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African swine fever (ASF) is a highly contagious acute hemorrhagic viral disease, with the mortality rate of up to
100 % in domestic pigs. In recent years, ASF outbreaks have caused huge economic losses in numerous countries
and regions, especially in Asia. Therefore, there is a pressing need to develop safe and effective vaccines against
infection of the causative pathogen, African swine fever virus (ASFV). ASFV contains a large genome composed
of double-stranded DNA with a size of 170-194 kb, which encodes nearly 200 viral proteins. Understanding the

function of these complex genes/proteins and their roles in the generation of protective immunity will help in the
development of ASFV vaccines. In this article, the gene/protein-based vaccine candidate are summarized, and
the structural proteins which have been previously reported to protect animals from the virus challenge were

emphatically described.

1. ASF prevalence

The African swine fever is an acute, virulent and hemorrhagic in-
fectious disease, which can cause very high mortality (up to 100 %) in
domestic pigs and wild boars. The disease poses a constant threat to the
global swine industry. Infected pigs, Ornithodoros ticks and contami-
nated materials can all contribute to the rapid spread of ASFV (Dixon
et al.,, 2020; Plowright et al., 1969). Interestingly, ASFV appears to
establish a long-term persistent/latent infection in pigs that were cured
previously from ASFV infection (Chambaro et al., 2020). Studies have
shown that the virulence or route of infection do not affect the ability of
the ASFV infected animals to shed virus to the surrounding environment
for at least 70 days after infection (de Carvalho Ferreira et al., 2012).
The large-scale quarantine and culling of infected animals are widely
used as the standard procedures for the prevention and control of ASFV
epidemic. Additionally, biosecurity measures are implemented to pro-
tect the feeding environment (De Lorenzi et al., 2020).

ASF was first identified in Kenya in 1921, and since then it has been
prevalent in Africa, affecting more than 30 African countries (Penrith
et al., 2019; Sanchez-Vizcaino et al., 2015). ASFV was initially introduced
in Portugal in 1957. However, it re-emerged in Lisbon, Portugal in 1960,
and then rapidly spread to Spain, Sardinia, and other western European

countries. Until the mid-1990s, except in Sardinia, where it was still
endemic, it was eradicated in the western Europe (Cwynar et al., 2019).
The first reported outbreak of ASFV in Russia was in 1977. In 2007, ASFV
was introduced to Georgia from the Caucasus region. From then on, it
spread to many eastern European countries including the Russian Feder-
ation and Ukraine (Dixon et al., 2020). China experienced a large-scale
outbreak of ASF in 2018, which was the first occurrence of ASF in Asia.
The isolated strain showed a high degree of homology with the Georgia
strain (Ge et al., 2018; Zhao et al., 2019). Since then, the virus further
spread to other Asian countries, including Mongolia, North Korea,
Cambodia, Laos, the Philippines, Timor-Leste, and Papua New Guinea
(Tran et al., 2021). In 2021, ASF broke out in the Dominican Republic
(Gonzales et al., 2021), marking the first infection detected in the Western
hemisphere since 1984. This incident brought the attention of the North
American pig industry, which then began to be vigilant and concerned
about the invasion of ASF (https://www.avma.org/javma-news/2021-
09-15/african-swine-fever-reaches-caribbean) (Goonewardene et al.,
2022). In January 2022, another two countries reported ASFV infection:
North Macedonia and Thailand (https://www.woah.
org/en/disease/african-swine-fever/#ui-id-2) (Zhao et al., 2023). To
date, ASF has been detected and reported in 74 countries since 2005
(https://www.woah.org/en/disease/african-swine-fever/#ui-id-2).
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2. ASFV and ASFV vaccine

ASFV is a double-stranded large DNA arbovirus, which is the only
member of the Asfarviridae family. ASFV has an icosahedral envelope
structure with an average diameter of 200 nm and consists of five parts:
Outer envelope, Capsid, Inner envelope, Core shell, and Nucleoid
(Fig. 1). Its genome ranges in length from about 170 to 194 kb with the
open reading frames (ORFs) length of 150-167 kb. Based on the variable
3-end of the B646L gene, that encodes a main capsid protein, p72,
(Boshoff et al., 2007), ASFV is defined as 24 genotypes (I-XXIV) (Njau
et al., 2021). The genome can encode 150-200 proteins, including 68
structural proteins and more than 100 non-structural proteins (Alejo
et al., 2018; Wang et al., 2021b). The large number of proteins indicates
that the structure of ASFV is rather complex and that they may play
different roles during viral invasion and proliferation. The functions of
most of the proteins are still unclear.

Laboratories around the world are now racing to accelerate the
development of ASFV vaccines (Fig. 2). With the joint efforts of scien-
tists, the attenuated vaccine has made a great progress. Most of the live
attenuated vaccines candidate for ASFV have demonstrated 100 %
protection experimentally (Liu et al., 2021a). An attenuated vaccine
strain, ASFV-G-AI177L, developed by the Plum Island Animal Disease
Center of the United States (PIADC-USDA) has been proven to be safe
and highly efficacious in the challenge studies using parental ASFV-G
(Borca et al.,, 2021). The safety of the ASFV-G-AI177L was further
evaluated by NAVETCO, a company of the Ministry of Agriculture and
Rural Development in Vietnam (Tran et al., 2022). The results demon-
strated that the pigs who received high viral loads of the attenuated
virus didn’t develop any clinical symptoms associated with ASF up to 90
or 180 days after vaccination. In addition, the results of necropsies
conducted at the end of the experiment also confirmed that no patho-
logical changes related to ASF had occurred (Borca et al., 2023). In
February 2023, AVAC Vietnam and PIADC-USDA set out to promote
another ASFV vaccine, which contained six genes knocked out strain
(ASFV-G-AMGF): MGF505-1R, MGF360-12L, MGF360-13L,
MGF360-14L, MGF505-2R and MGF50-3R (O’Donnell et al., 2015).
This vaccine has been reported to provide excellent protection against
the Georgia strain (ASFV-G) in animals after a single intramuscular in-
jection (O’Donnell et al., 2015). The vaccine candidate was passaged
five times in domestic pigs according to VICH (International Coopera-
tion on Harmonization of Technical Requirements for Registration of
Veterinary Medicinal Products) guideline 41, and there was no signifi-
cant virulence reversion observed (Deutschmann et al., 2023). Attenu-
ated live vaccine candidate HLJ/18-7GD from China had the following
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MGF360-12L, MGF360-13L, MGF360-14L, and EP402R (Chen et al.,
2020). It provided protection against challenges with a prevalent highly
virulent genotype II HLJ/18-like variant and Georgia07-like strain
within the 28 days observation (Wang et al., 2024). However,
HLJ/18-7GD did not induce solid cross-protection against genotype I
low virulent ASFV challenge in pigs (Wang et al., 2024). Recently, the
research team of Harbin Veterinary Research Institute in China isolated
three recombinant strains of ASFV genotype I and genotype II, which are
reported to produce high lethality and high transmission rates, as well as
resistance towards the existing ASFV vaccine, which was derived from
the genotype II (Zhao et al., 2023). The emergence of recombinant ASFV
strains has imposed serious challenges to the prevention and control of
ASF epidemics.

