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Abstract: African swine fever (ASF) is a highly contagious hemorrhagic disease in domestic pigs and
wild boars with a mortality of up to 100%. The causative agent, African swine fever virus (ASFV), is
a member of the Asfarviridae family of the nucleocytoplasmic large DNA viruses. The genome size of
ASFV ranges from 170 to 194 kb, encoding more than 50 structural and 100 nonstructural proteins.
ASFV virions are 260-300 nm in diameter and composed of complex multilayered structures, leading
to an intricate internalization pathway to enter host cells. Currently, no commercial vaccines or
antivirals are available, due to the insufficient knowledge of the viral receptor(s), the molecular
events of ASFV entry into host cells, and the functions of virulence-associated genes. During the
early stage of ASFV infection, the fundamental aspects of virus-host interactions, including virus
internalization, intracellular transport through the endolysosomal system, and membrane fusion
with endosome, are precisely regulated and orchestrated via a series of molecular events. In this
review, we summarize the currently available knowledge on the pathways of ASFV entry into host
cells and the functions of viral proteins involved in virus entry. Furthermore, we conclude with
future perspectives and highlight areas that require further investigation. This review is expected
to provide unique insights for further understanding ASFV entry and facilitate the development of
vaccines and antivirals.

Keywords: African swine fever virus; virus entry; clathrin-mediated endocytosis; macropinocytosis;
endosome pathway

1. Introduction

African swine fever (ASF) is an acute, hemorrhagic, and severe porcine infectious
disease caused by African swine fever virus (ASFV) and is a disease listed by the World
Organization for Animal Health (OIE). The disease shows high mortality in domestic
pigs, approaching 100%, while African wild suids coevolved with the virus have high
resistance [1,2]. ASF outbreaks severely threaten the global pig industry and result in
serious economic losses. Currently, the most feasible method of controlling ASF is quar-
antine and slaughter of infected pigs. The reservoir hosts of ASFV include wild suids and
arthropod vectors of the Ornithodoros genus, both of which can act as vectors for the virus
propagation [3,4]. ASFV is biologically complex in its mechanisms of entry, which limits
the understanding of initial virus-host interactions.

In this review, we comprehensively compared the entry process of large DNA viruses,
including ASFV, poxviruses, and herpesviruses. In addition, the molecular events of
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ASFV entry are summarized to provide a better understanding of ASFV pathogenesis and
facilitate the design of antiviral strategies.

2. The Structure of ASFV Virions

ASFV, a member of the Asfarviridae family, is a large, enveloped virus with icosahedral
morphology and an average diameter of 260-300 nm [5]. The genome of different ASFV
strains ranges from 170 to 194 kb, and the number of genes of different virus strains is
different, which are primarily due to the acquisition or loss of multigene family genes
(MGFs) of the virus [6]. The ASFV genome encodes more than 50 structural proteins and
100 nonstructural proteins, among which the former involved the structural components
of the virions, while the latter is associated with viral genome replication, transcription,
translation, and mRNA modification [7,8].

ASFV replicates in porcine alveolar macrophages (PAMs). Viral DNA replication and
virus morphogenesis occur in specific cytoplasmic sites close to the nucleus, which are
called viral factories [9,10]. Furthermore, the nucleus is also a site of viral DNA synthesis
during the early stage of viral infection [11,12]. Recently, our group and another team
dissected the structure of the ASFV virions, which is comprised of a genome containing
nucleoids, a core shell, an inner lipoprotein envelope, a capsid, and an outer envelope
(Figure 1) [5,13]. Moreover, another group revealed a six-layered structure of ASFV virions,
including nucleoids, core shell, inner capsid, inner lipoprotein envelope, outer icosahedral
protein capsid, and lipoprotein membranes [14]. To date, CD2v is the only identified
viral protein located in the outer envelope, while seven viral proteins (p12, p17, p54, p22,
pH108R, pE199L, and pE248R) are localized at the inner envelope. The icosahedral capsid
consists of the major capsid protein (MCP) p72, the minor capsid protein p49, and the
protein pE120R. More recently, we also identified the H240R protein as a novel capsid
protein interacting with the MCP p72 during the morphogenesis of ASFV [15]. The core
shell is composed of the mature products p150, p37, p34, p14, and p5 derived from the
polyprotein pp220 and p35, p15, and p8 derived from pp62 (Figure 1). The minor capsid
proteins form a hexagonal network below the outer capsid shell, functioning as stabilizers
by “gluing” neighboring capsomers together [5].

Nucleoid p10, pA104R

p34, pl4, p37, p15,
Core shell | p5, p150 (CP2475L)
p35, p15, p8 (CP530R)

p72 (B646L)
p49 (B438L)
Outer capsid | pH240R
pE120R

Figure 1. The subviral localization of viral proteins among the five-layered structure of the ASFV particle. The viral proteins

involved in virus entry are mainly localized in the layers of the inner envelope, capsid, and outer envelope of ASFV. * Viral

proteins involved in ASFV entry.

The ASFV virions contain not only viral proteins but also host molecules, which are
acquired during virion assembly and budding. The virion assembly is characterized by a
highly coordinated process involved in the expression of different viral genes [14,16]. The
outer capsid and inner core shell above and beneath the viral membrane are gradually
assembled, resulting in the enclosure of the genomic material, giving rise to the intracellular
icosahedral mature virus [17]. The mature virus is formed by the progressive assembly
of the outer capsid, move to the cell surface by microtubule-mediated transport, and
are released from cells by budding at the plasma membrane, which does not follow an
icosahedral symmetry [18,19]. Interestingly, ASFV virions with the H240R gene-deletion
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can be released from PAMs by budding through the plasma membrane but produce
aberrant virions with tubules and bilobular structures [15]. Using mass spectrometry (MS)
analysis, 68 viral proteins and 21 host proteins (including annexin, integrin, and (3-actin)
were identified in ASFV particles. However, only a few viral and cellular proteins in the
localization of ASFV particles have been elucidated to date [8], indicating the complexity
of the ASFV virions.

3. Overview of the Entry Process of Large DNA Viruses

ASFV, herpesviruses, and poxviruses are large DNA viruses, which can hijack cellular
factors for virus entry with some similar pathways. Herpesviruses infect almost all verte-
brates and several invertebrates [20]. The envelope proteins of herpesviruses mediate virus
attachment and fusion, and the attachment of herpesviruses on the cellular surface requires
heparan sulfate proteoglycans (HSPGs) [21]. Notably, two herpesviruses, herpes simplex
virus 1 (HSV-1) and HSV-2, recognize different domains of HSPGs [22]. Furthermore, the
envelope glycoprotein C (gC) of HSV recognizes HSPGs for virus attachment, whereas gC
is not essential for viral entry. Moreover, the envelope gB can also mediate virus attachment
through binding HSPGs in the absence of gC [23,24]. Besides, the binding of the envelope
glycoprotein gD to cell surface receptor(s) is a key step for entry of HSV-1, HSV-2, and
other alphaherpesviruses. It has been reported that HSV-1 entry requires the interaction of
gD and the herpesvirus entry mediator (HVEM) or nectinl receptor, and the fusion with
cell membrane through the viral fusion complex (gB, gH, and gL) [25,26].

Poxviruses can infect both invertebrates and vertebrates, and the virus entry is the
process by which the nucleoprotein core of the virus enters the cytoplasm. Mature vaccinia
virus (VACV), a member of poxviruses, can enter the plasma membrane at neutral pH
or through a low pH-dependent pathway. After entry into host cells, the viral envelope
proteins fuse with an endocytic vesicle, followed by the release of the viral core into the
cytoplasm [27,28]. The VACV genome encodes several proteins involved in viral adsorption
and entry. Four viral proteins (D8, A26, A27, and H3) mediate the attachment of mature
VACYV, whereas 11 proteins (A16, A21, A28, G3, G9, H2, ]J5, L5, O3, F9, and L1) form the
viral entry/fusion complex (EFC) and exert the membrane fusion function [29].

