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ABSTRACT
African swine fever (ASF) is an acute and highly contagious lethal infectious disease in swine that severely threatens the
global pig industry. At present, a safe and efficacious vaccine is urgently required to prevent and control the disease. In
this study, we evaluated the safety and immunogenicity of replication-incompetent type-2 adenoviruses carrying African
swine fever virus (ASFV) antigens, namely CP204L (p30), E183L (p54), EP402R (CD2v), B646L (p72), and B602L (p72
chaperone). A vaccine cocktail delivered by simultaneous intramuscular (IM) and intranasal (IN) administration
robustly elicited both systemic and mucosal immune responses against AFSV in mice and swine and provided highly
effective protection against the circulating ASFV strain in farmed pigs. This multi-antigen cocktail vaccine was well
tolerated in the vaccinated animals. No significant interference among antigens was observed. The combined IM and
IN vaccination using this adenovirus-vectored antigen cocktail vaccine warrants further evaluation for providing safe
and effective protection against ASFV infection and transmission.
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Introduction

African swine fever virus (ASFV) is the causative agent
of African swine fever (ASF), a severe, extremely conta-
gious, and fatal viral disease [1, 2]. ASFV is the only
known DNA virus spread by arthropods, and it belongs
to the Asfivirus genus within the Asfarviridae family [3,
4]. ASF symptoms and fatality rates differ depending on
the animal species and virus strains involved. Acute
ASFV infection has almost 100%mortality [5], whereas
chronic infections are typically caused by less virulent
strains that manifest as intermittent fever, weight loss,
persistent skin ulcers, and arthritis [1]. Hence, ASF is
recognized as a notifiable disease by theWorldOrganiz-
ation forAnimalHealth (WOAH)and continues topose
a serious threat to the global pig industry, food security,
and economic trade. Currently, there is a lack of highly
effective antiviral drugs, making the development of a
safe and effective vaccine a pressing concern.

The ASFV genome is a double-stranded DNA mol-
ecule of 170–190 kbp with 151–167 open reading
frames (ORFs), yet half of its genes have no known

or predicted function [6, 7]. Although the develop-
ment of live attenuated or subunit vaccines is the
main focus of current ASF vaccine design approaches,
various ASF vaccine approaches have been studied in
recent decades. Live attenuated ASFV vaccines can
confer protection of up to 100% [8–11], but they can
also have side effects and possibly other safety con-
cerns. Subunit vaccine strategies have only achieved
limited success, primarily due to the selection of a
delivery system and the lack of knowledge regarding
protective antigens [12]. While the mechanisms
behind protective immunity are not fully understood,
both cellular and humoral immune responses induced
by ASFV vaccines play crucial roles in providing host
protection. Previous studies have shown that the viral-
vectored ASFV vaccines are a viable approach to elicit-
ing antigen-specific antibody and cellular immune
responses, and that protection is associated with
robust virus-specific T-cell responses [13–15].
Additionally, mucosal vaccination with adenovirus-
vectored vaccines can effectively stimulate both

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group, on behalf of Shanghai Shangyixun Cultural Communication Co., Ltd
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

CONTACT Ling Chen chen_ling@gibh.ac.cn Guangdong Laboratory of Computational Biomedicine, Guangzhou Institutes of Biomedicine and
Health, Chinese Academy of Sciences, No.190, Kaiyuan Avenue, Huangpu district, Guangzhou 510530, People’s Republic of China; Pingchao Li
li_pingchao@gibh.ac.cn Guangdong Laboratory of Computational Biomedicine, Guangzhou Institutes of Biomedicine and Health, Chinese Academy of
Sciences, No.190, Kaiyuan Avenue, Huangpu district, Guangzhou 510530, People’s Republic of China; Suhua Guan guan_suhua@gznbio.com
Guangzhou nBiomed Ltd, No.1, Ruifa Road, Huangpu district, Guangzhou 510535, People’s Republic of China
*Contributed equally to this work.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/22221751.2023.2233643.

Emerging Microbes & Infections
2023, VOL. 12, 2233643 (14 pages)
https://doi.org/10.1080/22221751.2023.2233643

http://crossmark.crossref.org/dialog/?doi=10.1080/22221751.2023.2233643&domain=pdf&date_stamp=2023-07-12
http://creativecommons.org/licenses/by-nc/4.0/
mailto:chen_ling@gibh.ac.cn
mailto:li_pingchao@gibh.ac.cn
mailto:guan_suhua@gznbio.com
https://doi.org/10.1080/22221751.2023.2233643
http://www.iom3.org/
http://www.tandfonline.com


systemic and mucosal immunity, preventing the trans-
mission of exogenous pathogens [16–18]. Therefore,
in addition to the choice of antigen, the administration
route, immunization regimen, and dose are also cru-
cial for the success of a viral-vectored ASFV vaccine.