Currently, biological control and culling remain the primary
methods for controlling spread of the ASFV. Therefore, development of
an effective ASFV vaccine is urgent and necessary. The ASFV vaccines
developed so far have failed to provide complete protection against both
homologous and heterologous viral strains infections. Inactivated virus
vaccines are considered to be safe, though previous experience suggests
that inactivated ASFV vaccine may not only fail to provide complete
immune protection for domestic pigs (Stone and Hess, 1967), but also
even produce antibody-dependent enhancement (ADE) effect to further
exacerbating the symptoms of infected pigs (Yoon et al., 1996). The
attenuated vaccines have been shown to induce neutralizing antibodies
in the vaccinated animals (Silva et al., 2022) to provide excellent pro-
tection for the animals. However, there are still several issues that need
to be addressed, such as differentiating infected individuals from
vaccinated individuals (DIVA), persistent infection in pigs leading to
immunosuppression, low viral symptoms, poor cross-protection, reas-
sortment with wild-type strain, and reemergence of virulence. There-
fore, gene engineered vaccines such as nucleic acid vaccines and protein
subunit vaccines against ASFV have attracted the attention of scholars.
These types of vaccines can stimulate both humoral and cellular im-
munity, leading to production of the protective antibodies. For the
development of such vaccines, it is crucial to select appropriate and
effective antigens or antigen combinations. Additionally, appropriate
antigen expression vectors and vaccine adjuvants are also indispensable
factors for the vaccine development. An effective ASFV vaccine should
be able to induce humoral immunity to block the entry of ASFV into its
target cells and/or produce antibody-dependent cell-mediated cytotox-
icity (ADCC) effects. Vaccination should also induce the production of
cytotoxic T lymphocytes (CTLs) that can specifically recognize infected
cells. T cells, especially CD8+ T cells, can activate cellular immunity to
lyse target cells and play an important role in protective immunity
against ASFV (Oura et al., 2005). Therefore, it is necessary to screen
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Fig. 1. Schematic diagram of the ASFV structure and location of some structural proteins. ASFV is composed of an outer envelope, capsid, inner membrane, inner
capsid, and nucleoid. The proteins in each layer play different roles at different stages of ASFV infection. * Indicates that the protein can be detected in different parts

of the virion.
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Fig. 2. Major laboratories worldwide conducting research on ASFV vaccine.

antigens or epitopes that can induce specific cellular immunity. The
effectiveness of combining these antigens or epitopes still requires
extensive experimental verification. Furthermore, there are in-
consistencies in the literature regarding whether certain antigens pro-
duce positive immune effects.

Some of the vaccine studies that used nucleic acid or protein subunits
are summarized in the table below (Table 1) with an intention to provide
references for those who are interested in the selection of appropriate
immunogens for vaccine development since development of effective
gene engineered vaccines would require selection of the ASFV genes and
proteins that can stimulate both humoral and cellular immunity.

ASFV gene or protein-based vaccines include protein subunit vac-
cine, DNA vaccine, virus vectored vaccine and DNA-protein combined
vaccine. Among them, virus vectored vaccines did not show satisfactory
results in the clinical studies (Table 1). While the DNA or protein vac-
cines usually select vaccine components from the genes or proteins of
CP204L (p30), E183L (p54), B646L (p72), CP530R (pp62), CP2475L
(p220), or EP402R (CD2v), etc. The vaccines are designed by the
different study groups and contained different ASFV gene/protein
combinations, which were tested with different protocols performed by
the different laboratories from different countries. Thus, it is hard to
estimate that (1) which viral protein(s) induced the neutralizing anti-
bodies efficiently, (2) whether there are any potential synergistic effects
or inhibitions between the different viral proteins, or for a single protein,
(3) which part produces ADE effect, and (4) which part possesses
neutralizing epitope. Therefore, it remains inconclusive to choose the
best vaccine candidate for further study.

On the other hand, the infection of pigs with the ASFV viral particles
is independent of the viral outer membrane protein, CD2v (Borca et al.,
1998), which further increase the complexity of the vaccine design. For
example, anti-ASFV sera collected from ASF survivors cannot inhibit
ASFV replication in vitro (Walczak et al., 2022). The pigs which are
immunized with CD2v protein alone expressed by baculovirus did not
produce neutralizing antibodies but survived from the attack with the
homologous strain E75 (Ruiz-Gonzalvo et al., 1996). Tandem fusion of

p30, p54 and CD2v as a DNA vaccine can induce strong humoral and
cellular immunity (Argilaguet et al., 2012). When the DNA vector was
modified by replacement of pCMV with pBacPH-GFP PolyA, the immune
protection effect was greatly improved (Argilaguet et al., 2013). How-
ever, a combined DNA-protein vaccine containing immunogenic anti-
gens CD2v, p32, p54, p72, pl7, pl5, and p35 displayed the opposite
effect that the vaccination accelerated clinical symptoms and death in
pigs (Sunwoo et al., 2019).