The entry of ASFV can be summarized by the following aspects: (1) ASFV binding to
the cell surface via an unknown receptor(s) or nonselective uptake of extracellular particles
by macropinocytosis; (2) activation of cellular signaling pathways; (3) ASFV entry into host
cells through clathrin-mediated endocytosis (CME) and actin-driven macropinocytosis,
endocytosis and transport to endosomes in a stepwise pH-dependent process; and (4)
fusion of inner envelope proteins with membranes of endosomes and the delivery of naked
cores into the cytosol. It has been reported that viral membrane fusion is dependent on
the integrity of cholesterol efflux from the endosomes since the virions would be retained
inside the endosomes without cholesterol efflux [30]. The viral proteins pE248R and pE199L
of ASFV involved in the membrane fusion process share sequence similarities with the
VACYV proteins L1, G9, A16, and J5 [31,32]. Therefore, ASFV virions may enter host cells
through similar pathways as VACV.

4. Molecular Events of ASFV Entry

Entry into host cells is an initial event of viral infection [33]. The entry of ASFV into
host cells is a process involving precise regulation and mutual coordination, which follows
a specific spatiotemporal order [34]. Previous studies have shown that ASFV enters host
cells through CME and actin-driven macropinocytosis (Figure 2) [35-38]. After binding
to host cells, the virions stimulate the uptake of dextran by the cells, which is followed
by activation of the epidermal growth factor receptor (EGFR) and PI3K-Akt signaling
pathways to facilitate ASFV entry [39]. Furthermore, the successful internalization of
virions depends on the action of dynamin, the efflux of cholesterol at the membrane, and
the rearrangement of actin [30,40]. In addition, endocytosis is also a temperature- and
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energy-dependent process, since the internalization is completely blocked in the presence
of metabolic inhibitors or upon incubation at 4 °C [41].
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Figure 2. ASFV enters host cells through a complex process involving dynamin- and clathrin-mediated endocytosis (CME)
and micropinocytosis. After ASFV entry into the cells via CME and micropinocytosis, the virions are transported from
early endosomes to late endosomes along the cytoskeleton, where they undergo an uncoating process characterized by
pH-dependent capsid disassembly and disruption of the outer viral envelope. The inner envelope proteins pE248R and
PE199L are fused with the endosomal membrane to deliver the genome-containing “naked” cores into the cytosol. Viral
genomic DNA replication and virion assembly take place in the viral factories. The newly synthesized virions then move
toward the plasma membrane, where they acquire the outer envelope by budding.

4.1. ASFV Entry Is a Dynamin-Dependent and CME Process

CME is a process of receptor-dependent internalization of virus particles, characterized
by the formation of clathrin-coated pits (CCPs) that bud into the cytoplasm to form clathrin-
coated vesicles (CCVs) [35,42]. During the infection, ASFV can enter host cells via CME,
which requires cholesterol flux [30]. Moreover, the GTPase dynamin plays a critical role in
CCPs budding into the cytoplasm. It has been demonstrated that PAMs treated with the
dynamin inhibitor dynasore (DYN) exhibit a remarkable reduction of ASFV uptake [40],
indicating that dynamin-mediated membrane scission is involved in the CME process of
ASFV (Figure 2). Upon endocytosis, incoming ASFV virions move along the endolysosomal
pathway to detach the viral envelope and capsid.

4.2. ASFV Enters Host Cells by Macropinocytosis

Macropinocytosis is a non-selective uptake process of extracellular particles via actin-
dependent evaginations of the plasma membrane to form large uncoated vesicles of
0.5-10 pm [37], which is another important endocytic pathway that is hijacked by var-
ious viruses for entry into host cells [43]. Endocytosis is characterized by the formation
of ruffles or blebs in the plasma membrane induced by the activation of kinases and Rho
GTPases [44]. It has been reported that macropinocytosis is not induced by ASFV particles,
but a constitutive process that occurs in macrophages [40]. During the ASFV entry, actin
reorganization and blebbing in macropinocytosis can facilitate the CME process. The entry
process via macropinocytosis and CME may be coordinated to facilitate ASFV entry. Upon in-
ternalization, the virions are transported from early endosomes (EEs) to late endosomes (LEs).
Subsequently, the virus undergoes outer envelope disruption and capsid disassembly, expos-
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ing the inner envelope and then fusing with the endosomal membrane to release the naked
genome-containing core into the cytoplasm. Furthermore, a fraction of disrupted particles
reaches lysosomes, and then undergo membrane fusion or be further degraded [33,39,45-47].
Thus, lysosomal hydrolases may facilitate virus disruption or uncoating.

Moreover, ASFV also infects vascular endothelial cells or epithelial cells with low
efficiency in vitro. Additionally, several cell-adapted ASFV strains can efficiently replicate
in Vero cells [48]. Interestingly, we have recently demonstrated that ASFV can adapt to
HEK293T cells after serial passages, and the adapted ASFV can replicate efficiently in both
HEK293T and Vero cells [49]. Thus, ASFV exploits multiple entry strategies to adapt to the
changing infection conditions in different cells.

4.3. Intracellular Transport of ASFV

After internalization into host cells, the ASFV particles in the endosome move along
the endosome-lysosome pathway. The sequential maturation of EEs to LEs depends on
endosomal membrane signaling modulated by both proteins and lipids (cholesterol) [50,51].
The mature endosome is characterized by the expression of CD63 and Rab7 GTPase
(Rab?7) [40,44]. Rab7 controls the transport and fusion of LEs. The endosomal maturation
pathway orchestrated by Rab proteins and phosphoinositides plays a critical role during
the early stages of ASFV infection [44]. The colocalization of EEA1 or Rab5 with the virions
can be detected from 5 to 30 min postinfection (mpi), while the interactions of the envelope
protein (p12) or core (p150) with CD63, Rab7, or Lamp1 can be observed from 30 to 90 mpi
using laser confocal microscopy [40] (Figure 2), indicating that CD63, Lamp1, and GTPases
(Rab5 and Rab?7) are important for ASFV intracellular transport.

4.4. ASFV Uncoating and Fusion

The decomposition process is gradually driven by the acidic pH in the endosome,
which is required for the ASFV life cycle. It has been shown that PAMs or Vero cells treated
with bafilomycin Al (an inhibitor of endosome acidification) prior to ASFV infection
significantly prevented virus disassembly [52], suggesting that endosome acidification is
needed during the virus uncoating.

Most ASFV virions inside EEs appear as nearly intact structures of mature viral
particles [30]. However, low pH in the EEs triggers conformational changes in the capsid
structure, resulting in the dissociation of their components and the detachment of the outer
membrane [40]. Therefore, most virions (>85%) lose the capsid proteins in LEs, while a
significant proportion of virions (>50%) lack the outer envelope proteins [4]. After the
decomposition process, the viral inner envelope pE199L and pE248R proteins fuse with
the endosomal membrane of LEs, releasing the naked core into the cytosol (Figure 2). The
mature core is separated from the inner envelope upon hydrolysis of the pp220 protein.
A recent study has tracked the entry process of virions using confocal microscopy, the
occurrence of either p12*p150~ or p12*p150™ particles in cell staining with anti-p12 and
anti-p150 antibodies indicates the cell-bound extracellular virions or endocytosed particles,
respectively, whereas the presence of p12~p150" punctate structures is an indicator of
core penetration [31]. Since pE199L and pE248R participate in ASFV membrane fusion,
the formation of a fusion complex between pE199L and pE248R remains to be elucidated.
Moreover, cholesterol is a key component during the fusion of the virus with the endosomal
membrane, and the transport of cholesterol in the endosomal membrane is necessary for
the ASFV core release and penetration into the cytoplasm [30,37].

