASF was first reported in 2018 on
a pig farm in the city of Shenyang, Liaoning Province, and
it quickly spread to various provinces across the country
[5]. Although ASF has been prevalent for nearly 100 years,
there is neither an effective vaccine nor a drug to prevent
and control the epidemic at home or abroad. The genome
of the causal agent, ASF virus (ASFV), is very large, and
many of its genes play an important role in immune escape
[6-10]. The genes encoding the viral proteins B119L and
EP364R are potential candidates for use in anti-ASFV live
vector vaccine design.

The EP364R protein is mainly involved in the replica-
tion and repair of viral DNA and is related to the principal
Holliday junction resolvase of eukaryotes (Mus81) [11].
This protein is able to induce a strong continuous cellular
immune response [12, 13]. Previous studies have shown that
the EP364R protein of ASFV has the characteristics of a
nuclease that can inhibit the IFN signaling pathway of the
host's antiviral innate immune response. The site-directed
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mutations Y76S and N78A in the EP364R protein have
been shown to restore IFN production in infected cells [7].
The pB119L (9GL) protein of ASFV, which belongs to the
Ervip/Alrp family of sulfhydryl oxidases, is a late non-
structural protein that is necessary for the correct assem-
bly of the ASFV virion [14]. Its gene is highly conserved
among ASFV isolates. It is involved in the maturation of
viral particles and the growth of the virus in macrophages
in vitro, and it has been shown to affect the virulence of the
virus in pigs [15]. As a gene that confers virulence, B119L
is usually deleted in the development of live attenuated vac-
cines. For example, O'Donnell et al. [16] found that low-dose
immunization of pigs with an ASFV-G strain in which the
B119L gene was deleted induced effective protection against
challenge with the parental strain. In contrast, strains with
deletions of MGF360/505 or CD2V/EP153R did not provide
protection against the parental strain [17, 18]. However, it
was found that the protection was enhanced by deleting the
UK gene [19], indicating that this gene plays an important
role in the replication of ASFV in the host.

Pseudorabies virus (PRV) is a member of the subfamily
Alphaherpesvirinae of the family Orthoherpesviridae [20].
This virus can persist in the trigeminal ganglion of pigs for
their entire lifetimes, causing pseudorabies (PR) [21]. PRV
can cause death in piglets and reproductive disorders in
sows, and it is often encountered in mixed infections with
other disease agents, resulting in the death of pigs at all
developmental stages. PRV can also infect a variety of other
farm animals [22]. Liu et al. [23] isolated a recombinant
strain, hSD-1/2019, derived from a variant and a classical
PRV strain, from cases of acute human encephalitis. This
suggests that PRV can spread across species and infect
humans, making it a potentially emerging zoonotic patho-
gen. The genome of PRV is a double-stranded linear DNA
molecule with a length of approximately 142 kb [24]. There
are many non-essential genes in the relatively large genome
of PRV that are not related to viral replication. The gE, g,
and TK genes can be deleted in order to develop geneti-
cally engineered vaccines against PRV. For example, PRV
HB2000 [25], SA215 [26], gE-/gl-/TK-PRV (HeN1) [27],
and other new PR vaccine strains with gE/gl/TK triple gene
deletions have shown good protection against PRV infec-
tion. Two of these, HB2000 and SA215, have been used in
commercial vaccines. PRV has also been widely used as
an experimental viral vector for expression of foreign pro-
teins, including the E2 protein of classical swine fever virus
(CSFV) [28], the VP2 protein of porcine parvovirus and
porcine IL-6 [29], and the CD2v protein of ASFV [30].

PRV strains are currently divided into two genotypes.
Genotype [ strains are mainly found in European and Ameri-
can countries, whereas genotype II strains are mainly found
in Asian countries. Genotype II strains are mainly concen-
trated in China and are further divided into classical and
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variant strains. The Fa [31], Ea [32], and SC [33] strains
belong to the group of classical strains, and the HeN1 [34],
TJ [35], and JS-2012 [36] strains are variant strains. The
vaccine strain Bartha-K61 belongs to genotype I [37], and
vaccine preparations based on this strain do not provide
comprehensive protection against the PRV variants found
in Asian countries [38, 39]. Hence, it is necessary to develop
effective novel vaccines to prevent future outbreaks.