In the face of the fact that the viral protein functions and the path-
ogenic mechanism of ASFV are not well understood, increasing the
number of antigens in vaccines may not enhance the efficacy of vaccines.
The reasons might be that the irrelevant antibodies interfere with the
neutralization of the virus, or ADE effects assist the virus infection.
Furthermore, failure in the cross-protection between the heterologous
strains is also a reason for reduced efficacy.

3. The major structural proteins in ASFV vaccine development

With the efforts of scientists worldwide over the years, several ASFV
proteins that provide immune protection were identified. These proteins
bring hope for the development of effective gene engineered vaccine
formulations. The structures and functions of these ASFV proteins that
are reported to produce neutralizing antibodies or show protective effect
in the animal studies are reviewed below.

3.1. CD2y

The outer envelope is the layer acquired by ASFV from the host cell
membrane during budding process. Some pEP402R (CD2v) proteins
have been detected in the outer layer of budding virions from ASFV,
regardless of viral virulence (Borca et al., 2020a). CD2v is a type I
transmembrane protein encoded by EP402R and is located on the outer
envelope of ASFV. It has a signal peptide (SP), a transmembrane region
(TM), and two immunoglobulin-like domains (IG) (Rodriguez et al.,
1993) and can be highly glycosylated, which is important for the viral
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Table 1
Gene engineered subunit vaccine candidates and their effectiveness.
Gene (Protein) name Vaccine type Challenge  Specific Neutralizing T cell Clinical outcome (n = Reference
antibodies antibodies response protected animals/ total
animals)
A151R, B119L, B602L, EP402RAPRR, B438R,  Adenovirus Va Y® / Y / (Lokhandwala et al.,
K205R-A104R 2017)
CP204L (p32), E183L (p54), CP530R (pp62), Adenovirus / Y / Y / (Lokhandwala et al.,
B646L (p72), 2016)
B646L (p72), E183L (p54), O61R (pl12), Vaccinia / Y / Partial / (Lopera-Madrid et al.,
EP402R (CD2v) virus 2017)
A151R, B119L, B602L, EP402RAPRR, B438L, Adenovirus Y Y / Y No protection (Lokhandwala et al.,
K205R, A104R, CP530R (pp62), B646L 2019)
(p72)
EP153R, K78R (p10), CP530R (p15), CP80R, Adenovirus Y / / / No protection (Cadenas-Fernandez
1329L, H108R, K196R, CP312R, F334L, et al., 2020)
NP419L, NP868R, B66L, H339R, R298L,
K145R, B385R, F165R, F778R, S273R,
MGF100-1L, A224L, MGF505-6R, B175L
42 replication-deficient adenovirus-Vectored Adenovirus Y Y / / No protection (Zajac et al., 2023)
multicistronic expression cassettes
encoding ASFV antigens
CP2475L (p220) Protein / Y / Y / (Zajac et al., 2022)
B646L (p72), CP204L (p30), E183L (p54), Protein Y Y / Y Full protection (n = 6/ (Goatley et al., 2020)
E199L, EP153R, EP364R, F317L, I329L, 6); Viremia was
MGF360, MGF505 significantly reduced
CP204L (p30), E183L (p54), B646L (p72), Protein Y Y Y / No protection; Slight (Neilan et al., 2004)
KP177R (p22) delay of clinical disease
and viremia
EP402R (CD2v) Protein Y Y / / Full protection (n = 3/3) (Ruiz-Gonzalvo et al.,
1996)
CP204L (p30), E183L (p54) Protein Y Y Y / Partial protection (n = (Gomez-Puertas et al.,
3/6) 1998)
CP204L (p30), E183L (p54) Protein Y Y Y / Full protection (n = 2/2) (Barderas et al., 2001)
M448R, MGF505-7R DNA Y Y / Y Partial protection (n = (Bosch-Camos et al.,
3/5) 2021)
CP204L (p32), E183L (p54), EP402R (CD2v) DNA Y Y / Y Partial protection (n = (Argilaguet et al.,
4/6) 2013a)
ASFV DNA library DNA Y Y Y Y Partial protection (n = (Lacasta et al., 2014)
6/10)
CP204L (p30), E183L (p54), EP402R (CD2v) DNA Y Y / Y Partial protection (n = (Argilaguet et al.,
2/6); The onset time of 2012)
clinical symptoms was
delayed
B646L (p72), MGF110-5L, CP204L, CP530R DNA Y Y / Y No protection; reduced (Netherton et al.,
(pp62), I73R, 1215L, A151R, C129R, viral load in some tissues 2019)
E146L, L8L, M448R, MGF110-4L
CP204L (p32), E183L (p54), EP402R (CD2v), DNA-Protein Y Y N°¢ N No protection; (Sunwoo et al., 2019)

B646L (p72), D117L (p17), CP530R (p15,
p35)

Accelerated onset of
clinical symptoms,
viremia, and death

2 This experiment or statistic was not performed.

b Yes.
¢ No.

release, cellular infection and immune evasion of ASFV (Watanabe et al.,
2019). CD2v can be cleaved into N-terminal glycosylated fragments and
C-terminal unglycosylated fragments. This cleavage process occurs in
the endoplasmic reticulum or Golgi region. The C-terminal unglycosy-
lated fragment and the full-length protein are mainly concentrated in the
membrane region surrounding the virus factory. The C-terminal
proline-rich repeat of CD2v can interact with SHP37 and AP-1, which
facilitate intracellular virion movement, protein transport, and endo-
cytosis (Kay-Jackson et al., 2004; Pérez-Ntnez et al., 2015). The N-ter-
minal glycosylated fragments were detected in the more dispersed
manner in the cytoplasm (Goatley and Dixon, 2011). The effect of CD2v
on the ability of ASFV to infect appears to depend on the strain or
virulence of the virus (Borca et al., 1998; Gladue et al., 2020; Mon-
teagudo et al., 2017). As well, a linear epitope at amino acids 28-51 of
the extracellular domain of CD2v has been reported (Ren et al., 2022).
Transcription of EP402R that encodes CD2v occurs late in viral repli-
cation and is not necessary for viral replication. The name, CD2v, was
given as its N-terminal extracellular domain resembles with the T