5. Viral Proteins and Host Factors Involved in ASFV Entry
5.1. Structures and Functions of Viral Proteins Involved in ASFV Entry

Although several studies have predicted that numerous ASFV proteins are involved
in viral entry, only a few viral proteins, including p12, p54, p30, CD2v, pE248R, and pE199L,
were confirmed by experimental evidence [31,32,53,54] (Table 1). Therefore, the structures
and functions of these viral proteins are discussed as follows.
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p12, encoded by the O16R gene with an approximate molecular mass of 6.9 kDa, is
synthesized during the late stage of viral infection. The p12 protein is a structural protein
located in the inner envelope of ASFV [8]. The recombinant p12 protein was shown to be
able to block the specific binding of viral particles to susceptible cells and inhibit virus
infection [54]. However, an anti-p12 antibody could not inhibit the binding of the virus to
host cells or neutralize the virus [55]. Although these previous reports show conflicting
evidence for the role of p12 in ASFV entry, further investigation is needed to determine the
exact role of p12.

p54, encoded by the E183L gene with a relative molecular weight of 19.9 kDa, is the
primary structural protein involved in virus transport. p54 is a type I transmembrane
protein that is located on the inner envelope of the virus [56]. The p54 protein undergoes
homodimerization via the formation of disulfide bonds between the conserved cysteine
residues. A previous study has shown that p54 engages in the attachment of ASFV [57].
However, the p54 protein is located on the viral inner envelope, and further investigation
is needed to testify that the p54 protein is involved in virus attachment or internalization.

p30, encoded by the CP204L gene, has a relative molecular weight of 23.6 kDa [58].
The p30 protein is an immediate early-expressed viral protein that is involved in virus inter-
nalization. It is generally accepted that the proteins involved in the viral entry are of great
importance in the development of ASF vaccines [59,60]. The p54 and p30 proteins have
also been demonstrated to serve as important antigenic structural proteins [61]. Through
ubiquitin modification of a eukaryotic expression vector harboring ASFV hemagglutinin
(sHA), the p54 and p30 proteins were shown to provide partial protection against the
ASFV challenge.

CD2v, encoded by the EP402R gene, has a relative molecular weight of approximately
46.5 kDa and is located in the outer membrane of the virus. CD2v is a glycoprotein that
resembles the T lymphocyte surface adhesion molecule CD2, which contains a signal pep-
tide, an extracellular N-terminal domain composed of two immunoglobulin-like domains,
and a transmembrane region, while the cytosolic C-terminal domain shares no obvious
amino acid sequence homology with the cellular CD2 cytoplasmic domain (Figure 3).
The protein is located in the Golgi network around viral factories in ASFV-infected cells.
CD2v exhibits immunosuppressive activity by inhibiting the proliferation and functions of
lymphocytes [62-64]. It has been shown that the CD2v interacts with the SH3P7 /mabp1
protein through binding to its SH3 domain [65]. SH3P7 /mabpl is an actin-binding protein
that contains an actin depolymerization factor homology (ADF-H) domain, functions as
protein transportation through the Golgi network, participates in endocytosis mediated by
grid proteins, forms membrane folds, and regulates signaling pathways [65-67]. The inter-
action between CD2v and SH3P7/mabpl is possibly involved in virus transport in Golgi or
endosome pathways. In addition, CD2v enables the adsorption of pig red blood cells onto
ASFV-infected cells and promotes virus dissemination in pigs [62]. As an outer envelope
protein, it may mediate the ASFV attachment to target cells, which requires validation.

(A) (B)

Figure 3. Predicted three-dimensional structure of the CD2v extracellular domain. (A) Homologous modeling analysis of the

CD2v protein was performed using the software PyYMOL 1.7 according to the structure of the human T cell adhesion molecule

CD2 protein (B). The crystal structure of human T cell adhesion molecule CD2 protein (SMTL ID:1hnf.1). Immunoglobulin-

like domains 1 and 2 were shown in blue and red, respectively.
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pE248R, a transmembrane protein encoded by the E248R gene with a relative molecu-
lar weight of 27.7 kDa, is located in the inner envelope of ASFV virions. pE248R is required
for the postentry step in ASFV infection [32,40] and shares amino acid sequence similarity
with the VACV L1 protein, a component of the poxviral EFC that is necessary for membrane
fusion and/or core penetration [29,40,68]. The pE248R protein is not required for viral
disassembly but is required for fusion and core delivery into the cytosol. Upon deletion of
the E248R gene, the morphogenesis and release of the virus can proceed normally, but the
core of the virus accumulates in the lysosome-like structure and cannot successfully enter
the cytoplasm, resulting in noninfectious viral progeny due to postentry blockage [32,40].
The results indicate that the pE248R is required for ASFV infectivity and is involved in an
early postentry event.

PE199L (also called J18L) is another type I transmembrane protein that localizes in
the inner viral envelope. The pE199L protein has a relative molecular mass of 22.7 kDa
and forms cytosolic intramolecular disulfide bonds. Its amino acid sequence is highly
conserved among different ASFV strains. It contains a cysteine-rich N-terminal region, a
transmembrane domain, and a C-terminal tail. pE199L shares similarities with the EFC
A16, GY, and J5 proteins of poxviruses [31,69]. pE199L-defective virions cannot complete
membrane fusion and release the core into the cytoplasm, and the defective virions are
approximately 100-fold less infectious than the parental viruses. pE199L and pE248R are
not necessary for viral assembly and release but are required for viral membrane fusion
and core delivery into the cytoplasm, and these proteins are essential for the progeny virus
infection [31]. A recent study has demonstrated that pE199L induces cell death via the
mitochondrial-dependent apoptosis pathway [70]. In addition, the MCP p72 and the inner
envelope proteins, including p17, p22 and p54, are the structural proteins of ASFV that are
involved in morphogenesis [71-76], but the engagement of these proteins in ASFV entry
remains to be elucidated. Altogether, the viral proteins associated with virus entry are of
great importance in the development of subunit vaccines against ASF in the future.

Table 1. The functional roles of ASFV structural proteins involved in virus entry.

ORFs Viral Proteins Localization/Functions References
EP402R CD2v Outer envelope/ Hemadsorption [64]
CP204L p30 Involved in viral entry [59]

O61R pl12 Inner envelope/ Attachment protein [8,54]
D117L p17 Inner envelope/Morphogenesis [71]

B646L p72 Capsid/Morphogenesis [72,73]
E183L po54 Inner envelope/Morphogenesis [74,75]
E248R pE248R Inner envelope/Entry and membrane fusion  [32]

E199L pE199L Inner envelope/Entry and penetration [31]
KP177R p22 Inner envelope [76]

5.2. Host Cellular Factors Required for ASFV Entry

To date, several host cellular factors, including actin, EGFR, dynamin, and clathrin, have
been identified to be involved in ASFV entry (Table 2). The dynamin and clathrin proteins
are involved in the CME process. Actin-cytoskeleton rearrangements, activation of the EGFR
and phosphoinositide 3-kinases (PI3Ks) signaling pathways, and the involvement of Na*/H*
exchangers could facilitate a macropinocytosis-mediated endocytic process for ASFV entry [39].

The binding of a virus and cellular receptor(s) is the initial step of viral infection. The
scavenger receptor CD163 is involved in macrophage maturation. It has been reported
that treatment with various anti-CD163 monoclonal antibodies can block ASFV infection
in PAMs. Therefore, CD163 was considered to be a functional receptor for ASFV [77].
However, a recent study has demonstrated that gene-edited pigs lacking the CD163 gene
are fully susceptible to ASFV infection [78]. Thus, CD163 may not be the key determinant
of ASFV infection in pigs.
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EGEFR is associated with actin rearrangement and the activation of the Rho family
GTPases [79]. It has been shown that the activation of the Rho family GTPases can trigger
macropinocytosis. The EGFR-specific inhibitor 324674 dramatically inhibited ASFV uptake
by Vero cells [39].

PI3Ks play essential roles in growth factor signal transduction, regulation of endocy-
tosis, and vesicular membrane trafficking. Akt is a major downstream effector of the PI3K
pathway. ASFV infection induced activation of the PI3K-Akt axes, whereas treatment with
the PI3K inhibitor LY294002 markedly inhibited viral entry into Vero cells [39,80].

The Rac family small GTPase 1 (Racl) regulates cell growth, cytoskeletal reorganiza-
tion, and the activation of protein kinases. It has been demonstrated that Racl controls
macropinocytosis and regulates actin cytoskeleton dynamics [81,82]. ASFV infection trig-
gers Racl accumulation in ruffling areas, whereas the Rac1 inhibitor NSC23766 significantly
decreases ASFV entry into Vero cells [39].

P21-activated kinase 1 (PAK1) is involved in the regulation of cytoskeletal dynamics
and is required for macropinocytosis [83,84]. PAK1 activation induced by ASFV infection
remains controversial. It was suggested that PAK1 activation played a key role in ASFV
infection [39], whereas another study revealed that purified virions cannot induce the acti-
vation of PAK1 [40]. The difference is likely to result from the use of clarified supernatants
or purified virions in these studies.