In this study, to investigate the applicability of a recom-
binant multivalent vaccine expressing an ASFV gene using
PRV as a vector, the recombinant PRV strains rGXGG-2016-
Agl/AgE-EP364R and rGXGG-2016-Agl/AgE-B119L,
expressing the pEP364R and pB119L protein, respectively,
were constructed by homologous recombination technology.
The virulence, immunogenicity, and protective efficacy of
these recombinant strains were then evaluated in a mouse
model.

Materials and methods

Cells, viruses, antibodies, animals, and ethical
approval

Vero (African green monkey kidney), HEK 293T (human
embryonic kidney), and BHK-21 (baby Syrian hamster
kidney) cells were cultured in Dulbecco's modified Eagle
medium (DMEM; Gibco, California, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco). The GXGG-
2016 strain (GenBank accession no. OP589231) is a clas-
sical PRV strain of genotype II that was isolated in our
laboratory. Its TK gene has a natural deletion of 69 amino
acids. GXLB-2015 (GenBank accession no. OP605538) is
a genotype II variant PRV strain that was isolated in our
laboratory [40]. The rtGXGG-2016-Agl/AgE-EGFP strain,
which has deletions of the gl and gE genes and expresses the
enhanced green fluorescent protein (EGFP), was also con-
structed previously in our laboratory. Twenty-eight-day-old
ICR mice and New Zealand white rabbits were provided by
the Laboratory Animal Center of Guangxi Medical Univer-
sity. Our study was approved by the Ethics Committee of
Animal Experiments of Guangxi University (protocol num-
ber GXU2020-038).

Preparation of rabbit polyclonal antibodies
against the ASFV EP364R and B119L proteins

EP364R and B119L gene sequences were synthesized and
cloned into the pET-32a(+) and pCold-I vector, respectively.
The constructs were sequenced and then used to transform
competent Escherichia coli BL21(DE3) cells. Expression
of the cloned genes was induced by treatment with 0.5 mM
IPTG, recombinant proteins were purified by Ni** affinity



Recombinant pseudorabies viruses expressing ASFV proteins

Page3of12 22

chromatography (Cowin, Beijing, China), and their anti-
genicity were confirmed by western blotting. Two New Zea-
land white rabbits weighing about 2 kg were selected, 2 mL
of blood was collected from a vein at the ear margin after
1 week of resting, and the serum was separated for use as a
negative control. The recombinant protein was fully emul-
sified with an equal volume of Freund’s complete adjuvant
(Sigma-Aldrich, Darmstadt, Germany), and a dose of 1 mg
was used to immunize rabbits subcutaneously. On the 14th
and 21st days after the first vaccination, the rabbits were
given a booster immunization with the protein emulsified
in Freund's incomplete adjuvant (Sigma-Aldrich). On the
26th day after the first immunization, blood was collected
from the heart, and the sera were separated by centrifugation
and stored at -80 ‘C. After the blood collection was com-
pleted, the blood vessels were pressed in order to stop the
bleeding, and the animals were nursed to reduce the trauma
encountered.

Plasmid construction and generation
of recombinant strains

rGXGG-2016-Agl/AgE-EP364R and rGXGG-2016-Agl/
AgE-B119L were used to produce recombinant strains
with the gl/gE double gene deletion. First, the B119L and
EP364R genes (GenBank accession numbers QBH90547.1
and QBH90562.1, respectively) were chemically synthesized
by GENEWIZ Co. Ltd. (New Jersey, USA) and inserted into
the pMD-18T plasmid. Then, using PRV GXGG-2016 as a
template, the left homologous arm of the gD site and the
right homologous arm of the US9 and US2 sites were ampli-
fied to construct the parental plasmid pMD-18T-LR. Next,
the transfer plasmid pMD-18T-L-EP364R/B119L-EGFP-R,
containing the ASFV immunogenic gene expression cas-
sette, was constructed using a single-step cloning technique,
and sequencing was performed to verify the absence of
mutations. HEK 293T cells infected with the GXGG-2016
strain were transfected with 2.5 pg of the transfer plasmid
using Lipofectamine 2000 (Invitrogen, California, USA).
The resulting recombinant strains were amplified and puri-
fied in Vero cells by plaque isolation. A 2% MEM medium
containing 1% low-melting-point agarose was added to Vero
cells infected with the virus, and the culture plates were
inverted and incubated for 2-3 days. The cell plate was then
viewed under a fluorescence microscope (Carl Zeiss AG,
Oberkochen, Germany) to pick plaques exhibiting green
fluorescence. These plaques were expanded in 24-well plates
and then purified for 5-6 rounds until all of the cytopathic
lesions exhibited green fluorescence.