lymphocyte surface adhesion receptor CD2. ASFV CD2v interacts with
CSF2RA to activate the JAK2-STAT3 pathway and inhibit apoptosis, and
thus maintains the survival of infected cells to promote viral replication
(Gao et al., 2023). Both CD2v and host CD2 can induce hemadsorption
phenomenon (HAD) around the cells expressing the protein, resembling
a rosette of red blood cells. This phenomenon is necessary for the
binding of extracellular virus to erythrocytes, promoting the spread of
the virus in vivo and regulating the immune response (Borca et al., 1998;
Chaulagain et al., 2021; Rodriguez et al., 1993). However, there was no
HAD phenomenon in ASFV genotype I. The hemadsorption of African
swine fever virus is determined by signal peptide and N-glycosylation of
N-terminal-CD2v (Pérez-Ntnez et al., 2023). The candidate attenuated
vaccine GADKE-CmutQ96R/K108D mutates the amino acid of CD2v,
resulting in no binding to red blood cells in vitro. In the immunized pigs,
strong early ASFV-specific antibody and cellular responses were detec-
ted along with reduced levels of virus in blood. The protection rate
against antigen-challenge was more than 80 % (Rathakrishnan et al.,
2023). The ASFV-infected cells cannot exhibit the HAD phenomenon
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when the gene EP153R is deleted, indicating that EP153R is likely
playing a role in the interaction between CD2v and the corresponding
cellular receptor (Galindo et al., 2000). One research group managed to
generate expression vectors of CD2v from the HAD+ strain and explored
the effect of single viral protein on rosette formation. Results showed
that the expression of CD2v was enough to induce rosette formation, but
not the EP153R indicating that the expression of CD2v is necessary and
sufficient for HAD formation, independently of the expression of any
other ASFV protein and ruled out a role of EP153R in HAD (Pérez-Niinez
et al., 2023). The estimated surface density of most envelope proteins is
very low and the abundance of CD2v is one of the lowest among the
ASFV structural proteins detected so far. This characteristic is of rele-
vance since the surface density of an antigen plays a key role in anti-
genicity and immunogenicity (Zhu, 2022). The low surface density
reduces the affinity of antibodies for virions and also reduces the
immunogenicity of protective antigens (Zhu, 2022). It has been noted
that the low surface density of CD2v on extracellular virions may be a
result of intracellular localization of majority of the expressed CD2v
rather than on the cell surface (Goatley and Dixon, 2011; Lu et al.,
2023).

3.2. p12

The p12 structural protein of ASFV is encoded by the O61R gene,
which is associated with viral membrane precursors, assembled parti-
cles, and intracellular mature virus (Salas and Andrés, 2013). The p12
has three molecular forms with the molecular weight of 10, 12 and 17
kDa respectively, only the 17 kDa-form presents in the viral particles
(Angulo et al., 1993). The viral attachment protein p12 is localized in
the outer membrane, and can interact with cellular protein receptors to
promote the attachment of ASFV to host cells (Galindo et al., 1997).
However, the antisera of p12 could not neutralize the virus and inhibit
virus binding to the host cells (Angulo et al., 1993). Immunofluores-
cence microscopy of ASFV-infected cells showed that p12 is located at
the inner envelope of the ASFV structure (Salas and Andrés, 2013). And
upon ASFV entry into the cell, p12 is found at the perinuclear virus
factories and along with virus particles. p12 spreads throughout the
cytoplasm and to the cell surface at later timepoints post-infection. This
localization pattern is nearly identical to that of viral protein p17 (Salas
and Andrés, 2013).

3.3. p72

The p72 structural protein of ASFV is encoded by gene B646L and has
a relative molecular weight of 73.2 kDa. It plays a role in the formation
of the viral capsid in the late period of viral replication and serve as the
main component of the viral icosahedron. It accounts for about 32 % of
the total weight of viral particles (Neilan et al., 2004). The monomer p72
has a double jelly-roll structure, which is a feature shared by many other
icosahedral viruses (San Martin and van Raaij, 2018). The p72 protein
forms a trimeric structure within the viral icosahedron. Each p72 con-
tains two p72 tandem roll domains, which is comprised of eight p-sheets.
The trimeric structure of p72 contains six roll barrels, which combine to
form a pseudohexamer. The bottom of trimeric structure is anchored to
the inner membrane of the virus, while the top propeller structure ex-
tends outside of the virus outer envelope, forming an exposed area (Liu
et al., 2019a; Wang et al., 2019). The exposed region along with the
N-terminal domain reveal specific differences between virus types.
Based on the analysis of the spatial structure, the position of this region
may contribute to the formation of conformational epitopes, which are
receptor-binding regions on the cell surface (Wang et al., 2019). pB602L
is an important non-structural protein of ASFV. It acts as a molecular
chaperone that assists in proper folding of p72 to form a trimer (Epifano
et al., 2006), which is necessary for the formation of the viral icosahe-
dral capsid as well as increased trypsin-resistance (Liu et al., 2019a).
Expression of p72 alone in HEK293F cells results in the formation of
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soluble aggregates, since correctly folded and assembled p72 can only be
obtained when p72 and pB602L are co-expressed (Liu et al., 2019a).
Newly synthesized p72 molecules are distributed approximately evenly
between the cytoplasm and endoplasmic reticulum (ER) membrane. It
appears that p72 is incorporated into capsid and/or matrix precursors on
the ER membrane during virus assembly (Cobbold and Wileman, 1998).
p72 is the major antigen detected in the blood of virus-infected pigs.
Currently, the most sensitive technique for ASFV detection on the
market is the p72-based detection assay. Based on the differences in the
3'-terminus of B646L that encodes p72, 24 different p72 genotypes have
been identified for currently isolated ASFV. However, the current
method of distinguishing p72 genotypes may not detect the difference in
P72 epitopes (Wang et al., 2021a). In vitro, monoclonal antibody 135D4
can recognize the region of p72 from amino acid residue 400-404
(GVINE) and can immunoprecipitate p72 (Borca et al., 1994). Mono-
clonal antibodies prepared by expression of p72 protein using baculo-
virus can recognize four groups of linear epitopes, which are aal56-165,
aa265-280, aa280-294 and aa290-303. These four groups were all
located in the highly conserved region of p72 (Heimerman et al., 2018).
So far, no major linear or conformational epitopes have been identified
in the exposed region of p72 (Heimerman et al., 2018; Phillips, 2016).
When purified p72 was treated at 96 °C for 10 min, native PAGE gel
analysis showed that most of the trimer spikes were still intact and
stable, indicating high thermal stability of the trimer (Liu et al., 2019a).
The p72 trimer spike outer surface contains numerous charged residues,
and due to its high thermal stability, no obvious glycosylation sites were
observed in the Cryo-EM structure (Wang et al., 2021a). Animals
infected with ASFV rapidly produced large amounts of p72 antibodies.
However, it is generally believed that these antibodies don’t have
neutralizing activity and can’t provide immune protection or even
produce ADE effects (Neilan et al., 2004) likely due to no relative epi-
topes are present in the exposed region. p72 is commonly used for virus
detection by ELISA, due to its high amount and prolonged presence in
the blood circulation.