Microtubules participate in the process of endosome maturation. During the early
stages of ASFV replication, intracellular transport of virus from the plasma membrane to
the perinuclear region relies on microtubule dynamics and the interaction with the virus.
Colchicine and its analog MTC, which are the inhibitors of tubulin, efficiently inhibit viral
migration [85,86]. Therefore, microtubules are required for the transport of the virus to the
perinuclear area.

Cholesterol is required to ensure membrane fluidity for CME, which is involved in
the ASFV life cycle. Cholesterol efflux from endosomes is required for ASFV fusion. The
cholesterol efflux is governed by the Niemann-Pick type C 1 (NPC1) and NPC2 proteins [87].
Disruption of the cholesterol efflux by U18666A severely impaired ASFV entry. In addition, the
reduction of cholesterol by statins also markedly inhibited ASFV infection [44]. A recent study
showed that the LEs integral membrane protein NPC1 interacted with the inner envelope
proteins pE248R and pE199L of ASFV, while NPC1 knockout reduced viral infectivity and
viral replication (Preprint) [88]. Collectively, these host cellular proteins may serve as novel
targets for the development of antivirals that block the initial stages of ASFV infection.

Table 2. The cellular factors involved in ASFV entry.

Cellular Proteins Functions in ASFV Entry References

Actin Formation and trafficking of macropinosomes [39,44]

Myosin II Blebbing and macropinocytosis [39]

EGFR Actin rearrangement and activation of Rho family [34]
GTPases

Dynamin Involved in virus uptake via clathrin-mediated [39,89]
endocytosis

Clathrin Assembly .of coated pits and clathrin-mediated [39,89]
endocytosis

PAK1 ?nvolve.zd in the.regulatlon of cytoskeletop dynam.lcs and [83,34]
is required during all stag e s of macropinocytosis

PI3K Involved in macropinocytosis-mediated ASFV entry [39,80]

Racl Modula.tes actm.cytoskeleton dynamics and controls [39,81]
macropinocytosis

Microtubules Transport of the virus to perinuclear area [86]

Cholesterol Required for ASFV entry into the cytosol [30,41]

Rab7 GTPase A key regulator of late endosome maturation [39,51]

NPC1 Facilitate ASFV membrane fusion and core penetration  (Preprint) [88]

NPC2 NPC2 knockdown reduces ASFV infection (Preprint) [88]
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6. Concluding Remarks and Prospects

ASF outbreaks have resulted in huge economic losses to the pig industry worldwide.
ASF emerged in China in 2018 and quickly spread throughout the country [90]. To fa-
cilitate the development of novel antiviral strategies, many efforts have been devoted to
elucidating the functions of ASFV proteins and strategies of immunoevasion in recent
years [15,49,91-96]. It is generally accepted that ASFV entry is a continuous and dynamic
process orchestrated by the interactions between multiple viral and cellular proteins, which
are involved in virus binding, internalization, transportation, uncoating, and membrane
fusion. Notably, the application of new technologies has recently enriched the understand-
ing of ASFV entry. Emerging single-virus tracking technology has enhanced the in-depth
knowledge of virus entry into living cells [97-100]. The molecular events of virus entry
can be addressed at spatial and temporal resolutions in living cells. However, only a few
viral proteins and the interacting cellular factors during ASFV entry have been identified
so far. Therefore, several important issues related to ASFV entry need to be further studied,
including (1) the identification of the cell receptor(s) hijacked by the virus for attachment
and entry; (2) the application of single-virus tracking in the entry process of living cells;
(3) the elucidation of the structure and function of “EFC”; and (4) the spatiotemporal
regulation of viral proteins involved in the endocytosis and fusion pathways. Increasing
knowledge on ASFV entry will contribute to the comprehensive understanding of the
complex interplays between ASFV and the host and provide the molecular targets for the
development of vaccines or antivirals against ASF.

Author Contributions: Conceptualization, H.-].Q. and G.EG.; writing-original draft preparation, K.Z.
and S.L. (Su Li); writing and revision, K.Z., S.L. (Su Li), S.L. (Sheng Liu), L.Q. and S.L. (Shuhong Li);
Figure preparation, S.L. (Sheng Liu) and G.EG.; manuscript revision and supervision, H.-J.Q. and
G.EG.; and funding acquisition, H.-].Q. and S.L. (Su Li). All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of China (grants No.
U20A2060, 32072866, and 31672537), the Natural Science Foundation of Heilongjiang Province
of China (JQ2020C002), and the grant from the State Key Laboratory of Veterinary Biotechnology
Program (SKLVBP202101).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Alonso, C.; Borca, M.; Dixon, L.; Revilla, Y.; Rodriguez, F.; Escribano, ].M.; Consortium, LR. ICTV virus taxonomy profile:
Asfarviridae. ]. Gen. Virol. 2018, 99, 613-614. [CrossRef]

2. Chen, WY,; Zhao, D.M,; He, XJ; Liu, R.Q.; Wang, Z.L.; Zhang, X.F,; Li, E; Shan, D.; Chen, H.E; Zhang, ] W,; et al. A seven-gene-
deleted African swine fever virus is safe and effective as a live attenuated vaccine in pigs. Sci. China Life Sci. 2020, 63, 623-634.
[CrossRef] [PubMed]

3. Andérson, E.C.; Hutchings, G.H.; Mukarati, N.; Wilkinson, P.J. African swine fever virus infection of the bushpig (Potamochoerus
porcus) and its significance in the epidemiology of the disease. Vet. Microbiol. 1998, 62, 1-15. [CrossRef]

4. Sanchez, E.G; Pérez-Nufiez, D.; Revilla, Y. Mechanisms of entry and endosomal pathway of African swine fever virus. Vaccines
2017, 5, 42. [CrossRef] [PubMed]

5. Liu, S; Luo, Y.; Wang, Y.; Li, S.; Zhao, Z; Bi, Y.; Sun, ].; Peng, R.; Song, H.; Zhu, D.; et al. Cryo-EM structure of the African swine
fever virus. Cell Host Microbe 2019, 26, 836-845. [CrossRef]

6. Neilan, J.G.; Borca, M.V,; Lu, Z.; Kutish, G.F,; Kleiboeker, S.B.; Carrillo, C.; Zsak, L.; Rock, D.L. An African swine fever virus ORF
with similarity to C-type lectins is non-essential for growth in swine macrophages in vitro and for virus virulence in domestic
swine. J. Gen. Virol. 1999, 80, 2693-2697. [CrossRef]

7. Reis, A.L; Netherton, C.; Dixon, L.K. Unraveling the armor of a killer: Evasion of host defenses by African swine fever virus.

J. Virol. 2017, 91, €02338-16. [CrossRef] [PubMed]


http://doi.org/10.1099/jgv.0.001049
http://doi.org/10.1007/s11427-020-1657-9
http://www.ncbi.nlm.nih.gov/pubmed/32124180
http://doi.org/10.1016/S0378-1135(98)00187-4
http://doi.org/10.3390/vaccines5040042
http://www.ncbi.nlm.nih.gov/pubmed/29117102
http://doi.org/10.1016/j.chom.2019.11.004
http://doi.org/10.1099/0022-1317-80-10-2693
http://doi.org/10.1128/JVI.02338-16
http://www.ncbi.nlm.nih.gov/pubmed/28031363

Viruses 2021, 13, 2495 10 of 13

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Alejo, A.; Matamoros, T.; Guerra, M.; Andrés, G. A proteomic atlas of the African swine fever virus particle. J. Virol. 2018, 92,
e01293-18. [CrossRef]

Andrés, G.; Garcia-Escudero, R.; Simén-Mateo, C.; Vifiuela, E. African swine fever virus is enveloped by a two-membraned
collapsed cisterna derived from the endoplasmic reticulum. J. Virol. 1998, 72, 8988-9001. [CrossRef]

Suarez, C.; Andrés, G.; Kolovou, A.; Hoppe, S.; Salas, M.L.; Walther, P.; Locker, ] K. African swine fever virus assembles a single
membrane derived from rupture of the endoplasmic reticulum. Cell. Microbiol. 2015, 17, 1683-1698. [CrossRef]