To assess the genetic stability of the ASFV genes in the
recombinant strains, the rGXGG-2016-Agl/AgE-EP364R
and rGXGG-2016-Agl/AgE-B119L strains were passaged
20 times consecutively in BHK-21 cells. The viral genomes

from passages 5, 10, 15, and 20 were isolated using a TIAN-
amp Virus DNA/RNA Kit (TTANGEN, Beijing, China), the
EP364R and B119L genes were amplified by PCR, and the
positive viral DNA was sent to Sangon Biotech Co., Ltd.
(Shanghai) for gene sequencing to confirm that the recombi-
nant strains maintained the EP364R and B119L genes during
cell passage.

Titration of recombinant strains

The recombinant strains were serially diluted tenfold with
DMEM containing 2% FBS. The 10'- to 10'°-fold dilutions
were added to Vero cells grown in 96-well plates to 80% con-
fluence, and cells grown in DMEM containing 2% FBS were
used as negative controls. The cells were cultured at 37 C
in a 5% CO, incubator and observed under a microscope for
5 days, and cytopathic effects (CPEs) were recorded. The
50% tissue culture infective dose (TCID5;) was determined
according to the Reed—Muench method [41].

Expression of pEP364R and pB119L (9GL) proteins
by the recombinant strains

The expression of foreign genes inserted into the recom-
binant virus was detected by western blotting and indirect
immunofluorescence assay (IFA). BHK-21 cell monolayers
grown in 6-well plates were infected with GXGG-2016,
rGXGG-2016-Agl/AgE-EGFP, rtGXGG-2016-Agl/AgE-
EP364R, or ~tGXGG-2016-Agl/AgE-B119L at a multiplicity
of infection (MOI) of 0.1. For indirect IFA, the cell culture
medium was discarded, and the cells were washed twice
with PBS at 24 hpi. The cells were then fixed with 1 mL
of cold methanol and blocked with 1 mL of 1% fraction V
bovine serum albumin (BSA; Solarbio). Subsequently, rab-
bit polyclonal antibodies (PAbs) against the EP364R and
B119L proteins were used as the primary antibodies, and
CoraLite594-conjugated goat anti-rabbit IgG (H+L; 1:1000;
MO BIO, California, USA) was used as the secondary anti-
body. Expression of the target proteins was detected using a
fluorescence microscope.

For western blotting, the supernatant was collected from
the infected cells, mixed with loading buffer, and boiled at
100 °C for 5 minutes. The proteins were then separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene fluoride
(PVDF; Millipore, Massachusetts, USA) membrane. Non-
specific binding was blocked with 5% skim milk at room
temperature for 2 h, after which the membrane was incu-
bated with rabbit PAbs against the EP364R and B119L
proteins at 4 °C for 12 h. Subsequently, the membranes
were incubated with HRP-tagged ant-rabbit IgG (1:10000)
(MO BIO), and the proteins bands were visualized using an
ImageQuant LAS 500 imager (Cytiva, Massachusetts, USA).
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Plaque assays

Vero cells were cultured in 6-well cell culture plates until
they formed a monolayer. Virus suspensions were diluted
103-10° times in DMEM without serum, and 20 pL of each
virus dilution was inoculated onto the cells. Then, 480 pL
of DMEM without serum was added to a final volume of
500 pL and the cells were incubated for 1 h at 37 °C in an
atmosphere of 5% CO,. The monolayers were then washed
twice with phosphate-buffered saline (PBS) (Solarbio, Bei-
jing, China) and further incubated in 2x MEM containing
1% low-melting-point agarose (Solarbio) and 2% FBS for
3-4 days. Subsequently, the medium was removed, and
the cells were fixed with 4% paraformaldehyde for 6 h and
stained with 5% crystal violet for 30 min. After gently
rinsing the plates with distilled water, the cells were dried
at room temperature. Ten plaques were randomly selected
for each strain, and their surface areas were measured
using ImagelJ 1.8.0 software (National Institutes of Health,
Bethesda, USA) and averaged.

