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Abstract: Viral replication fully relies on the host cell machinery, and physical interactions between
viral and host proteins mediate key steps of the viral life cycle. Therefore, identifying virus–host
protein–protein interactions (PPIs) provides insights into the molecular mechanisms governing virus
infection and is crucial for designing novel antiviral strategies. In the case of the African swine
fever virus (ASFV), a large DNA virus that causes a deadly panzootic disease in pigs, the limited
understanding of host and viral targets hinders the development of effective vaccines and treatments.
This review summarizes the current knowledge of virus–host and virus–virus PPIs by collecting
and analyzing studies of individual viral proteins. We have compiled a dataset of experimentally
determined host and virus protein targets, the molecular mechanisms involved, and the biological
functions of the identified virus–host and virus–virus protein interactions during infection. Ultimately,
this work provides a comprehensive and systematic overview of ASFV interactome, identifies
knowledge gaps, and proposes future research directions.
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1. Introduction

African swine fever virus (ASFV) is the etiologic agent of African swine fever (ASF), a
highly contagious and often deadly disease of domestic pigs and wild boars. The disease
was first described in 1921 in Kenya [1] and has remained endemic in Africa. In 2007, the
ASF epidemic emerged in Georgia and subsequently propagated throughout Europe, Asia,
and parts of the Caribbean. The lack of available treatments or vaccines against ASFV has
resulted in substantial economic losses caused by the ongoing pandemic.

ASFV is a large double-stranded DNA virus of the family Asfarviridae. Its genome
varies in size, ranging from 170 to 193 kbp, depending on the virus strain, and encodes over
150 known open reading frames (ORFs). Recently, 176 potential novel ASFV-encoded ORFs
were discovered [2]. About 68 proteins are incorporated into viral particles [3], and over
100 viral proteins are synthesized in infected cells [4,5]. ASFV primarily infects porcine
monocytes and macrophages, although other cell types, such as vascular endothelial cells,
hepatocytes, or epithelial cells, can also become infected, particularly during the later stages
of the disease [6].

ASFV evolved many strategies for cellular entry and trafficking, formation of virus
replication complexes, assembly of virions, and counter-defense of host immune responses,
which have been extensively reviewed previously [7–11]. Given such a large number of
proteins and the complex morphogenesis and replication strategy, a high number of specific
virus–host protein–protein interactions (PPIs) can be expected to be implemented during
infection to reprogram the host environment for efficient virus replication and immune
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evasion. The precise mapping of spatiotemporal virus–host interactions is essential for
understanding how the virus exploits the host cell and identifying targets for antiviral
drug development.

Over the past decade, knowledge of ASFV–host PPIs has expanded rapidly. Until
2013, only 32 interactions were reported in the scientific literature, while another 99 were
reported between 2014 and the end of April 2023. Despite the ever-growing number of
reports on novel interactions between ASFV and host proteins, these findings have not been
summarized, and the roles of PPIs in the ASFV replication cycle are yet to be discussed. In
addition, commonly used virus–host protein–protein interaction database resources such as
VirHostNet [12], Viruses.STRING [13], IntAct [14], or BioGRID [15] provide either no or very
limited information about the ASFV interactome. Consequently, due to the lack of scientific
reviews on this topic and poor curation of the virus–host PPI databases, information on
ASFV–host interactions remains scattered, unorganized, and difficult to interrogate.

This paper presents a scoping review of the scientific literature investigating ASFV–
ASFV and ASFV–host protein interactions. The focus is on the underlying molecular
mechanisms of these interactions and their potential implications in cellular processes and
pathways.

2. Overview of ASFV–Host Protein–Protein Interactions

The data analyzed in this study were obtained from research articles and include
experimentally determined ASFV–host and ASFV–ASFV PPIs, mainly identified through co-
immunoprecipitation or yeast two-hybrid methods and, in some cases, mass spectrometry,
and validated by co-localization analysis with fluorescence microscopy. To unify the ASFV
protein nomenclature employed across multiple studies, we present the protein names as
the corresponding genes that encode them.