Rojo, G.; Garcia-Beato, R.; Vifiuela, E.; Salas, M.L.; Salas, J. Replication of African swine fever virus DNA in infected cells. Virology
1999, 257, 524-536. [CrossRef] [PubMed]

Simoes, M.; Martins, C.; Ferreira, F. Early intranuclear replication of African swine fever virus genome modifies the landscape of
the host cell nucleus. Virus Res. 2015, 210, 1-7. [CrossRef]

Wang, N.; Zhao, D.M.; Wang, ].L.; Zhang, Y.L.; Wang, M.; Gao, Y.; Li, F; Wang, ].E; Bu, Z.G.; Rao, Z.H,; et al. Architecture of
African swine fever virus and implications for viral assembly. Science 2019, 366, 640—-644. [CrossRef]

Andrés, G.; Charro, D.; Matamoros, T.; Dillard, R.S.; Abrescia, N.G.A. The cryo-EM structure of African swine fever virus unravels
a unique architecture comprising two icosahedral protein capsids and two lipoprotein membranes. J. Biol. Chem. 2020, 295, 1-12.
[CrossRef]

Zhou, P; Li, L.F; Zhang, K.; Wang, B.; Tang, L.; Li, M.; Wang, T,; Sun, Y,; Li, S.; Qiu, H.]. Deletion of the H240R gene of
African swine fever virus decreases infectious progeny virus production due to aberrant virion morphogenesis and enhances the
inflammatory cytokines expression in porcine macrophages. J. Virol. 2021, JVI0166721. [CrossRef]

Cackett, G.; Matelska, D.; Sykora, M.; Portugal, R.; Malecki, M.; Bahler, J.; Dixon, L.; Werner, F. The African swine fever virus
transcriptome. J. Virol. 2020, 94, €00119-20. [CrossRef]

Salas, M.L.; Andrés, G. African swine fever virus morphogenesis. Virus Res. 2013, 173, 29-41. [CrossRef] [PubMed]

Andrés, G.; SiménMateo, C.; Vifiuela, E. Assembly of African swine fever virus: Role of polyprotein pp220. J. Virol. 1997, 71,
2331-2341. [CrossRef] [PubMed]

Jouvenet, N.; Monaghan, P.; Way, M.; Wileman, T. Transport of African swine fever virus from assembly sites to the plasma
membrane is dependent on microtubules and conventional kinesin. J. Virol. 2004, 78, 7990-8001. [CrossRef]

Eisenberg, R.J.; Atanasiu, D.; Cairns, T.M.; Gallagher, ].R.; Krummenacher, C.; Cohen, G.H. Herpes virus fusion and entry: A
story with many characters. Viruses 2012, 4, 800-832. [CrossRef]

MacLeod, D.T,; Nakatsuji, T.; Yamasaki, K.; Kobzik, L.; Gallo, R.L. HSV-1 exploits the innate immune scavenger receptor MARCO
to enhance epithelial adsorption and infection. Nat. Commun. 2013, 4, 1963. [CrossRef] [PubMed]

Herold, B.C.; Gerber, S.I; Belval, B.J.; Siston, A.M.; Shulman, N. Differences in the susceptibility of herpes simplex virus types 1
and 2 to modified heparin compounds suggest serotype differences in viral entry. J. Virol. 1996, 70, 3461-3469. [CrossRef]
Tal-Singer, R.; Peng, C.; Ponce De Leon, M.; Abrams, W.R.; Banfield, B.W.; Tufaro, F.; Cohen, G.H.; Eisenberg, R.J. Interaction of
herpes simplex virus glycoprotein gC with mammalian cell surface molecules. J. Virol. 1995, 69, 4471-4483. [CrossRef] [PubMed]
Sari, T.K.; Gianopulos, K.A.; Nicola, A.V. Glycoprotein C of herpes simplex virus 1 shields glycoprotein B from antibody
neutralization. J. Virol. 2020, 94, e01852-19.

Maurer, U.E.; Sodeik, B.; Grunewald, K. Native 3D intermediates of membrane fusion in herpes simplex virus 1 entry. Proc. Natl.
Acad. Sci. USA 2008, 105, 10559-10564. [CrossRef]

Jackson, J.O.; Longnecker, R. Reevaluating herpes simplex virus hemifusion. J. Virol. 2010, 84, 11814-11821. [CrossRef] [PubMed]
Law, M.; Carter, G.C.; Roberts, K.L.; Hollinshead, M.; Smith, G.L. Ligand-induced and nonfusogenic dissolution of a viral
membrane. Proc. Natl. Acad. Sci. USA 2006, 103, 5989-5994. [CrossRef]

Schmidt, FI.; Bleck, C.K.E.; Helenius, A.; Mercer, ]. Vaccinia extracellular virions enter cells by macropinocytosis and acid-activated
membrane rupture. EMBO J. 2011, 30, 3647-3661. [CrossRef]

Moss, B. Poxvirus cell entry: How many proteins does it take? Viruses 2012, 4, 688-707. [CrossRef]

Cuesta-Geijo, M.A,; Chiappi, M.; Galindo, I.; Barrado-Gil, L.; Mufioz-Moreno, R.; Carrascosa, J.L.; Alonso, C. Cholesterol flux is
required for endosomal progression of African swine fever virions during the initial establishment of infection. J. Virol. 2016, 90,
1534-1543. [CrossRef]

Rodriguez, I.; Nogal, M.L.; Redrejo-Rodriguez, M.; Bustos, M.].; Salas, M.L. The African swine fever virus virion membrane
protein pE248R is required for virus infectivity and an early postentry event. J. Virol. 2009, 83, 12290-12300. [CrossRef]
Matamoros, T.; Alejo, A.; Rodriguez, ] M.; Herndez, B.; Guerra, M.; Fraile-Ramos, A.; Andrés, G. African swine fever virus protein
PE199L mediates virus entry by enabling membrane fusion and core penetration. mBio 2020, 11, e00789-20. [CrossRef]

Alonso, C.; Galindo, I; Cuesta-Geijo, M.A.; Cabezas, M.; Herndez, B.; Mufioz-Moreno, R. African swine fever virus-cell
interactions: From virus entry to cell survival. Virus Res. 2013, 173, 42-57. [CrossRef]

Andres, G. African swine fever virus gets undressed: New insights on the entry pathway. J. Virol. 2017, 91, e01906-16. [CrossRef]
[PubMed]

Hernaez, B.; Alonso, C. Dynamin- and clathrin-dependent endocytosis in African swine fever virus entry. J. Virol. 2010, 84,
2100-2109. [CrossRef] [PubMed]

Galindo, I.; Alonso, C. African swine fever virus: A review. Viruses 2017, 9, 103. [CrossRef] [PubMed]


http://doi.org/10.1128/JVI.01293-18
http://doi.org/10.1128/JVI.72.11.8988-9001.1998
http://doi.org/10.1111/cmi.12468
http://doi.org/10.1006/viro.1999.9704
http://www.ncbi.nlm.nih.gov/pubmed/10329562
http://doi.org/10.1016/j.virusres.2015.07.006
http://doi.org/10.1126/science.aaz1439
http://doi.org/10.1074/jbc.AC119.011196
http://doi.org/10.1128/JVI.01667-21
http://doi.org/10.1128/JVI.00119-20
http://doi.org/10.1016/j.virusres.2012.09.016
http://www.ncbi.nlm.nih.gov/pubmed/23059353
http://doi.org/10.1128/jvi.71.3.2331-2341.1997
http://www.ncbi.nlm.nih.gov/pubmed/9032369
http://doi.org/10.1128/JVI.78.15.7990-8001.2004
http://doi.org/10.3390/v4050800
http://doi.org/10.1038/ncomms2963
http://www.ncbi.nlm.nih.gov/pubmed/23739639
http://doi.org/10.1128/jvi.70.6.3461-3469.1996
http://doi.org/10.1128/jvi.69.7.4471-4483.1995
http://www.ncbi.nlm.nih.gov/pubmed/7769707
http://doi.org/10.1073/pnas.0801674105
http://doi.org/10.1128/JVI.01615-10
http://www.ncbi.nlm.nih.gov/pubmed/20844038
http://doi.org/10.1073/pnas.0601025103
http://doi.org/10.1038/emboj.2011.245
http://doi.org/10.3390/v4050688
http://doi.org/10.1128/JVI.02694-15
http://doi.org/10.1128/JVI.01333-09
http://doi.org/10.1128/mBio.00789-20
http://doi.org/10.1016/j.virusres.2012.12.006
http://doi.org/10.1128/JVI.01906-16
http://www.ncbi.nlm.nih.gov/pubmed/27974557
http://doi.org/10.1128/JVI.01557-09
http://www.ncbi.nlm.nih.gov/pubmed/19939916
http://doi.org/10.3390/v9050103
http://www.ncbi.nlm.nih.gov/pubmed/28489063