Growth curves of the recombinant strains

To evaluate the growth properties of the recombinant
strains in vitro, Vero cells were grown in 24-well plates
and infected with rGXGG-2016-Agl/AgE-EP364R or
rGXGG-2016-Agl/AgE-B119L at an MOI of 0.1. Cell
supernatants were collected at 6, 12, 24, 36, 48, 60, 72, 84,
96, and 108 hpi, and the viral titer at each time point was
determined by performing a TCIDs, assay as described
above. The multi-step growth curve for each recombinant
virus was plotted using the infection time as the abscissa
and the virus titer as the ordinate.

Establishment of indirect ELISAs

The purified target proteins pCold-I-B119L and pET-
32a-EP364R were diluted with coating buffer (Solarbio)
to correspond to the coating concentration and used as
diagnostic antigens to coat 96-well microtiter plates. Five
percent skimmed milk was used to block nonspecific bind-
ing, the serum to be tested was used as the primary anti-
body, and HRP-tagged anti-pig IgG (H+L) was used as
the secondary antibody. 3,3’,5,5'-Tetramethylbenzidine
(TMB) substrate was added to produce a blue color, and
the reaction was stopped by adding a termination solu-
tion. The absorbance of each well was read at 450 nm on a
microplate reader. An indirect ELISA for detecting ASFV
antibodies was established by optimizing each condition
in the test by titration.
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Pathogenicity and immune protection assay

To investigate the pathogenicity of the virus, 28-day-old SPF
ICR mice were divided into six groups (groups 1-6, eight
mice per group). The mice in groups 1 to 5 were injected
subcutaneously with 10° TCIDs, of GXLB-2015, GXGG-
2016, rtGXGG-2016-Agl/AgE-EGFP, rtGXGG-2016-Agl/
AgE-EP364R, and rGXGG-2016-Agl/AgE-B119L, respec-
tively. The mice in group 6 were injected with the same vol-
ume of DMEM and as a negative control. Disease signs and
survival were continuously observed, and survival curves
were plotted. At about 72 h after immunization, two mice
in each group were randomly sacrificed, and the spleen and
brain tissues were removed, fixed with 4% paraformaldehyde
for 24 h, and embedded in paraffin. Sections of tissues were
subjected to H&E staining, and pathological changes were
observed under an optical microscope.

In order to evaluate the immune protection effect of the
recombinant strains, 28-day-old SPF ICR mice were divided
into five groups (groups 1-5, six mice per group). The mice
in groups 1 to 4 were injected subcutaneously with 10°
TCIDs, of GXGG-2016, rtGXGG-2016-Agl/AgE-EGFP,
rGXGG-2016-Agl/AgE-EP364R, and rGXGG-2016-Agl/
AgE-B119L, respectively. The mice in group 5 were injected
with the same volume of DMEM and used as a negative
control. The mice in each group received a second inocula-
tion one week later, following the same procedure. Serum
samples were collected at 7, 14, and 21 days after the sec-
ond booster immunization dose. PRV gB- and gE-specific
antibodies in blood samples were identified using a PRV
¢B and gE Antibody Test Kit IDEXX, Delaware, USA) in
accordance with the manufacturer’s instructions.

The presence of specific antibodies against the ASFV
EP364R and B119L proteins in mice was detected by west-
ern blot and IFA, using the serum samples as the primary
antibody, and HRP-tagged anti-mouse I1gG (1:10,000)
and CoraLite594-conjugated goat anti-mouse IgG (H+L;
1:1000) (MO BIO) was used as the secondary antibody for
western blotting and IFA, respectively. The antibody levels
in serum samples against the EP364R and B119L proteins
were also assessed by using the indirect ELISA methods
established in this study. Four weeks after the booster immu-
nization, the mice in each group were challenged with the
PRV GXLB-2015 strain by subcutaneous injection. Disease
signs in the mice were observed, and their survival was
recorded.