In a previous study, vaccination using a pool of
eight virally vectored ASFV antigens provided com-
plete protection to all pigs when challenged with a
lethal dose of virulent ASFV [13]. However, it is com-
mercially infeasible to produce eight adenovirus vector
vaccines, and more antigens may have the problem of
antigen competition. Based on further analysis of these
antigen-induced immune responses in this study, in
combination with the architecture of the ASFV virion
to determine which antigens may be more important
for effective protection, we ultimately chose CP204L
(p30), E183L (p54), EP402R (CD2v), B646L (p72),
and B602L (p72 chaperone). Subsequently, we con-
structed and evaluated the immunogenicity of five
replication-incompetent adenovirus type 2 (Ad2)-vec-
tored ASFV vaccines in mice and swine. We also
assessed the protective efficacy of adenovirus-vectored
ASFV antigen cocktail vaccines against the ASFV
prevalent strain in farmed pigs.

Materials and methods

Ethics statements

This study was conducted following the guidelines
outlined in the Guide for the Care and Use of Labora-
tory Animals by the Ministry of Science and Technol-
ogy of the People’s Republic of China. The vaccination
experiments were approved by the Committee on the
Ethics of Animal Experiments at the Guangzhou Insti-
tutes of Biomedicine and Health of the Chinese Acad-
emy of Sciences (No. 2020086 and 2022163 for mice
and swine, respectively).

Virus infection assays

The adenovirus infection assays were conducted by
infecting porcine kidney cells (PK-15, ATCC CCL-
33) with Ad2-EGFP, Ad3-EGFP, Ad4-EGFP, Ad5-
EGFP, Ad6-EGFP, Ad7-EGFP, Ad11-EGFP, Ad14-
EGFP, and Ad55-EGFP at the desired doses at 37°C
for 1 h. At 24 h post-infection, the cells were imaged
using fluorescence microscopy and analyzed by an
Accuri C6 flow cytometer. The Ad-EGFP vectors
were purchased from Guangzhou nBiomed Ltd.

Adenovirus vectored vaccine

Replication-incompetent recombinant adenoviruses
Ad2-p30, Ad2-p54, Ad2-p30-p54, Ad2-CD2v, and
Ad2-p72-p72c were constructed as follows. In brief,
the amino acid sequence of the ASFV antigen was

obtained from Pig/Heilongjiang/2018 (HLJ/18) ASFV
isolates (GenBank accession no. MK333180.1), which
was designed as a synthetic gene codon to optimize
protein expression in the porcine host (Genescript,
China). To generate recombinant adenoviruses, these
genes were amplified by PCR, subcloned into the shut-
tle plasmid pGA1, linearized, and subjected to homolo-
gous recombination with an E1- and E3-deleted
pAd2ΔE1ΔE3 backbone in E. coli BJ5183 competent
cells (Thermo Fisher) according to the manufacturer’s
protocols [19]. These recombinant adenoviruses were
then amplified, purified with a cesium chloride density
gradient centrifuge, titrated, and stored at −80°C.

Immunocytochemistry

Immunocytochemistry was used to assess the protein
expression of the recombinant adenoviruses. Briefly,
the recombinant adenoviruses Ad2-p30, Ad2-p54,
Ad2-p30-p54, Ad2-CD2v, and Ad2-p72-p72c were
used to infect HEK-293 cell monolayers. The cells
werefixedwith 4%paraformaldehyde at 24 h after infec-
tion. The cells were blocked with 1× PBS containing 5%
BSA at 37°C for 1 h and incubatedwithmouse anti-p30,
anti-p54, anti-CD2v, and anti-p72 antibodies. These
mouse antibodies against p30, p54, CD2v, or p72 were
a gift from Prof Guangxia Gao. Following 3 washes,
the cells were subsequently incubated for 1 h with a
1:5000 dilution of horseradish peroxidase (HRP)-conju-
gated goat anti-mouse IgG (Beyotime, China). Follow-
ing washes as described above, the cells were stained
with 3,3-diaminobenzidine tetrahydrochloride and
then observed under a confocal microscope. Mock-
infected cells were used as negative controls.

Western blotting

Western blotting was further used to assess the protein
expression of the recombinant adenoviruses. Briefly, the
recombinant adenoviruses Ad2-p30, Ad2-p54, Ad2-p30-
p54, Ad2-CD2v, Ad2-p72-p72c, and Ad2-empty were
used to infect HEK-293 cell monolayers. 48 h post-infec-
tion, the cells were harvested and lysed, then resolved
through SDS-PAGE and transferred to PVDF mem-
branes. The membrane was blocked overnight at 4°C
with 5% BSA and incubated with antibodies against p30,
p54, CD2v, or p72 in PBST (PBS supplemented with
0.05% Tween-20 and 5% skim milk). Then, the mem-
branes were incubated with HRP-conjugated secondary
antibodies at room temperature for 1 h, and developed
with chemiluminescent HRP substrate (Merck).