Viruses 2021, 13, 2495 11 of 13

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Galindo, I.; Cuesta-Geijo, M.A.; Hlavova, K.; Mufioz-Moreno, R.; Barrado-Gil, L.; Dominguez, J.; Alonso, C. African swine fever
virus infects macrophages, the natural host cells, via clathrin-and cholesterol-dependent endocytosis. Virus Res. 2015, 200, 45-55.
[CrossRef] [PubMed]

Simoées, M.; Freitas, EB.; Leitao, A.; Martins, C.; Ferreira, F. African swine fever virus replication events and cell nucleus: New
insights and perspectives. Virus Res. 2019, 270, 197667. [CrossRef]

Sanchez, E.G.; Quintas, A.; Pérez-Nunez, D.; Nogal, M.; Barroso, S.; Carrascosa, A.L.; Revilla, Y. African swine fever virus uses
macropinocytosis to enter host cells. PLoS Pathog. 2012, 8, €1002754. [CrossRef]

Hernaez, B.; Guerra, M.; Salas, M.L.; Andrés, G. African swine fever virus undergoes outer envelope disruption, capsid
disassembly and inner envelope fusion before core release from multivesicular endosomes. PLoS Pathog. 2016, 12, e1005595.
[CrossRef]

Bernardes, C.; Antonio, A.; de Lima, M.C.P,; Valdeira, M.L. Cholesterol affects African swine fever virus infection. Biochim.
Biophys. Acta 1998, 1393, 19-25. [CrossRef]

McMahon, H.T.; Boucrot, E. Molecular mechanism and physiological functions of clathrin-mediated endocytosis. Nat. Rev. Mol.
Cell Biol. 2011, 12, 517-533. [CrossRef]

Mercer, J.; Helenius, A. Virus entry by macropinocytosis. Nat. Cell. Biol. 2009, 11, 510-520. [CrossRef] [PubMed]

Quetglas, ].I; Herndez, B.; Galindo, I.; Mufioz-Moreno, R.; Cuesta-Geijo, M. A.; Alonso, C. Small tho GTPases and cholesterol
biosynthetic pathway intermediates in African swine fever virus infection. J. Virol. 2012, 86, 1758-1767. [CrossRef]

Merrifield, C.J.; Feldman, M.E.; Wan, L.; Almers, W. Imaging actin and dynamin recruitment during invagination of single
clathrin-coated pits. Nat. Cell. Biol. 2002, 4, 691-698. [CrossRef]

Taylor, M.].; Perrais, D.; Merrifield, C.J. A high precision survey of the molecular dynamics of mammalian clathrin-mediated
endocytosis. PLoS Biol. 2011, 9, e1000604. [CrossRef]

Vallee, R.B.; McKenney, R.J.; Ori-McKenney, K.M. Multiple modes of cytoplasmic dynein regulation. Nat. Cell. Biol. 2012, 14,
224-230. [CrossRef]

Kefller, C.; Forth, ].H.; Keil, G.M.; Mettenleiter, T.C.; Blome, S.; Karger, A. The intracellular proteome of African swine fever virus.
Sci. Rep. 2018, 8, 14714. [CrossRef]

Wang, T.; Wang, L.; Han, Y.; Pan, L.; Yang, J.; Sun, M.; Zhou, P; Sun, Y.; Bi, Y.; Qiu, H.]. Adaptation of African swine fever virus to
HEK293T cells. Transbound. Emerg. Dis. 2021, 68, 2853-2866. [CrossRef] [PubMed]

Huotari, J.; Helenius, A. Endosome maturation. EMBO J. 2011, 30, 3481-3500. [CrossRef]

Bissig, C.; Lenoir, M.; Velluz, M.C.; Kufareva, I; Abagyan, R.; Overduin, M.; Gruenberg, J. Viral infection controlled by a
calcium-dependent lipid-binding module in ALIX. Dev. Cell 2013, 25, 364-373. [CrossRef] [PubMed]

Cuesta-Geijo, M.A.; Galindo, I.; Herndez, B.; Quetglas, ].I.; Dalmau-Mena, I.; Alonso, C. Endosomal maturation, Rab7 GTPase
and phosphoinositides in African swine fever virus entry. PLoS ONE 2012, 7, e48853. [CrossRef]

Jia, N.; Ou, Y.W.; Pejsak, Z.; Zhang, Y.G.; Zhang, J. Roles of African swine fever virus structural proteins in viral infection. J. Vet.
Res. 2017, 61, 135-143. [CrossRef]

Carrascosa, A.L.; Sastre, I.; Vifiuela, E. Production and purification of recombinant African swine fever virus attachment protein
p12. J. Biotechnol. 1995, 40, 73-86. [CrossRef]

Angulo, A.; Vifiuela, E.; Alcami, A. Inhibition of African swine fever virus binding and infectivity by purified recombinant virus
attachment protein p12. J. Virol. 1993, 67, 5463-5471. [CrossRef] [PubMed]

Rodriguez, ].M.; Salas, M.L.; Vifitela, E. Intermediate class of mRNAs in African swine fever virus. J. Virol. 1996, 70, 8584-8589.
[CrossRef] [PubMed]

Goémez-Puertas, P.; Rodriguez, F.; Oviedo, ].M.; Brun, A.; Alonso, C.; Escribano, ].M. The African swine fever virus proteins p54
and p30 are involved in two distinct steps of virus attachment and both contribute to the antibody-mediated protective immune
response. Virology 1998, 243, 461-471. [CrossRef]

Sanchez, E.G.; Quintas, A.; Nogal, M.; Castello, A.; Revilla, Y. African swine fever virus controls the host transcription and cellular
machinery of protein synthesis. Virus Res. 2013, 173, 58-75. [CrossRef]

Gaudreault, N.N.; Richt, J.A. Subunit vaccine approaches for African swine fever virus. Vaccines 2019, 7, 56. [CrossRef]
Goatley, L.C.; Reis, A.L.; Portugal, R.; Goldswain, H.; Shimmon, G.L.; Hargreaves, Z.; Ho, C.S.; Montoya, M.; Sanchez-Cordén,
PJ.; Taylor, G.; et al. A pool of eight virally vectored African swine fever antigens protect pigs against fatal disease. Vaccines 2020,
8, 234. [CrossRef]

Argflaguet, ].M.; Pérez-Martin, E.; Nofrarias, M.; Gallardo, C.; Accensi, F,; Lacasta, A.; Mora, M.; Ballester, M.; Galindo-Cardiel, L;
Lépez-Soria, S.; et al. DNA vaccination partially protects against African swine fever virus lethal challenge in the absence of
antibodies. PLoS ONE 2012, 7, e40942. [CrossRef]

Goatley, L.C.; Dixon, L.K. Processing and localization of the African swine fever virus CD2v transmembrane protein. . Virol.
2011, 85, 3294-3305. [CrossRef]

Perez-Nurez, D.; Garcia-Urdiales, E.; Martinez-Bonet, M.; Nogal, M.L.; Barroso, S.; Revilla, Y.; Madrid, R. CD2v interacts with
adaptor protein AP-1 during African swine fever infection. PLoS ONE 2015, 10, e0123714. [CrossRef] [PubMed]