Statistical analysis

Data were analyzed using GraphPad Prism 8.0 software
(GraphPad Software, Inc., California, USA), and the
plaque diameters were measured using Image J 1.8.0 soft-
ware (National Institutes of Health, Bethesda, USA). All
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experiments were repeated at least three times indepen-
dently. All values were expressed as the mean + standard
deviation of three or more experiments. Statistical signifi-
cance is indicated as follows: *, P <0.05; **, P <(0.01; ***,
P <0.001; **** P <0.0001; n.s., P>0.05.

Results

Generation of recombinant strains expressing
the ASFV EP364R and B119L proteins

The recombinant strains rGXGG-2016-Agl/AgE-EP364R
and rGXGG-2016-Agl/AgE-B119L (Fig. 1A) were continu-
ously passaged 20 times in BHK-21 cells, and the genetic
stability of these viruses was evaluated by PCR and sequenc-
ing. The results showed that the EP364R, B119L, and gB
genes were present in the genome of each generation of
recombinant virus, but the gE gene could not be ampli-
fied. Sequencing showed that there were no mutations in
the inserted foreign genes. These results indicated that the
recombinant virus had been successfully constructed, that
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Fig. 1 Construction of the recombinant virus. (A) The homologous
recombination fragment was inserted between the gl and gE genes.
The left and right homologous arms were 1236 and 1347 bp, respec-
tively. The EGFP and ASFV antigen genes were driven by a CMV
promoter. (B) Immunofluorescence images showing that BHK-21
cells infected with rGXGG-2016-AgE/Agl-EP364R and rGXGG-

pMD-18T-L-EP364R/B119L-EGFP-R

the gl and gE genes had been stably deleted, and that the
foreign EP364R and B119L genes were stably maintained
during passage of the virus.

Expression of ASFV EP364R and B119L proteins
by the recombinant strains

Western blot and IFA were performed using rabbit PAbs
against the EP364R and B119L proteins as the primary anti-
bodies. The IFA results showed that, after infection with
the two recombinant strains, BHK-21 cells displayed red
fluorescence, whereas cells infected with GXGG-2016 or
rGXGG-2016-Agl/AgE-EGFP were negative (Fig. 1B).
Western blot analysis also showed the presence of specific
bands, of approximately 14 kDa and 41 kDa, corresponding
in size to the EP364R and B119L proteins, in the superna-
tants of cells infected with rGXGG-2016-Agl/AgE-B119L
and rGXGG-2016-Agl/AgE-EP364R, respectively. No spe-
cific bands were found when testing the supernatants of cells
infected with GXGG-2016 or rtGXGG-2016-Agl/AgE-EGFP
or the negative control (Fig. 1C). These results indicated
that the recombinant strains carried the EP364R and B119L

B MERGE

MOCK

GXGG-
2016

rGXGG-
2016-
AglU/AgE-
EGFP

rGXGG-
2016-
Agl/AgE-
EP364R

rGXGG-
2016-
Agl/AgE-
B119L

2016-AgE/Agl-B119L  expressed EP364R and B119L protein,
respectively. The white scale bars are 150 pm. (C) Western blot
showing 41.4-kDa EP364R and14.4-kDa B119L bands produced in
cells infected with rGXGG-2016-AgE/Agl-EP364R and rGXGG-
2016-AgE/Agl-B119L, respectively
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protein expression cassettes and that they were successfully
expressed in BHK-21 cells.

Proliferation of recombinant strains in vitro

A plaque assay was performed to evaluate the ability of
the recombinant strains to proliferate in vitro. As shown in
Fig. 2A and B, the mean surface area of plaques produced
by rGXGG-2016-Agl/AgE-B119L and rGXGG-2016-Agl/
AgE-EP364R was 63,068.2 pm? and 72,814.3 pm?, respec-
tively. These plaques were significantly smaller than those
produced by GXGG-2016 (p <0.001). They were also
smaller than those produced by rGXGG-2016-Agl/AgE-
EGFP. This suggests that the pathogenicity of PRV to the
cells was reduced by the gl/gE double gene deletion and that
the ability of the virus to invade cells was greatly reduced
after the foreign genes were inserted.