Mouse vaccination

Experiment 1
Female BALB/c mice that were six weeks old were ran-
domly divided into 6 groups (n = 5). Figure 3(A)
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shows the vaccination regimen. One group of mice
served as the control and received vaccination with
5 × 109 vp Ad2-empty via an IM route. Mouse sera
were collected 14 days after vaccination. The mouse
was euthanized on day 28 following vaccination, and
the sera and splenocytes were collected and detected
using an ELISA or ELISpot assay.

Experiment 2
Female BALB/c mice that were six weeks old were ran-
domly divided into 6 groups (n = 5). Figure 4(A)
shows the vaccination regimen. The control group
was vaccinated with 1 × 109 vp Ad2-empty by an IM
route. Mouse sera were collected on days 14, 28, 42,
and 70 after the vaccination. The mouse was eutha-
nized on day 84 following vaccination, and the sera,
BALFs, and splenocytes were collected and detected
using an ELISA or ELISpot assay.

Swine vaccination

Experiment 1
A total of 15 eight-week-old farm pigs (7 male, 8
female) were included in this study. Pigs were divided
into 3 groups at random (n = 5). The non-vaccinated
group served as the control. The vaccination regimen
is shown in Figure 6(A). Serum samples, nasal swabs,
and PBMCs were collected at multiple time points and
detected using an ELISA or ELISpot assay.

Experiment 2
To assess the protective efficacy of theAd2-ASFVvaccine
in field farms, a total of 20 eight-week-old farm pigs (10
male, 10 female) were included in this study. Pigs were
divided into 2 groups at random (n = 10) and cohoused
in the same pens. The non-vaccinated group served as
the control. The vaccination regimen is shown in Figure 7
(A). Clinical signs were observed throughout the exper-
iment. Blood samples from the dead or surviving pigs
during the observation period were collected at multiple
time points and detected using qPCR assays.

ELISA

ELISA was used to quantify the antigen-specific IgG or
IgA antibodies in the immunological sera, nasal swabs,
and BALFs. Briefly, 0.05 μg of p30, p54, CD2v, or p72
protein (Msunflowers, China) were coated overnight
at 4°C in 96-well plates and blocked with PBST and
5% skim milk for 2 h at room temperature. Serially
diluted serum samples were added to each well and
incubated at 37°C for 1 h. HRP-conjugated goat
anti-mouse (Beyotime, China) or goat anti-swine
IgG antibodies (Abbkine) were then added to the
wells and incubated at 37°C for 1 h. The reaction
was developed by TMB substrate and determined at
450 nm. The cut-off value was determined by

calculating the mean optical density values at
450 nm (OD450) + 3 × standard derivations (SD)
from the sera of nonvaccinated animals. The endpoint
titres were then calculated as the reciprocal of the
highest serum dilution at which the OD450 values
were equal to or greater than the cut-off value. The
levels of IgA antibodies were measured in mouse
BALFs and swine nasal swabs using an HRP-conju-
gated polyclonal goat anti-mouse or anti-swine IgA
antibody (Abcam), following a similar procedure.

ELISpot

ELISpot assays were performed to evaluate antigen-
specific IFN-γ+ cell response using freshly isolated
mouse splenic lymphocytes or swine PBMCs. In brief,
the mouse or porcine IFN-γ coating antibody (Mab-
tech) was coated overnight at 4°C in sterile 96-well
microtitre plates (Merck Millipore). Using a density
gradient medium to isolate mouse splenic lymphocytes
or swine PBMCs, 5 × 105 cells per well were seeded and
stimulated with the corresponding peptide pool (p30,
p54, CD2v, or p72) (Table S1) at 2 μg ml−1 per peptide
(Genescript, China) for 24 h. The biotinylated detec-
tion antibodies (U-CyTech) were incubated and then
developedwith alkaline phosphatase-conjugated strep-
tavidin (U-CyTech) and NBT/BCIP reagent (Pierce).
Finally, the spots were counted with an ELISpot reader
(Bioreader 4000, BIOSYS, Germany).

qPCR

ASFV genomic DNA quantity in the blood samples
was determined by qPCR. QIAamp® DNA Mini Kit
(Qiagen, Germany) was used to extract ASFV genomic
DNA from EDTA-treated whole peripheral blood.
qPCR was carried out on a Bio-Rad system (Bio-
Rad, USA) according to the WOAH-recommended
procedure as previously described [20].

Statistical analysis

An unpaired t test withWelch’s correction was used to
analyze the differences in the mean antigen-specific
antibody and IFN-γ responses between the treatment
and control groups. A p < 0.05 was considered signifi-
cant. GraphPad Prism Version 8 was used to construct
data graphs.