Borca, M.V,; Carrillo, C.; Zsak, L.; Laegreid, W.W.; Kutish, G.F; Neilan, ].G.; Burrage, T.G.; Rock, D.L. Deletion of a CD2-like gene,
8-DR, from African swine fever virus affects viral infection in domestic swine. J. Virol. 1998, 72, 2881-2889. [CrossRef]


http://doi.org/10.1016/j.virusres.2015.01.022
http://www.ncbi.nlm.nih.gov/pubmed/25662020
http://doi.org/10.1016/j.virusres.2019.197667
http://doi.org/10.1371/journal.ppat.1002754
http://doi.org/10.1371/journal.ppat.1005595
http://doi.org/10.1016/S0005-2760(98)00051-4
http://doi.org/10.1038/nrm3151
http://doi.org/10.1038/ncb0509-510
http://www.ncbi.nlm.nih.gov/pubmed/19404330
http://doi.org/10.1128/JVI.05666-11
http://doi.org/10.1038/ncb837
http://doi.org/10.1371/journal.pbio.1000604
http://doi.org/10.1038/ncb2420
http://doi.org/10.1038/s41598-018-32985-z
http://doi.org/10.1111/tbed.14242
http://www.ncbi.nlm.nih.gov/pubmed/34314096
http://doi.org/10.1038/emboj.2011.286
http://doi.org/10.1016/j.devcel.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23664863
http://doi.org/10.1371/journal.pone.0048853
http://doi.org/10.1515/jvetres-2017-0017
http://doi.org/10.1016/0168-1656(95)00035-O
http://doi.org/10.1128/jvi.67.9.5463-5471.1993
http://www.ncbi.nlm.nih.gov/pubmed/8350406
http://doi.org/10.1128/jvi.70.12.8584-8589.1996
http://www.ncbi.nlm.nih.gov/pubmed/8970983
http://doi.org/10.1006/viro.1998.9068
http://doi.org/10.1016/j.virusres.2012.10.025
http://doi.org/10.3390/vaccines7020056
http://doi.org/10.3390/vaccines8020234
http://doi.org/10.1371/journal.pone.0040942
http://doi.org/10.1128/JVI.01994-10
http://doi.org/10.1371/journal.pone.0123714
http://www.ncbi.nlm.nih.gov/pubmed/25915900
http://doi.org/10.1128/JVI.72.4.2881-2889.1998

Viruses 2021, 13, 2495 12 of 13

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Kay-Jackson, P.C.; Goatley, L.C.; Cox, L.; Miskin, J.E.; Parkhouse, RM.E.; Wienands, J.; Dixon, L.K. The CD2v protein of African
swine fever virus interacts with the actin-binding adaptor protein SH3P7. . Gen. Virol. 2004, 85, 119-130. [CrossRef] [PubMed]

Han, J.; Kori, R.; Shui, ] W.; Chen, Y.R.; Yao, Z.B.; Tan, T.H. The SH3 domain-containing adaptor HIP-55 mediates c-Jun N-terminal
kinase activation in T cell receptor signaling. . Biol. Chem. 2003, 278, 52195-52202. [CrossRef]

Han, J.; Shui, ] W.; Zhang, X.J.; Zheng, B.; Han, S.H.; Tan, T.H. HIP-55 is important for T-cell proliferation, cytokine production,
and immune responses. Mol. Cell. Biol. 2005, 25, 6869—6878. [CrossRef] [PubMed]

Senkevich, T.G.; Ojeda, S.; Townsley, A.; Nelson, G.E.; Moss, B. Poxvirus multiprotein entry-fusion complex. Proc. Natl. Acad. Sci.
USA 2005, 102, 18572-18577. [CrossRef]

Iyer, L.M.; Aravind, L.; Koonin, E.V. Common origin of four diverse families of large eukaryotic DNA viruses. J. Virol. 2001, 75,
11720-11734. [CrossRef]

Li, T; Zhao, G.; Zhang, T.; Zhang, Z.; Chen, X,; Song, J.; Wang, X.; Li, J.; Huang, L.; Wen, L.; et al. African swine fever virus
PE199L induces mitochondrial-dependent apoptosis. Viruses 2021, 13, 2240. [CrossRef]

Suarez, C.; Gutiérrez-Berzal, J.; Andrés, G.; Salas, M.L.; Rodriguez, ]. M. African swine fever virus protein p17 is essential for the
progression of viral membrane precursors toward icosahedral intermediates. J. Virol. 2010, 84, 7484-7499. [CrossRef] [PubMed]
Garcia-Escudero, R.; Andrés, G.; Almazan, F.; Vifiuela, E. Inducible gene expression from African swine fever virus recombinants:
Analysis of the major capsid protein p72. J. Virol. 1998, 72, 3185-3195. [CrossRef]

Liu, Q.; Ma, B.T,; Qian, N.C; Zhang, F,; Tan, X.; Lei, ].L.; Xiang, Y. Structure of the African swine fever virus major capsid protein
p72. Cell Res. 2019, 29, 953-955. [CrossRef] [PubMed]

Petrovan, V.; Murgia, M.V,; Wu, P; Lowe, A.D,; Jia, W.; Rowland, R.R.R. Epitope mapping of African swine fever virus (ASFV)
structural protein, p54. Virus Res. 2020, 279, 197871. [CrossRef]

Rodriguez, F; Alcaraz, C.; Eiras, A.; Yanez, R.J.; Rodriguez, ].M.; Alonso, C.; Rodriguez, ].F.; Escribano, ].M. Characterization and
molecular basis of heterogeneity of the African swine fever virus envelope protein p54. J. Virol. 1994, 68, 7244-7252. [CrossRef]

Camacho, A.; Vinuela, E. Protein p22 of African swine fever virus: An early structural protein that is incorporated into the
membrane of infected cells. Virology 1991, 181, 251-257. [CrossRef]

Sanchez-Torres, C.; Gomez-Puertas, P.; Gomez-del-Moral, M.; Alonso, E,; Escribano, ] M.; Ezquerra, A.; Dominguez, J. Expression
of porcine CD163 on monocytes/macrophages correlates with permissiveness to African swine fever infection. Arch. Virol. 2003,
148, 2307-2323. [CrossRef] [PubMed]

Popescu, L.; Gaudreault, N.N.; Whitworth, K.M.; Murgia, M.V,; Nietfeld, ].C.; Mileham, A.; Samuel, M.; Wells, K.D.; Prather, R.S.;
Rowland, R.R.R. Genetically edited pigs lacking CD163 show no resistance following infection with the African swine fever virus
isolate, Georgia 2007 /1. Virology 2017, 501, 102-106. [CrossRef]

Haigler, H.T.; McKanna, J.A.; Cohen, S. Rapid stimulation of pinocytosis in human carcinoma cells A-431 by epidermal growth
factor. J. Cell Biol. 1979, 83, 82-90. [CrossRef]

Md Mokhtar, A.H.; Malik, L.A.; Abd Aziz, N.A.A.; Almabhouh, FA.; Durairajanayagam, D.; Singh, H.J. LY294002, A PI3K
pathway inhibitor, prevents leptin-induced adverse effects on spermatozoa in Sprague-Dawley rats. Andrologia 2019, 51, e13196.
[CrossRef] [PubMed]

Dharmawardhane, S.; Schurmann, A.; Sells, M.A.; Chernoff, J.; Schmid, S.L.; Bokoch, G.M. Regulation of macropinocytosis by
p21-activated kinase-1. Mol. Biol. Cell 2000, 11, 3341-3352. [CrossRef] [PubMed]

Manser, E.; Leung, T.; Salihuddin, H.; Zhao, Z.S.; Lim, L. A brain serine/threonine protein kinase activated by Cdc42 and Racl.
Nature 1994, 367, 40-46. [CrossRef]

Liberali, P.; Kakkonen, E.; Turacchio, G.; Valente, C.; Spaar, A.; Perinetti, G.; Bockmann, R.A.; Corda, D.; Colanzi, A.; Marjomaki,
V.; et al. The closure of Pakl-dependent macropinosomes requires the phosphorylation of CtBP1/BARS. EMBO J. 2008, 27,
970-981. [CrossRef]

Parrini, M.C.; Matsuda, M.; de Gunzburg, ].S. Spatiotemporal regulation of the Pak1 kinase. Biochem. Soc. Trans. 2005, 33, 646—648.
[CrossRef]