To evaluate the in vitro growth properties of the recom-
binant strains, Vero cells were infected with the strains at an
MOI of 0.1, and the virus titers were determined at different
time points, using the Reed-Muench method. As shown in
Fig. 2C, the viral titers of the GXGG-2016 were significantly
higher than those of the recombinant strains at all of the

time points. However, the proliferation trends were the same,
indicating that the insertions of EP364R and B119L did not
change the growth kinetics of the viruses in vitro.

Induction of B119L/EP364R- and PRV-gB-specific
antibodies by the recombinant strains
and protection against challenge by virulent viruses

To evaluate their safety, mice were infected with each of
the recombinant strains. Mice infected with GXGG-2016,
rGXGG-2016-Agl/AgE-EGFP, rtGXGG-2016-Agl/AgE-
EP364R, or rGXGG-2016-Agl/AgE-B119L were in good
condition and showed no clinical signs. However, mice
infected with the GXLB-2015 strain developed clinical signs
typical of PRV, such as marked scratching and bite marks,
and they all died within 5 days of inoculation (Fig. 3A).
H&E staining of brain tissue sections showed that GXLB-
2015 strain infection induced infiltration of inflammatory
cells into the brain, but this was not seen in the other infected
groups (Fig. 3B). These results indicated that the recom-
binant strains constructed in this study were safe and non-
pathogenic to mice. The immune effects of the recombinant
strains in the mouse model were evaluated by H&E staining
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Fig.2 Insertion of ASFV proteins does not change the proliferation
capacity or virulence of tGXGG-2016-AgE/Agl-EGFP. (A) Viruses
(10°-10° TCIDs,) were inoculated onto 1x10° Vero cells and cul-
tured for 2 to 3 days. The growth of plaques was observed by crystal
violet staining. (B) Plaque measurement. The areas corresponding to
10 randomly selected plaques were measure using a ruler in ImageJ
1.8.0 software. (C) Multistep growth curve Vero cells were inoculated
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Infection time (Hours)

with viruses at an MOI of 0.1, and cell supernatants were collected
at different time points (6-108 hpi). The virus titers were calculated
by the Reed—-Muench method. The value at each time point is the
mean of at least three replicates. An unpaired 7-test was performed
using GraphPad Prism 8.0 (San Diego, CA, USA). *, p<0.05; *#**,
p<0.0001 (n=10 per group). The bars represent the mean + SD of
three independent experiments (n=3).
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Fig.3 The virulent strain GXLB-2015 causes brain inflammation and
death in mice. (A) 28-day-old SPF ICR mice were injected subcuta-
neously with viruses, and 15-day survival curves were plotted (n=6
per group). (B) Infection with the variant causes immune cell infiltra-

of mouse spleen tissue sections. As shown in Fig. 3C, mice
infected with rGXGG-2016-Agl/AgE-EGFP, rGXGG-2016-
Agl/AgE-EP364R, or r~GXGG-2016-Agl/AgE-B119L had
obvious lymphocyte infiltration in their spleens, while the
others showed no significant changes. This indicated that
the attenuated and recombinant strains were immunogenic
in mice.

Using an indirect ELISA method, 4-week-old mice that
had been inoculated with -tGXGG-2016-Agl/AgE-EP364R,
or rtGXGG-2016-Agl/AgE-B119L were found to be positive
for antibodies against the PRV gB protein and the ASFV
EP364R or B119L protein (Figs. 4A-C). Except for the
parental strain, no antibodies against gE were detected after
infection with these viruses (Fig. 4D). Further verification
by IFA (Fig. 5A) and western blotting (Fig. 5B) showed that
antibodies specific for ASFV EP364R and B119L proteins
were present in serum samples from the mice. These data
indicated that the recombinant strains were immunogenic
and could induce an immune response against the ASFV
pEP364R and pB119L proteins in mice.