3.4. p17

The pl7 structural protein of ASFV is encoded by the gene D117L,
which exhibits high genetic stability (Yanez et al., 1995). p17 is a major
transmembrane protein of ASFV and is located in the capsid and inner
envelope (Andrés et al., 2020). It has been identified as a structural
phosphoprotein that is mainly expressed during late stages of virus
replication (Munoz and Tabarés, 2022). This essential and highly
abundant protein is required for capsid assembly and icosahedral
morphogenesis (Suarez et al., 2010a). In the viral capsid, p17 is located
just below the capsid shell and binds tightly to the base domain of the
major capsid protein p72, firmly anchoring the p72 capsid to the inner
membrane (Liu et al., 2019b; Wang et al., 2019). Inhibiting p17 by the
specific rabbit polyclonal sera prevents the proteolytic processing of
polyproteins pp220 and pp62, and in turn, hinders the interaction be-
tween capsid proteins and viral membrane precursors. Thus, inhibition
of p17 prevents the construction of viral helical precursors (Suarez et al.,
2010a). p17 promotes mitophagy by facilitating the interaction between
cellular proteins translocase of outer mitochondrial membrane 70
(TOMM?70) and the mitophagy receptor SQSTM1 and inhibits the innate
immune response by degrading mitochondrial antiviral-signaling pro-
tein (MAVS). This suggests a role of p17 in immune escape by ASFV (Hu
etal., 2023). p17 can also inhibit cell proliferation through ER stress and
induce reactive oxygen species (ROS)-mediated cell cycle arrest, sug-
gesting that p17 may be involved in the pathogenesis of ASFV (Xia et al.,
2020). p17 is a specific antigen in the immunoreaction of pig sera with
neutralizing antibodies (Munoz and Tabarés, 2022). Protein Immuni-
zation with a mixture of 44 antigens followed by ELISA analysis
demonstrated that p17 was an immunogenic protein of ASFV (Jancovich
et al., 2018).
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3.5. p30 and p54

Both p54 and p30 are the structural proteins involved in viral entry,
and both are localized to the inner envelope of ASFV. The antigenic
properties of these structural proteins during ASFV infection (Sanchez
et al., 2013). Oviedo et al. found that recombinant p30 is more efficient
than p54 for antibody detection by ELISA, and p54 presents better
reactivity than p30 in Western blot (Cubillos et al., 2013; Oviedo et al.,
1997). The combined use of these two proteins for ASFV serological
diagnosis can improve the sensitivity of the assay (Oviedo et al., 1997).

The p30 protein is encoded by the CP204L gene with a relative
molecular weight of 30 kDa and is involved in viral internalization
process (Hernaez et al., 2016). Its expression usually begins within 2-4 h
after infection and persists throughout the infection cycle (Lithgow
et al., 2014). Studies have shown that the interaction of p30 with the
host cellular proteins (RPSA, DAB2, CAPG, and ARPC5) might be
involved in the viral internalization process mediated by
clathrin-mediated endocytosis and macropinocytosis. In addition, p30
may also regulate innate immunity by interacting with the innate im-
mune regulators such as DAB2, PARP9, RPSA, OAS1, and VBP1 (Chen
etal., 2022b). p30 exhibits excellent antigenicity. Anti-p30 antibody can
be detected 8-12 days after vaccination, making it an important target
for early diagnosis of the virus infection (Li et al., 2022). The C-terminus
of p30 has been identified as an immunodominant region (Murgia et al.,
2019). In one study, the ASFV Georgia strain was selected to explore the
antigenic region of p30 protein, and the results demonstrated that three
of the four linear epitopes were highly conserved. Among these, the
linear epitopes 116-125 and 146-160 in the C-terminal antigenic region
were found to be more immunodominant (Wu et al., 2020). Recombi-
nant poxviruses with p30 have been utilized in the development of
vaccines against ASFV. One of the most advanced poxvirus vaccine
vector is Modified Vaccinia Virus Ankara (MVA) (Sanchez-Sampedro
et al., 2015), and its promoter for antigen expression plays a crucial role
in determining whether the replicative viral vector can activate durable
humoral and cellular immunity (Brun et al., 2008). Previous studies
have shown that repeated vaccination with the recombinant vaccine
virus MVA-prMVA13.5L-p30 constructed using the natural promoter of
MVA, can induce high levels of anti-p30 antibodies (Lopera-Madrid
et al., 2021). p54 is encoded by the E183L gene and has a relative mo-
lecular mass of 25 kDa. It is associated with virus attachment
(Gomez-Puertas et al., 1998) and can induce apoptosis of infected cells
in the early stage of ASFV infection (Hernaez et al., 2004). It contains a
transmembrane domain, a Gly-Gly-X motif, as well as a recognition
sequence for processing several ASFV structural proteins. The sequence
of Gly-Gly-X is believed to be a proteolytic site in the viral or cellular
protein precursors (Lopez-Otin et al., 1989). Immunoelectron micro-
scopy showed that p54 is localized in the viral factories of infected cells
(Rodriguez et al., 1996). During viral infection, p54 in the microtubule
organizing center binds to the light chain of cytoplasmic dynein LC8,
which is essential for the recruitment of envelope precursors to assembly
sites (Rodriguez et al., 2004). This phenomenon suggests a possible
mechanism by which ASFV particles are transported to the perinuclear
factory region through directional movement along the minus end of
microtubules (Alonso et al., 2001). In one study, recombinant fusion
proteins formed by the major outer membrane lipoprotein I (Oprl) of
Pseudomonas aeruginosa, combined with p30 or p54, were used to
immunize mice, and the serum collected was able to neutralize more
than 86 % of ASFV in vitro (Zhang et al., 2022). In another study, re-
searchers used the fusion proteins ZPM (Z12-P30-modified p54) and
ZPMT (Z12-p30-modified p54-T cell epitope) to immunize mice. These
fusion proteins were formed by fusion of p30 and p54/p54 T cell epi-
topes with a novel cell-penetrating peptide Z12. The serum from
immunized mice neutralized more than 85 % of ASFV in vitro. Among
the two fusion proteins, ZPMT induced the most potent neutralizing
antibody responses and cellular immunity (Zhang et al., 2021).
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3.6. p22