Results

Construction of recombinant replication-
incompetent adenoviruses for efficient delivery
of ASFV antigens as vaccine candidates

To develop a safe and effective vaccine against AFSV, the
human replication-incompetent adenoviral vector was
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used as a platform for vaccine construction.Todetermine
which type of human adenovirus can effectively mediate
transgene expression in swine cells, PK-15 cells were
infected with a series of human adenoviruses carrying
EGFP gene at 500 viral particles (vp) per cell, including
Ad2-EGFP, Ad3-EGFP, Ad4-EGFP, Ad5-EGFP, Ad6-
EGFP, Ad7-EGFP, Ad11-EGFP, Ad14-EGFP, and
Ad55-EGFP. EGFP signals fromAd-EGFPwere detected
by fluorescence microscopy and flow cytometry. Com-
pared to other types of adenoviruses, Ad2 was the most
effective atmediating transgene expression inpig-derived

cells (Figure 1). Thus, we chose human replication-
incompetent adenovirus type-2 as the vector to construct
ASFV vaccine candidates.

Five replication-incompetent recombinant adeno-
virus type 2, Ad2-p30, Ad2-p54, Ad2-CD2v, Ad2-
p30-p54 and Ad2-p72-p72c, were constructed
(Figure 2(A)). Genes encoding the ASFV antigens
CP204L (p30), E183L (p54), EP402R (CD2v), B602L
(p72 chaperone), and B646L (p72) were codon-opti-
mized for optimal expression in swine cells. Previous
studies have confirmed that the p72 chaperone protein

Figure 1. Infectivity of divergent human adenovirus serotypes in pig-derived cells as determined by a virus infection assay. (A) The
infectivity of divergent serotypes of Ad-EGFP was determined in PK-15 cells. (B) The mean fluorescence intensity (MFI) of cells
infected with divergent serotypes of Ad-EGFP. The cells were imaged under a fluorescence microscope at 24 h postinfection,
and flow cytometry was used to examine the expression of EGFP. The data originated from three independent experiments.
The MFI is represented by the mean ± SD.
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is required as a molecular chaperone for the correct
folded conformation of the p72 capsid protein [21].
To enable simultaneous expression of two proteins
in the same cells, we inserted the “self-cleaving” 2A

peptide between genes p72 and p72 chaperone, and
between p30 and p54, to achieve expression of two
genes in an expression cassette [22]. To confirm the
expression of these ASFV antigens, these recombinant

Figure 2. Construction and characterization of the Ad2-ASFV vaccine. (A) Schematic representation of the Ad2-ASFV vaccine con-
struction in this study. (B) Antigen expression in HEK293 cells infected with Ad2-ASFV was analyzed by Western blotting. (C) Anti-
gen expression of the Ad2-ASFV vaccine was assessed by immunocytochemistry.
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adenoviruses were used to infect HEK 293 cells, and
subjected to Western blotting and immunocytochem-
istry analysis. Western blotting and Immunocyto-
chemistry revealed that recombinant adenovirus-
infected HEK-293 cells could efficiently express
ASFV antigens (Figure 2(B,C)).

Ad2-ASFV administered intramuscularly elicits
antibody and T-cell immune responses in mice

To evaluate the immunogenicity of Ad2-p30, Ad2-
p54, Ad2-p30-p54, Ad2-CD2v, and Ad2-p72-p72c,
five groups of 6-week-old female BALB/c mice were
vaccinated intramuscularly (IM) with 5 × 109 vp
Ad2-ASFV. The control group was vaccinated with
5 × 109 vp Ad2-empty by an IM route. (Figure 3(A)).
The antigen-specific IgG antibody responses were ana-
lyzed on day 14 and day 28 after vaccination. The 5 ×
109 vp Ad2-ASFV elicited significant serum IgG anti-
bodies against the p30, p54, CD2v, and p72 on day 14
following IM vaccination (Figure 3(B–E)), whereas
1 × 109 vp Ad2-ASFV elicited lower serum IgG titres
against the p30, p54, CD2v, and p72 (Figure 4(B–
E)), demonstrating a dose-dependent response. The
serum IgG antibodies against the p30, p54, CD2v,
and p72 continued to increase until mice were
sacrificed on day 28 (Figure 3(B–E)). In addition, the
levels of serum IgG antibodies against p30 or p54 eli-
cited by Ad2-p30-p54 were similar to those elicited by
Ad2-p30 or Ad2-p54, demonstrating that Ad2-p30-
p54 induces a balanced immune response with no
signs of antigenic competition (Figure 3(B,C)).

Previous studies have shown that virus-specific T-
cell immune responses are crucial for controlling
ASFV infection [23, 24]. We performed interferon-γ
(IFN-γ) enzyme-linked immune spot (ELISpot) assays
to determine whether Ad2-AFSV elicit an antigen-
specific T-cell immune response in mice using splenic
lymphocytes. Splenocytes were stimulated with an
ASFV peptide pool of p30, p54, CD2v, and p72. An
IM vaccination with 5 × 109 vp Ad2-ASFV induced
significant antigen-specific IFN-γ+ cell response, and
high dosages of Ad2-ASFV elicited a higher T-cell
immune response than low dosages (Figure 3(F,G)).
Consistent with the antibody response, the Ad2-p30-
p54 chimera elicited a similar level of p30- or p54-
specific T-cell immune responses with Ad2-p30 or
Ad2-p54.