To evaluate whether immunization with the recombinant
strains induced protective immunity against PRV in mice,
each animal was challenged with 5x 10° TCIDs, of the PRV
GXLB-2015 strain 4 weeks after the booster immuniza-
tion. After challenge, all of the immunized mice survived,
and no clinical signs were observed in mice that had been
immunized with GXGG-2016, -tGXGG-2016-Agl/gE-EGFP,

GXLB-2015

tion in the brain of mice, as indicated by black arrows. (C) Spleen
lymphocytes of mice inoculated with the recombinant strains and
rGXGG-2016-Agl/AgE-EGFP were observed to be clustered, as indi-
cated by black arrows.

rGXGG-2016-Agl/AgE-EP364R, or ~tGXGG-2016-Agl/
AgE-B119L. The mice in the control group displayed typi-
cal signs of PRV infection, and all of them died (Fig. 5C).
The data indicate that the recombinant strains rGXGG-2016-
Agl/AgE-EP364R and rGXGG-2016-Agl/AgE-B119L, con-
structed in this study, not only induced the production of
antibodies against the ASFV EP364R and B119L proteins
in mice but also protected mice against lethal challenge with
a virulent PRV strain.

Discussion

The outbreaks of ASF have caused huge economic losses to
the global pig-breeding industry and have seriously affected
international trade related to the pig industry. Since 2021,
ASF outbreaks have been reported in 41 countries around
the world, and seven of these countries reported their first
outbreak of the disease since then [42]. This has resulted in
the loss of more than 1 million animals worldwide.

ASFV has been prevalent for nearly a hundred years
since its discovery, and many researchers are working to
develop an effective vaccine against the virus. The team
led by Gladue and Borca deleted the 1177L gene from the
genome of ASFV-G and developed a candidate attenuated
vaccine as well as evaluating its safety [43, 44]. It was found
that it could effectively protect the host from challenge with
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Fig.4 Production of specific antibodies against B119L, EP364R, and
¢B after immunization with the recombinant viruses, measured by
ELISA. (A) Anti-B119L specific antibodies were produced by immu-
nizing mice with rGXGG-2016-Agl/AgE-B119L. The horizontal
line represents the cutoff value (0.526). (B) Anti-EP364R antibodies
were produced by immunizing mice with rGXGG-2016-Agl/AgE-
EP364R. The horizontal line represents the cutoff value (0.588). (C)
Anti-gB antibodies were produced in all immunized mice except the

the parental strain, although mild clinical signs were still
observed. Takamatsu’s team immunized local African pigs
with a naturally attenuated strain, OURT88/3, which can
induce cross-protective immunity against some virulent iso-
lates [45, 46]. However, in practice, the attenuated vaccines
still need to be carefully evaluated with respect to safety
issues such as virulence reversion, adverse reactions, and
persistent infections. Cadenas-Fernandez et al. [47] used
high doses of inactivated strains to immunize pigs and found
that this did not provide adequate protection against chal-
lenge with the parental strains. Tamas et al. [48] immunized
pigs with viruses produced by deleting the MGF-110 gene
of strain Lv17/WB/Riel and found that the deletion reduced
pathogenicity of this strain at high doses while having essen-
tially no effect on its protective capacity. These studies also
emphasized that the currently available inactivated vaccine
did not effectively protect pigs against challenge with a viru-
lent ASFV strain.

Lokhandwala et al. [49] showed that immunizing pigs
with ASFV antigens (composed of p32, p54, p72, and pp62)
that had been produced using adenovirus vectors induced
specific antibodies as well as cytotoxic T lymphocyte
responses. Goatley et al. [50] used a recombinant adeno-
virus for primary immunization and a modified vaccinia
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control DMEM group. The horizontal line represents the cutoff value
(0.6). (D) Anti-gE antibodies were produced by immunizing mice
with GXGG-2016. The horizontal line represents the cutoff value
(0.6). The bars represent the mean + SD of three or more independent
experiments. Significance was analyzed using an unpaired r-test. *,
p<0.05; **, p<0.01; **¥*, p<0.001; **** p<0.0001; n.s., p>0.05
(n=3)

virus Ankara strain as a booster for expression of ASFV
immunogens, and found that the immunized pigs were pro-
tected from lethal doses of ASFV. These studies have shown
that recombinant viral vectors are a promising vaccine plat-
form, combining the advantages of live attenuated vaccines
and subunit vaccines and avoiding some of the shortcom-
ings of each. They are relatively safe and inexpensive and
are being actively developed. In the present study, genes
encoding immunogens from ASFV were inserted into PRV
by homologous recombination, resulting in two recombi-
nant viruses that were able to induce an effective immune
response in mice.