The p22 structural transmembrane protein is encoded by the ASFV
gene KP177R, and is transcribed early during virus replication (Cama-
cho and Vinuela, 1991). It was first detected in the cell membrane of
host cells in the late stages of infection (Camacho and Vinuela, 1991).
p22 is localized on the inner membrane of the virus and the surface of
infected cells (Alejo et al., 2018). However, the function of p22 remains
unclear. Deletion of KP177R did not affect viral replication, and the
virus yield was similar to that of the parental strain used in the study
(high-virulence field isolate Georgia2010). This suggests that p22 does
not appear to be involved in virus replication or virulence (Vuono et al.,
2021). The high-throughput methods identified p22 interacting host
proteins, which were related to biological processes such as cell binding,
cell structure, signal transduction, and cell adhesion (Zhu et al., 2021).
The C-terminal portion of p22 (p22Ct; amino acids 42-189) was pro-
duced in E. coli expression system and was subsequently used to
immunize mice. A high antibody titer was detected in these mice,
indicating that the p22 C-terminal fragment is highly immunogenic
(Diaz et al., 2022).

3.7. pp220 and pp62

The pp220 and pp62 are two multiprotein precursors of ASFV pro-
teins. pp220 is encoded by the gene CP2475L with a relative molecular
mass of 281.5 kDa and expressed late during virus replication. It can be
cleaved by the virus-encoded Small Ubiquitin-related Modifier (SUMO)-
like protease pS273R to produce mature viral proteins p5, p14, p34, p37
and pl50, which also locate in the virions (Andrés et al., 2001;
Simon-Mateo et al.,, 1993). Infected cells contain various processed
forms of pp220, but only the structural proteins p34 and p150 can be
detected in mature virions. pp62, encoded by CP530R with a relative
molecular weight of 60.5 kDa, is also proteolytically hydrolyzed by
pS273R to mature virion proteins p8, p15 and p35. These decomposed
virion proteins constitute the main components of the virion core and
capsid, accounting for about 32 % of the total viral protein. The hy-
drolysis process of pp220 and pp62 occurs simultaneously during the
process of virus assembly (Andrés et al., 2002). pp220 is located directly
underneath the inner capsule. The correct binding of pp220 to the cell
membrane is essential for regulating the correct processing of pp220 and
the correct packaging of virions (Heath et al., 2003). Complexes of the
C-terminus of p150 and other protein hydrolysates of pp220 may
mediate interaction between capsid proteins (Li et al., 2023). pp62 is
required for proper assembly and maturation of the core of the viral
particle (Sudrez et al., 2010b), and pp62 processing requires the
expression of pp220. Processing of pp220 and pp62 also requires the
expression of the major capsid protein p72. The correct processing of
pp220 and pp62 is a crucial characteristic of mature ASFV virions.
pp220 polyprotein contains at least four T cell epitopes, which are
located at position 161-169, 859-867, 1363-1371 and 1463-1471.
Strong IFN-y responses can be induced in domestic pigs by immunization
with pp220 (Zajac et al., 2022). Previous studies have predicted that
epitopes IADAINQEF, QIYKTLLEY and SLYPTQFDY (located in pp220)
were highly conserved T cell epitopes in ASFV genome and could
therefore be a promising candidate for vaccine development (Herrera
and Bisa, 2021). p35, formed by pp62 hydrolysis, is a completely new
folded structure that consists of two helical bundle lobes: a large "head
domain" and a relatively small "tail domain" (Li et al., 2020). In solution,
p35 mainly exists in the monomeric state, while its dimeric state is
observed at low pH. This suggests that the conformation of p35 may
change during virus entry and uncoating. There are two charged patches
on the surface of p35: a continuous positively charged bulge composed
of lysine and arginine residues and a negatively charged patch composed
of aspartic acid and glutamic acid residues (Li et al., 2020). Positively
charged veneers play an important role in lipid binding activity and can
promote core-shell binding to the inner membrane. The function of the
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negative charge on the other side may be associated with interaction
with  various structural proteins. During viral assembly,
membrane-associated proteins such as p35 serve as docking scaffolds to
recruit other components in the host membrane and core-shell, further
forming stable and mature virions (Li et al., 2020). One study identified
antibodies from 23 ASFV-positive pig serum samples, and the results
showed that all the samples contained antibodies against p30, p54 and
pp62. These results indicate the strong immunogenic properties of p30,
p54 and pp62 (Luong et al., 2022).