Ad2-ASFV cocktail elicits systemic and mucosal
antibody and T-cell immune responses in mice
via a combined IM and IN vaccination regimen

Previous investigations on the ASFV vaccine have
demonstrated that subunit vaccines based on one or
two ASFV antigens have not been able to confer sig-
nificant protection among vaccinees [24–26]. A

multiantigen cocktail may successfully induce robust
immunity to confer complete protection. ASFV infects
through an aerosol route and replicates primarily in
monocyte macrophages, and it is highly stable in the
environment and can be easily transmitted orally
through contaminated fomites. Thus, mucosal immu-
nity would provide a powerful defence to prevent
initial infection and subsequent spread. Next, we
assessed the prime-boost vaccination regimen using
an Ad2-ASFV cocktail via IM combined with intrana-
sal (IN) routes in mice (Figure 4(A)). Female BALB/c
mice that were six-week-old were divided into 6
groups at random: (1–3) 5 × 108 vp IM injection plus
5 × 108 vp IN instillation with Ad2-p30-p54, Ad2-
CD2v, or Ad2-p72-p72c per mouse (n = 5); (4) A
total of 1.5 × 109 vp IM injection plus 1.5 × 109 vp
IN instillation with Ad2-p30-p54, Ad2-CD2v, and
Ad2-p72-p72c cocktail per mouse (n = 5); (5) A total
of 3 × 109 vp IM injection with Ad2-p30-p54, Ad2-
CD2v, and Ad2-p72-p72c cocktail per mouse (n = 5);
and (6) The control group was vaccinated with 1 ×
109 vp Ad2-empty by an IM route (n = 5). On days
14, 28, and 42 post-priming vaccination, all vacci-
nation groups generated antigen-specific IgG
responses, which significantly increased after boost
vaccination (Figure 4(B–E)). The Ad2-ASFV cocktail
elicited a similar level of serum IgG antibodies against
all antigens as the Ad2-ASFV single antigen groups,
demonstrating that the Ad2-ASFV cocktail induces a
balanced immune response without antigenic compe-
tition (Figure 4(B–E)). In addition, IM + IN vacci-
nation also elicited a similar level of serum IgG
antibodies against p30, p54, CD2v, and p72 antigens
as IM vaccination (Figure 5(A–D)).

Mucosal vaccination induces potent mucosal IgA
antibodies that provide the initial defence against infec-
tion by capturing and neutralizing respiratory patho-
gens at mucosal surfaces. Therefore, we assessed
mucosal immunity by measuring ASFV antigen-
specific IgA titres in bronchoalveolar lavage fluids
(BALFs). Consistent with serum IgG responses, the
Ad2-ASFV cocktail elicited a similar level of BALF
IgA responses against p30, p54, CD2v, and p72 antigens
as the Ad2-ASFV single antigen groups (Figure 4(F)).
IM + IN vaccination elicited all antigen-specific IgA
responses in BALFs, whereas IM vaccination did not
(Figure 5(E)). Thus, the Ad2-ASFV cocktail can induce
both systemic IgG and pulmonary IgA antibodies
against ASFV antigen inmice by IM combinedwith IN.

We also evaluated ASFV antigen-specific IFN-γ-
secreting cells in the splenic lymphocytes of the
mouse. The data show that the Ad2-ASFV cocktail eli-
cited a stronger splenic T-cell immune response
against p30, p54, CD2v, and p72 antigens than the
Ad2-ASFV single antigen groups in mice (Figure 4
(G)). In addition, IM vaccination with the Ad2-
ASFV cocktail elicited a higher splenic T-cell immune
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response to p30 and CD2v antigens than IM + IN vac-
cination in mice, but p54 and p72 antigens were not
significantly different (Figure 5(F)). Taken together,
our findings revealed that the IM + IN Ad2-ASFV
cocktail vaccine induced robust systemic and mucosal
immune responses.

Ad2-ASFV cocktail elicited systemic andmucosal
antibody and T-cell immune responses in swine
by a combined IM and IN vaccination regimen

Next, we assessed the immunogenicity in swine of
the Ad2-ASFV cocktail administered with a prime-
boost vaccination regimen followed by a booster of