Carvalho, Z.G.; De Matos, A.P,; Rodrigues-Pousada, C. Association of African swine fever virus with the cytoskeleton. Virus Res.
1988, 11, 175-192. [CrossRef]

de Matos, A.P.; Carvalho, Z.G. African swine fever virus interaction with microtubules. Mol. Biol. Cell 1993, 78, 229-234.
[CrossRef]

Infante, R.E.; Radhakrishnan, A.; Abi-Mosleh, L.; Kinch, L.N.; Wang, M.L.; Grishin, N.V.; Goldstein, J.L.; Brown, M.S. Purified
NPC1 protein: II. Localization of sterol binding to a 240-amino acid soluble luminal loop. J. Biol. Chem. 2008, 283, 1064-1075.
[CrossRef] [PubMed]

Cuesta-Geijo, M.A.; Urquiza, J.; del Puerto, A.; Garcia-Dorival, I.; Lasala, F; Barrado-Gil, L.; Galindo, I.; Delgado, R.; Alonso, C.
Endosomal proteins NPC1 and NPC2 at African swine fever virus entry/fusion. bioRxiv 2021. (Preprint). [CrossRef]

Wang, L.H.; Rothberg, K.G.; Anderson, R.G. Mis-assembly of clathrin lattices on endosomes reveals a regulatory switch for coated
pit formation. J. Cell Biol. 1993, 123, 1107-1117. [CrossRef]

Zhou, X,; Li, N,; Luo, Y; Liu, Y.; Miao, F; Chen, T.; Zhang, S.; Cao, P; Li, X,; Tian, K,; et al. Emergence of African swine fever in
China, 2018. Transbound. Emerg. Dis. 2018, 65, 1482-1484. [CrossRef]


http://doi.org/10.1099/vir.0.19435-0
http://www.ncbi.nlm.nih.gov/pubmed/14718626
http://doi.org/10.1074/jbc.M305026200
http://doi.org/10.1128/MCB.25.16.6869-6878.2005
http://www.ncbi.nlm.nih.gov/pubmed/16055701
http://doi.org/10.1073/pnas.0509239102
http://doi.org/10.1128/JVI.75.23.11720-11734.2001
http://doi.org/10.3390/v13112240
http://doi.org/10.1128/JVI.00600-10
http://www.ncbi.nlm.nih.gov/pubmed/20504920
http://doi.org/10.1128/JVI.72.4.3185-3195.1998
http://doi.org/10.1038/s41422-019-0232-x
http://www.ncbi.nlm.nih.gov/pubmed/31530894
http://doi.org/10.1016/j.virusres.2020.197871
http://doi.org/10.1128/jvi.68.11.7244-7252.1994
http://doi.org/10.1016/0042-6822(91)90490-3
http://doi.org/10.1007/s00705-003-0188-4
http://www.ncbi.nlm.nih.gov/pubmed/14648288
http://doi.org/10.1016/j.virol.2016.11.012
http://doi.org/10.1083/jcb.83.1.82
http://doi.org/10.1111/and.13196
http://www.ncbi.nlm.nih.gov/pubmed/30456785
http://doi.org/10.1091/mbc.11.10.3341
http://www.ncbi.nlm.nih.gov/pubmed/11029040
http://doi.org/10.1038/367040a0
http://doi.org/10.1038/emboj.2008.59
http://doi.org/10.1042/BST0330646
http://doi.org/10.1016/0168-1702(88)90042-1
http://doi.org/10.1016/0248-4900(93)90134-Z
http://doi.org/10.1074/jbc.M707944200
http://www.ncbi.nlm.nih.gov/pubmed/17989072
http://doi.org/10.1101/2021.07.07.451424
http://doi.org/10.1083/jcb.123.5.1107
http://doi.org/10.1111/tbed.12989

Viruses 2021, 13, 2495 13 of 13

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Liu, H.; Zhu, Z.; Feng, T.; Ma, Z.; Xue, Q.; Wu, P; Li, P; Li, S.; Yang, F.; Cao, W.; et al. African swine fever virus E120R protein
inhibits interferon beta production by interacting with IRF3 to block its activation. J. Virol. 2021, 95, e0082421. [CrossRef]
[PubMed]

Li, J.; Song, J.; Kang, L.; Huang, L.; Zhou, S.; Hu, L.; Zheng, J.; Li, C.; Zhang, X.; He, X.; et al. pMGF505-7R determines
pathogenicity of African swine fever virus infection by inhibiting IL-1beta and type I IFN production. PLoS Pathog. 2021, 17,
€1009733. [CrossRef]

Huang, L.; Xu, W,; Liu, H.; Xue, M,; Liu, X.; Zhang, K.; Hu, L.; Li, J.; Liu, X; Xiang, Z.; et al. African swine fever virus pI215L
negatively regulates cGAS-STING signaling pathway through recruiting RNF138 to inhibit K63-linked ubiquitination of TBK1.
J. Immunol. 2021, 207, 2754-2769. [CrossRef]

Liu, R.L.; Sun, Y.P; Chai, Y;; Li, S.; Li, S.H.; Wang, L.; Su, ].Q.; Yu, S.X,; Yan, ].H.; Gao, F; et al. The structural basis of African swine
fever virus pA104R binding to DNA and its inhibition by stilbene derivatives. Proc. Natl. Acad. Sci. USA 2020, 117, 11000-11009.
[CrossRef] [PubMed]

Zhang, Y.; Ke, J.; Zhang, J.; Yang, J.; Yue, H.; Zhou, X;; Qi, Y.; Zhu, R.; Miao, F; Li, Q.; et al. African swine fever virus bearing an
I226R gene deletion elicits robust immunity in pigs to African swine fever. J. Virol. 2021, 95, e01199-21. [CrossRef]

Li, D.; Zhang, J.; Yang, W.; Li, P; Ru, Y.; Kang, W,; Li, L.; Ran, Y.; Zheng, H. African swine fever virus protein MGF-505-7R
promotes virulence and pathogenesis by inhibiting JAK1- and JAK2-mediated signaling. . Biol. Chem. 2021, 297, 101190.
[CrossRef] [PubMed]

Brandenburg, B.; Zhuang, X. Virus trafficking-learning from single-virus tracking. Nat. Rev. Microbiol. 2007, 5, 197-208. [CrossRef]
Nathan, L.; Daniel, S. Single virion tracking microscopy for the study of virus entry processes in live cells and biomimetic
platforms. Adv. Exp. Med. Biol. 2019, 1215, 13-43.

Ciuffi, A,; Cristinelli, S.; Rato, S. Single-virus tracking uncovers the missing link between HIV integration site location and viral
gene expression. Nat. Struct. Mol. Biol. 2017, 24, 8-11. [CrossRef]

Yang, Y.B.; Tang, Y.D.; Hu, Y.; Yu, E; Xiong, ].Y.; Sun, M.X,; Lyu, C.; Peng, ] M.; Tian, Z.].; Cai, X.H.; et al. Single virus tracking
with quantum dots packaged into enveloped viruses using CRISPR. Nano. Lett. 2020, 20, 1417-1427. [CrossRef]


http://doi.org/10.1128/JVI.00824-21
http://www.ncbi.nlm.nih.gov/pubmed/34190598
http://doi.org/10.1371/journal.ppat.1009733
http://doi.org/10.4049/jimmunol.2100320
http://doi.org/10.1073/pnas.1922523117
http://www.ncbi.nlm.nih.gov/pubmed/32358196
http://doi.org/10.1128/JVI.01199-21
http://doi.org/10.1016/j.jbc.2021.101190
http://www.ncbi.nlm.nih.gov/pubmed/34517008
http://doi.org/10.1038/nrmicro1615
http://doi.org/10.1038/nsmb.3358
http://doi.org/10.1021/acs.nanolett.9b05103

	Introduction 
	The Structure of ASFV Virions 
	Overview of the Entry Process of Large DNA Viruses 
	Molecular Events of ASFV Entry 
	ASFV Entry Is a Dynamin-Dependent and CME Process 
	ASFV Enters Host Cells by Macropinocytosis 
	Intracellular Transport of ASFV 
	ASFV Uncoating and Fusion 

	Viral Proteins and Host Factors Involved in ASFV Entry 
	Structures and Functions of Viral Proteins Involved in ASFV Entry 
	Host Cellular Factors Required for ASFV Entry 

	Concluding Remarks and Prospects 
	References