3.8. pA104R

PA104R encoded by A104R is a histone-like protein that is expressed
late in the ASFV replication cycle. It is essential for ASFV genome
packaging and replication (Frouco et al., 2017)Particularly, pA104R is
located in the nucleoid to facilitate nucleoid assembly (Alejo et al.,
2018) by binding to dsDNA with a higher affinity (Liu et al., 2020).
PA104R works with ASFV topoisomerase II (pP1192R) to regulate DNA
supercoiling of ASFV (Frouco et al., 2017). The binding of pA104R to
DNA is disrupted by stilbene derivatives SD1 and SD4 and this disrup-
tion inhibits ASFV replication in porcine macrophages (Liu et al., 2020).
Deletion of the pA104R gene in ASFV was found to lead to an apparent
decrease in virulence (Ramirez-Medina et al., 2022). pA104R is also
known as an antagonist of type I interferon signaling, which exerts its
function through interfering with multiple signaling pathways (Chen
et al., 2023). After infecting pigs with nonpathogenic ASFV, pA104R
could elicit a strong antibody response, which was higher in asymp-
tomatic pigs than in chronically infected pigs (Reis et al., 2007).
Therefore, the role of the pA104R antibody in the protective response
should be further investigated.

3.9. p10

p10 is encoded by the K78R gene of ASFV. It has a nuclear import
capacity and accumulates in the nucleus during viral replication
(Nunes-Correia et al., 2008). The prokaryotic expression of p10 protein
showed a strong DNA binding activity with similar affinities for both
double-stranded and single-stranded DNA (Munoz et al., 1993). The
C-terminal region of pl0 contains a helix-turn-helix motif and this
structural arrangement promotes a stable overall interaction configu-
ration with the dsDNA. The Lys-enriched C-terminal helix tends to
interact with the minor groove of dsDNA, while the N-terminal helix rich
in serine residues forms highly stable interaction with the major groove
of dsDNA. These two misaligned helices are connected with a flexible
loop (Istrate et al., 2022). Antibodies against p10 were identified among
the antibodies produced by pigs that survived ASFV infection, but the
strength of the antibody response varied (Kollnberger et al., 2002; Reis
et al., 2007).

3.10. Other ASFV protein

Based on the two studies reported, it is highly possible that the viral
neutralizing epitopes are also located in other ASFV proteins such as
B602L, K78R, and K205R (Arias et al., 2017; Urbano and Ferreira,
2022). Additional studies are required to confirm efficacy of these
epitopes.

4. The cellular and humoral immunity in ASFV infection

Macrophages (M) and dendritic cells (DC) are phagocytes as part of
the innate immunity. In adaptive immunity, these cells belong to a group
of professional antigen-presenting cells (APCs), who bridge innate im-
munity and adaptive immunity. ASFV targets monocytes/macrophages
severely affects their phagocytic property, and antigen processing and
presenting abilities. ASFV was reported to be able to recruit several el-
ements of the macrophage translation machinery to the viral factory,
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enabling efficient replication and translation of ASFV in cells (Alonso
et al., 2001; Franzoni et al., 2018). Additionally, multiple type-I IFN
suppressing genes were activated in ASFV-infected macrophages within
the multigene families MGF360 and MGF530/505 (Zhang et al., 2022).
This would induce an immuno-suppressive state in the host, resulting in
severe sickness and death, before the immune system could respond
adequately, of most animals infected with the virulent strain of ASFV
(Schafer et al., 2022).

Adaptive immunity includes humoral immunity and cellular immu-
nity. Humoral immunity is facilitated mainly through the activation of B
cells capable of producing functional antibodies, which can specifically
recognize and bind to foreign antigens and neutralize them through
various mechanisms (Fig. 3). The development of effective protein
subunit vaccines requires correct identification of viral antigens that
could generate potent neutralizing antibodies. Currently, there are some
controversies regarding strength of the antibody to neutralize ASFV
(Escribano et al., 2013; Franzoni et al., 2018). There is no direct cor-
relation between the level of neutralizing antibodies and protection. A
study indicated that non-neutralizing antibodies can inhibit Porcine
epidemic diarrhea virus (PEDV) infection in vivo via indirect mecha-
nisms dependent on the Fc receptor (Abreu-Mota et al., 2018; Jegas-
kanda et al., 2013). However, we are convinced that high levels of
neutralizing antibodies are essential for complete protection of the pig
population, based on the following observations. Virus-neutralizing ac-
tivity was observed in nearly 100 % of animals vaccinated with live
attenuated vaccine candidates (Zhao et al., 2023). Feeding newborn
piglets with breast milk containing ASFV antibody or anti-venom serum
significantly reduced clinical symptoms compared with the untreated
group (Schlafer et al., 1984). Immunization with p30, p54, p72 and p22
proteins expressed by baculovirus produced neutralizing antibodies but
did not show an obvious protective effect, but the clinical course was
delayed (Neilan et al., 2004). These data suggested that humoral im-
munity and the generation of neutralizing antibodies partially attenuate
or delay the clinical course of ASFV-infected animals. However, at-
tempts on identifying a suitable immunogen or epitope combination to
stimulate production of more potent neutralizing antibodies have not
yet been successful. Therefore, further research for a comprehensive
understanding of immunogenic proteins of ASFV is urgently needed.

Cellular immunity is employed to eliminate pathogens by targeting
intracellular microorganisms and directly killing infected cells. The
detailed relationship between ASFV infection and cellular immunity has
been reviewed and analyzed extensively by Schafer and collegues
(Schafer et al., 2022). Briefly, CD8+ T cells are primarily activated
through MHC I to secrete IFN-y which lyses the target cells (Fig. 3).
Therefore, IFN-y and CD8+ T cells are generally used as detection in-
dicators to assess the protective potential of cellular immunity. In
comparison to antigen-based subunit vaccines, DNA vaccines can induce
both cellular and humoral immunity, making it a promising vaccine type
against ASFV (Borca et al., 2020b). Anna Lacasta et al. constructed a
plasmid library of ASFV to immunize pigs, and the results showed that it
could stimulate both cellular and humoral immunity, and provide 60 %
protection against E75, a highly virulent genotype I strain (Lacasta et al.,
2014). Lynnette et al. used rAd5 and MVA as vectors to express eight
ASFV genes (B602L, B646L (p72), CP204L (p30), E183L (p54), E199L,
EP153R (C-type lectin), F317L and MGF505-5R) to immunize pigs. The
results showed that this combination could activate cellular immunity
and achieve 100 % lethal protection against another highly virulent
genotype I strain, OUR T88/1 (Goatley et al., 2020).