Figure 3. The immunogenicity of Ad2-ASFV via intramuscular vaccination in mice. (A) Schematic of the vaccination schedule,
dose, and route for the mouse experiment. Six-week-old BALB/c mice were vaccinated with Ad2-ASFV via the IM route at the
indicated doses. The red blood drop symbols represent the time points when serum samples were collected. The mice were
sacrificed 28 days after the prime vaccination. (B–E) ELISA was used to assess the binding antibodies to p30 (B), p54 (C), CD2v
(D), and p72 (E) at the indicated time points following vaccination. (F) IFN-γ ELISpot was used to detect the number of anti-
gen-specific IFN-γ-secreting cells per million splenic lymphocytes in mice. The data represent the results of three independent
experiments. Comparisons using the student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 4. The immunogenicity of Ad2-ASFV after prime-boost vaccination via IM + IN administration in mice. (A) Schematic of the
prime-boost immunization scheme in mice. Mice received a second dose of the same vaccine 56 days later. The red blood drop sym-
bols represent the time points when serum samples were collected. Themicewere sacrificed 84 days following the prime vaccination.
(B–E) The IgG antibodies against p30 (B), p54 (C), CD2v (D), and p72 (E) at the indicated time points postvaccinationwere assessed by
ELISA. (F) ELISAwas used to assess IgA antibodies against the p30, p54, CD2v, and p72 proteins in BALFs. (G) IFN-γ ELISpotwas used to
detect the number of antigen-specific IFN-γ-secreting cells per million splenic lymphocytes in mice. The data represent the results of
three independent experiments. Comparisons using the student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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the same vaccine eight weeks after the prime vacci-
nation via IM combined with IN (Figure 6(A)).
Eight-week-old commercial swine were randomly
divided into the following 3 groups: (1) A total of
3 × 1010 vp IM injection plus 3 × 1010 vp IN instilla-
tion with Ad2-p30-p54, Ad2-CD2v, and Ad2-p72-
p72c cocktail per swine (n = 5); (2) A total of 1.5 ×
1011 vp IM injection plus 1.5 × 1011 vp IN instillation
with Ad2-p30-p54, Ad2-CD2v, and Ad2-p72-p72c
cocktail per swine; and (3) swine without vaccination
as a control group (Figure 6(A)). Consistent with the
results in mice, at day 14 after priming, the Ad2-
ASFV cocktail vaccine group generated antigen-

specific IgG responses against p30, p54, CD2v, and
p72 antigens and continuously increased until day
42 (Figure 6(D)). After a boost vaccination, the
Ad2-ASFV cocktail vaccine group further increased
the antibody titre against p30, p54, CD2v, and p72
antigens (Figure 6(D)). In addition, the nasal swabs
were collected on day 14 postpriming vaccination
and mucosal immunity was assessed by measuring
ASFV-specific IgA titres. Compared with the control
group, the Ad2-ASFV cocktail vaccine group elicited
IgA responses against p30, p54, CD2v, and p72 anti-
gens, whereas the IgA titres appeared to be higher at
low dosages (Figure 6(C)). Furthermore, we ruled

Figure 5. The systemic and mucosal antibody and T-cell immune responses to ASFV antigens after prime-boost vaccination via IM
or IM + IN administration in mice. (A–D) The binding antibodies to p30 (A), p54 (B), CD2v (C), and p72 (D) at the indicated time
points postvaccination were assessed by ELISA. (E) ELISA was used to assess IgA antibodies against the p30, p54, CD2v, and p72
proteins in BALFs. (F) IFN-γ ELISpot was used to detect the number of antigen-specific IFN-γ-secreting cells per million splenic
lymphocytes in mice. The data represent the results of three independent experiments. Comparisons using the student’s t
test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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out the possibility of high- and low-dose confound-
ing by measuring adenovirus neutralizing antibodies
(Figure 6(B)).

To determine the T-cell immune response elicited
by the Ad2-ASFV vaccine in swine, we examined
ASFV-specific IFN-γ-secreting cells in the peripheral
blood mononuclear cells (PBMCs) via ELISpot on
days 14 and 70 post-priming vaccination. After the
first vaccination, swine vaccinated with the Ad2-
ASFV cocktail generated a strong T-cell immune
response to p30, p54, CD2v, and p72 antigens,
which was further enhanced after the boost vacci-
nation, whereas high dosages of vaccination appeared
to elicit a weaker systemic T-cell immune response,
even though there was no significant difference
(Figure 6(E)).

In addition, all pigs were active and healthy with a
good appetite after vaccination with low and high
dosages of the Ad2-ASFV multiantigen cocktail and
remained so for the rest of the study period, indicat-
ing that the Ad2-ASFV cocktail vaccine was well tol-
erated in the swine. In conclusion, the Ad2-ASFV
cocktail vaccine has good immunogenicity and safety

when administered via IM + IN in a prime-boost
regimen.