Since 2011, there have been PR outbreaks on several
large-scale pig farms in China where the animals had been
immunized with the Bartha-K61 vaccine. The epidemic has
spread rapidly throughout the country, causing serious eco-
nomic losses to the pig industry in China. Through epidemi-
ological investigations and genetic analysis of pigs on farms
in different regions of China, it was found that the positive
rate for PRV gE antibodies had generally shown a down-
ward trend, but the rate in some areas was still as high as
40-60% [51, 52]. In addition, the virulence of PRV variants
has increased significantly, with infected pigs showing more
obvious clinical signs and higher mortality rates, resulting in
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Fig.5 Detection of specific antibodies against B119L and EP364R
after immunization with the recombinant strains and protection
against lethal challenge with variant PRV strains. (A) Immunofluores-
cence images showing the detection of antibodies in the sera of mice
immunized with the recombinant strains. The white scale bars are
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huge economic losses to many pig farms [53, 54]. gE medi-
ates the entry of the virus into the central nervous system
of the host, often playing a synergistic role with gl [55].
Deletion of the gl and gE genes or insertion of foreign genes
in their place does not affect viral replication. Therefore,
the gl and gE genes were selected as the modification sites
for the PRV GXGG-2016 construct in this study. Although
the attenuated and recombinant strains in this study showed
lower virus titers than the parental strain, the virus titer at 60
h could nevertheless approach or even exceed 10’ TCIDs,,.
There was no significant difference in proliferation between
the recombinant and attenuated strains. Our results are con-
sistent with those of previous studies, which also showed
that gl/gE double gene deletions resulted in a reduction in
the replicative ability of the virus in vitro [33, 56].
Adenovirus, vaccinia virus, baculovirus, alphavirus,
and Newcastle disease virus are commonly used viral
vectors for ASFV vaccines. The advantages of the PRV
expression vector system are similar to those of other viral
expression vectors, including a good safety record, a large
capacity for exogenous genes, low production costs, and a
relatively simple process for its use. Pathological observa-
tion of sections of brain and spleen tissues showed that the

B
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3
o 204
0 T T 1
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Days post-inoculation

150 pm. (B) Western blot results showing the recognition of ASFV
antigens by antibodies in the sera of mice infected with the recom-
binant strains (41.4 kDa EP364R band, 14.4 kDa B119L band). (C)
Protection of mice against lethal challenge with variant PRV strains
by both the recombinant and parental strains.

recombinant strains constructed in this study did not induce
a lethal inflammatory response, further confirming their
safety. Interestingly, the spleen tissues of mice infected with
GXLB-2015 or GXGG-2016 did not show significant his-
topathological changes, which may be related to the lack of
an inflammatory response at the early stages of PRV infec-
tion or to the extent of tissue damage and cellular disruption
caused by higher concentrations of virus, which is consist-
ent with previous observations [33, 56]. It is worth noting
that the expression products of recombinant PRV retain their
antigenicity, immunogenicity, and function. Our recombi-
nant strains induced antibodies against the EP364R and
B119L proteins in immunized mice and provided protection
against lethal PRV infection. These results suggest that PRV
can be used safely for efficient expression of foreign genes
for the development of multivalent genetically engineered
live vaccines.

In summary, we constructed PRV recombinant strains
expressing the ASFV EP364R and B119L genes, rGXGG-
2016-Agl/AgE-EP364R, and rGXGG-2016-Agl/AgE-
B119L, using homologous recombination. The recombinant
strains showed good safety and immunogenicity in mice, and
they were 100% protective against a virulent virus challenge.
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Therefore, this study provides a reference for the construc-
tion of ASFV and PRV bivalent vaccines. It also verifies the
feasibility of using live virus vector vaccines for the future
development of an effective novel ASV vaccine. Our study
has so far only verified the safety and efficacy of the recom-
binant strains in mice. They now need to be tested in pigs
to determine whether they can induce an effective immune
response and provide protection in order to assess their suit-
ability for practical applications.
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