5. Several key points that need to be considered

The ASFV virion contains five parts, from which four parts can be
present in virus-infected cells, and include the core-shell, inner enve-
lope, capsid, and outer envelope. Theoretically, all four components
could stimulate humoral or cellular immune responses. Based on the
research findings so far, several major ASFV proteins such as CD2v, p30,
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Fig. 3. Specific immune response induced by ASFV genes and/or its encoded proteins. ASFV infected antigen-presenting cells, such as macrophages, stimulate both
humoral and cellular immune response through MHC II and MHC I pathway respectively, to generate virus specific antibodies and CTLs, as well as adaptive immune
memory. The gene-engineered ASFVs, or viral genes/proteins are listed that could produce (A) Virus-specific antibodies, (B) IFNy, (C) CD8+ T cells, and (D)

Neutralizing antibodies.

P54, p72, pp220 and pp62 are the most immunogenic proteins for the
development of nucleic acid and protein subunit vaccines. These pro-
teins play important roles in the process of ASFV infection or replication.
Additional ASFV proteins can also inhibit apoptosis of the infected host
cells as well as inhibit MHC class I expression. These mechanisms likely
disrupt the virus capture by antibodies and NK and/or antigen-specific T
cells, and undermine the efficacy of vaccine-induced immunity (Escri-
bano et al., 2013). Additional studies are required to determine specific
ASFV protein or protein group capable of inducing complete protection.

The results from the multi-antigen combination DNA (EP402R,
B646L, CP204L, D117L) and protein (pl5, p35, p54, pl7) vaccines
showed that they accelerated the occurrence of viremia and death
(Sunwoo et al., 2019). On the other hand, immunization with baculo-
virus expressing p54 and p30 proteins provided 50 % protection rate
(Gomez-Puertas et al., 1998). Interestingly, immunization with the same
baculovirus expressing p54, p30, p72 and p22 proteins did not have any
protective effect and only delayed clinical symptoms (Neilan et al.,
2004). Therefore, we suggested the next step would be to analyze the
ASFV structural proteins from the perspective of protein location and
function, and to screen for more effective antigen combinations. In
addition to structural proteins, some non-structural proteins or enzymes
also play an important role in the process of viral replication and im-
mune evasion. For example, p72 can be correctly folded and assembled
only when co-expressed with pB602L. EP153R is involved in the inter-
action between CD2v and its corresponding cell receptors. Hence, these
proteins should also be taken into consideration in the vaccine design.

Epitopes are crucial in the process of antigen recognition, which
subsequently induces antibody production and cell-mediated immune
response against pathogens. Therefore, identifying the antigenic epi-
topes of antibodies is essential for developing epitope-based vaccines as
well as diagnostics. Antigenic epitopes always contain approximately
5-15aa and can be divided into linear and spatial epitopes (Berger and

Lapthorn, 2016). The majority of the antigenic epitopes are spatial
epitopes. Linear epitopes are continuous fragments of protein in the
primary structure. In contrast, spatial epitopes are neighboring amino
acid residues on the surface of protein, but these amino acids are
discontinuous in the primary protein structure. For example, p35 has a
conformational change from monomer to dimer, which can lead to
better display of spatial epitopes. The baculovirus expression vector is
currently used to express bioactive proteins. However, it remains un-
clear whether the ASFV proteins will be fully functional when expressed
by baculovirus expression system.

Different immune adjuvants have different mechanisms of action and
effects on vaccines. Appropriate immune adjuvants can nonspecifically
enhance or modify the body’s adaptive immune response to the corre-
sponding antigen, thereby boosting the immunogenicity of the vaccine.
The Ad5-ASFV adenovirus vector vaccine prepared with BioMize (Vax-
Liant, NE, USA) and ISA-201™ (Seppic, NJ, USA) adjuvants was used to
immunize piglets with a cocktail therapy, and the results showed that
the pp62-specific antibody were significantly higher in the ISA-201™
group compared to the BioMize adjuvant group (Zajac et al., 2023).
Chen et al. used the new Porcine reproductive and respiratory syndrome
virus (PRRSV)-specific IgM monoclonal antibody (Mab)-PR5nfl as a
vaccine adjuvant to study the efficacy of in enhancing the protection
(Chen et al.,, 2022a). The results showed that the addition of
PRRSV-specific IgM to the PRRSV-KIV vaccine could significantly
improve the overall survival rate (SOR) and enhance the cell-mediated
immunity (CMI). When evaluating a vaccine for safety and effective-
ness, FDA considers adjuvants as a component of the vaccine rather than
approved separately. Common adjuvants in existing vaccines include
aluminum adjuvant, such as ASO1 and CpG 1018 (https://www.fda.
gov/vaccines-blood-biologics/safety-availability-biologics/common-in
gredients-fda-approved-vaccines) and Matrix-M, which has been used in
COVID-19 vaccines (https://www.fda.gov/media/173097/download).
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Nonetheless, it is still necessary to develop new adjuvants or combina-
tions of adjuvants that can effectively enhance antigen-specific immune
responses.

Lastly, different vectors may have different effects on antigen
expression and immune effect (Simé¢ikova et al., 2015; Yuan et al.,
1999). In addition, it is difficult to compare the results of immune
protection in pigs due to variations in immunization routes and chal-
lenge ways.

6. Summary and outlook

At present, all pig farms have established protection programs such
as large-scale quarantine and culling against ASFV attacks, which can
cause huge economic losses (De Lorenzi et al., 2020; Liu et al., 2021b;
Tian et al., 2021). Therefore, vaccine development remains the best
choice to combat ASF as a preventative measure. Selecting ASFV pro-
teins that can induce humoral and cellular immune responses in pigs and
produce improved levels of neutralizing antibodies is crucial for the
development of ASFV subunit vaccines. In the long term, gene engi-
neered vaccine has shown promising potential in a fight against ASFV.

With the current understanding of ASFV proteins, we propose that
one should focus on investigating viral structural proteins that are
involved in the virus adsorption, internalization, and release, as well as
the immune evasion mechanisms to generate gene/protein-based vac-
cine candidates. Additionally, more research should be conducted to
optimize the different proteins combinations, vaccine efficacy, adju-
vants, and immunization schedules to elicit robust immune protection
against different strains of ASFV.
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