Ad2-ASFV confers protection against the
current circulating ASFV strain in farmed pigs

Our results have shown that the Ad2-ASFV cocktail
vaccine was immunogenic and safe in swine using a
homologous prime-boost vaccination regimen. The
next logical step is to assess whether the candidate vac-
cine Ad2-ASFV can confer protection against the cur-
rent ASFV prevalent strain in field farms. To assess the
protective efficacy of Ad2-ASFV, groups of 10 pigs
were vaccinated with 3 × 1010 vp IM plus 3 × 1010 vp
IN with Ad2-p30-p54, Ad2-CD2v, and Ad2-p72-p72c
cocktail per swine, and a group of 10 nonvaccinated
pigs was used as a control (Figure 7(A)). Blood samples
were collected from each pig at different time points,
and the viral p72 gene was detected by using qPCR
according to the recommendation of WOAH to deter-
mine whether ASFV infection occurred in the pigs. Of
note, it happened to have an ASFV China/GD/2019
outbreak on the swine farm. The 10 vaccinated pigs

Figure 6. The systemic and mucosal antibody and T-cell immune responses to ASFV antigens after prime-boost vaccination via IM
+ IN administration in swine. (A) Schematic of the prime-boost vaccination scheme in swine. Swine received a second dose of the
same vaccine 56 days later. The red blood drop symbols indicate the time points when blood samples and PBMCs were collected.
(B) The nAb titres against Ad2 in different vaccination groups. (C) ELISA was used to assess IgA antibodies against the p30, p54,
CD2v, and p72 proteins in nasal swabs. (D) The IgG antibodies to p30, p54, CD2v, and p72 at the indicated time points postvacci-
nation were assessed by ELISA. (E) IFN-γ ELISpot was used to detect the number of antigen-specific IFN-γ-secreting cells per
million PBMCs in swine. The data represent the results of three independent experiments. Comparisons using the student’s t
test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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survived healthily and showed no clinical signs consist-
ent with ASF during the 70-day observation period,
and no viremia was detectable (Figure 7(B–D)). Of
note, 9 out of the 10 control pigs developed clinical
signs of ASFV disease including anorexia, depression,
fever, purple skin discoloration, staggering gait, diar-
rhea, cough, and death within the 70-day observation
period, and viremia was detected in all pigs (Figure 7
(B–D)). These results indicate that two vaccinations
with Ad2-ASFV could be highly effective against the
circulating ASFV strain in farmed pigs.

Discussion

To date, ASFV continues to pose a serious threat to the
global swine industry, and vaccination is still regarded
as the most economical and effective means to control
ASF epidemics. Several studies have reported that live
attenuated virus vaccines have elicited robust immunity
against related ASFV strains, but poor safety profile is
still a concern [8–10, 27]. Thus, the ASFV subunit vac-
cine might be a better choice since it avoids potential
safety issues, can distinguish infection from vaccinated
animals (DIVA), and is easier tomanufacture. Here, we
screened a novel adenoviral vector Ad2 that can repli-
catemore efficiently in pigs and evaluated the immuno-
genicity of the Ad2-ASFV cocktail vaccine in mice and

swine via novel vaccination (IM + IN) route. Our
studies showed that the Ad2-ASFV cocktail vaccine
can elicit robust antigen-specific antibody, T-cell, and
mucosal immune responses in mice and swine.

Several viral-vectored ASFV vaccines have been
evaluated for immunogenicity in pigs, but only a few
vaccines have been studied for protection against
lethal ASFV challenges. A BacMam-vectored ASFV
vaccine delivering the sHA/p54/p30 fusion construct
protected 4 of 6 pigs against sublethal challenge, and
this protection was associated with a strong antigen-
specific T-cell response, as no specific antibody
response was detected [24]. The ASFV gene pool
was primed with the adenoviral vector Ad5 and
boosted with a modified Ankara vaccinia virus
(MVA) vector, which reduced clinical signs and vire-
mia in pigs challenged with the virulent strain OUR
T88/1 [28]. Another study showed that the adeno-
virus-vectored AFSV multiantigen combination
formed in adjuvant elicited robust antibody responses
but failed to confer protection against intranasal chal-
lenge with the Georgia 2007/1 strain [29]. However, a
recent study showed that the use of rAd prime and
MVA boost as a delivery system with an ASFV antigen
pool provided 100% protection against lethal chal-
lenges with ASFV genotype I isolate [13]. These
virus-vectored ASFV vaccines elicit not only antibody

Figure 7. Vaccine efficacy of Ad2-ASFV in commercial pigs. (A) Schematic of the prime-boost vaccination scheme in swine. Swine
received a second dose of the same vaccine 56 days later. The red blood drop symbols indicate the time points when the blood
samples were collected. (B) Survival rates of pigs. (C) Viremia blocking rates of pigs. (D) Viral DNA copies in blood samples of pigs.
The viral p72 gene copies were detected using qPCR in blood samples collected from dead or surviving pigs. The lower limit of
detection is indicated by the dashed lines.
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responses but also T-cell immune responses, which
may act as an extra defence by eliminating virus-
infected cells. Additionally, published data indicate
that antibodies and T cells play crucial roles in the
control of viruses, and protection associated with a
robust specific T-cell immune response [23, 25, 30–
32]. Here, an Ad2-ASFV multiantigen cocktail deliv-
ered intramuscularly combined with intranasal instil-
lation not only generates superior antibody and T-cell
immune responses but also potent mucosal immunity.

Since there is currently no clear dominant antigen
for ASFV, an Ad2-ASFV cocktail vaccine with multiple
protective antigens was developed in this study. It is
generally recognized that the presence of multiple anti-
gens may result in antigenic competition, which could
lower the potential efficacy of vaccines. However, our
results showed that mixing multiple ASFV antigens
did not trigger antigenic competition. The underlying
mechanism of antigenic competition is worthy of
further investigation. Therefore, it will be necessary
to detect the antigenic competition effect when devel-
oping multiple antigen vaccines in the future.

Most currently licensed vaccines are administered
intramuscularly, but mucosal vaccination is superior
in eliciting a protective mucosal immune response to
prevent early viral infection and transmission [33,
34]. Recent research efforts have concentrated on
developing intranasal COVID-19 vaccines in response
to the ongoing evolution of SARS-CoV-2, and several
intranasal vaccine candidates are currently under-
going clinical trials [35–38]. Direct contact with
mucosal surfaces is one of the most common trans-
mission routes for ASFV. Recent studies have also
shown that live attenuated ASFV vaccines can confer
protection against virulent challenges when adminis-
tered intranasally [39, 40]. Additionally, adenovirus-
vectored vaccines delivered intranasally may be a vac-
cination strategy that has less of an impact on anti-
adenoviral immunity [37]. In our study, IM + IN vac-
cination induced more comprehensive local and sys-
tematic immunity than IM vaccination. Therefore,
mucosal immunity plays a crucial role in protecting
against ASFV infection and deserves further research
in the development of ASFV vaccines.

Following nasal spray vaccination with Ad2-ASFV,
the antigen is taken up by antigen-presenting cells in
the nasopharynx and processed into antigenic peptides,
and transported to lymphocytes. Subsequently, T and B
cells are activated, proliferated, and differentiated to
form immune effector cells after recognizing antigenic
peptides. Immune effector cells are transported to
other immune organs via lymphatic channels and
blood vessels, or home to the nasal mucosal effect site,
and collaborate with effector molecules to complete
the mucosal immune response. Therefore, nasal vacci-
nation can elicit mucosal IgA and resident memory B
and T cell response in upper respiratory tract mucosa

[41, 42]. Previous studies showed that mucosal IgA is
a dimer form that is more potent than serum IgG anti-
bodies against the same antigen [43]. Compared with
systemic memory T cells, mucosal resident memory T
cells have the functions of faster response, stronger anti-
gen-binding ability, cytokine secretion, and cell-killing
ability [44]. Therefore, intranasal Ad2-ASFV-induced
mucosal IgA antibodies and resident memory T cells
can recognize lower levels of antigens in the upper res-
piratory tract and exert a strong local immune response
faster to defend against early ASFV infection.

Previous studies suggested that adenovirus-vec-
tored vaccines based on various serotypes may have
varying degrees of immunogenicity and protective
efficacy [45, 46]. The various adenovirus serotypes
have different cell tropisms, which affect target cell
preferences and thus antigen expression [47]. Cur-
rently, most adenoviral-vectored vaccines have been
constructed using Ad serotype 5 (Ad5) because of
their remarkable potency in eliciting robust antibody
and T-cell immune responses [37, 48, 49]. In this
study, we found that Ad2 was the most effective in
infecting pig-derived cells. It has been confirmed
that Ad2 is a safe and efficient vector in several vaccine
evaluations [19, 50]; thus, we used Ad2 to construct an
adenoviral-vectored ASFV vaccine.

Strikingly, our findings defy conventional wisdom
as we show that sometimes “less is more” regarding
the immune system. In terms of antibody response,
we observed that the low dosages elicited lower anti-
body responses than high dosages after a single
prime vaccination; however, a lower dose of priming
antigen induces a superior recall response later during
boosting. Similar results have been reported for the
Ad5-vectored COVID-19 vaccine, showing that limit-
ing the priming dose improves the boosting capacity
of antibody and CD8+ T-cell immune responses
[51]. One possible explanation is that lower anti-vec-
tor immunity may promote transgene expression
and antigen presentation as well as increase de novo
priming after a boost. Concerning T-cell and mucosal
immune responses, low dosages resulted in higher T-
cell and mucosal immune responses compared with
high dosages. A similar phenomenon was found in
the adenovirus-vectored tuberculosis vaccine [52].
What is the possible mechanistic basis of this phenom-
enon observed in these studies? We speculate that the
high dosage is an overdose that may lead to cell death
of infected cells and inflammation at the vaccination
site, which requires further investigation in the future.

In conclusion, the Ad2-ASFVcocktail vaccine has
good immunogenicity and safety when administered
via IM + IN in a homologous prime-boost regimen
and can confer highly effective protection against the
circulating ASFV strain in farmed pigs. We anticipate
that this novel vaccine strategy will be crucial in the
control of ASFV.
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