A total of 131 experimentally determined interactions were collected from the literature
and are listed in Table 1. Detailed information on identified PPIs and data analysis can
be found in Supplementary Table S1 and Supplementary Methods File S1, respectively.
The table of interactions was processed with R [16], and a network was constructed with
Cytoscape [17] using the RCy3 package [18] as an interface. The network of published ASFV
protein interactions alone showed only limited interconnection between the interactors of
the different baits (Supplementary Figure S1). After adding the known physical PPIs of
host proteins interacting with ASFV proteins from the STRING database [19], the coherent
and more complex network shown in Figure 1 was obtained. The number of additional
interactions between host proteins by far exceeded the expected number for a random set
of genes of the same size, which was indicated by the very low PPI-enrichment p-value
of 1 × 10−16. Network analysis with the Cytoscape StringApp [20] and cytoHubba [21]
plugins identified a number of host proteins with potential importance within the network.
The detailed data are provided in Supplementary Table S2. The highest Bottleneck score [22]
was obtained for the MGF505-7R protein. The Bottleneck algorithm identifies proteins
that are important for the topology of the entire network by calculating for each node Ni
the number of shortest path connections between all possible node pairs that Ni is part
of. Other proteins with potential significance for the network include IKBKB (interacting
with F317L), E199L and its interactor BCL2L1, BECN1 (interacting with A179L), and the
MGF505-7R interactor IRF3, to mention the top-scoring interactions.

A Gene Ontology [23,24] term enrichment analysis performed with gProfiler [25,26]
showed that the ASFV interactome was strongly biased for proteins annotated to biological
pathways typically connected to viral infections like ‘response to virus’ (GO:0009615, 33% of
the input genes), ‘immune system process’ (GO:0002376, 49%), ‘localization’ (GO:0051179,
48%), ‘signaling’ (GO:0023052, 73%), or ‘programmed cell death’ (GO:0012501, 40%). It
should be noted that this bias may in part be amplified by the preferential selection of
baits that were known to influence these pathways. The results of the GO term enrichment
analysis are provided in Supplementary Table S3.
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tively, hexagons for ambivalent expression, and ellipses for unassigned kinetics. Blue borders indi-
cate the top 5 proteins with potential importance for the network identified with the Bottleneck 
algorithm (MGF505-7R, BECN1, BCL2L1, IRF3, E199L) or by the Maximal Clique Centrality (MCC) 
[21] algorithm (TBK1, IKBKB, IKBKE, RNF135, BCL2L1). Red dashed edges indicate interactions 
among the constituents of the ASFV interactome that were added from the STRING database. 

Table 1. Experimentally identified interactions between ASFV–ASFV and ASFV–host gene prod-
ucts. 
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1. ASFV intracellular trafficking 
Cytoplasmic 
transport 

B646L CD1d Mediates ASFV entry [27] 
EP402R AP1G1 Interacts via the C-terminal domain [28] 

EP402R DBNL (SH3P7) Interacts via the proline repeats with the SH3 domain of 
DBNL 

[29] 

CP204L VPS39 
Interacts with the CHC repeat of VPS39 and blocks its 

binding to the HOPS complex [30] 

CP204L DAB2 - [31] 
E183L DYNLL1 Interacts via the SQT motif at the C-terminus [32] 
E199L RAB5/7/11 - 

[33] CP2475L (p34) RAB5/7/11 - 
E199L VAPA/B - 

Figure 1. Network representation of the ASFV interactome. Viral proteins are in red, and host
proteins are in blue. Essential ASFV genes are highlighted by a red border. Expression kinetics
are represented by the label shape; rectangles and round rectangles stand for early and late genes,
respectively, hexagons for ambivalent expression, and ellipses for unassigned kinetics. Blue borders
indicate the top 5 proteins with potential importance for the network identified with the Bottleneck al-
gorithm (MGF505-7R, BECN1, BCL2L1, IRF3, E199L) or by the Maximal Clique Centrality (MCC) [21]
algorithm (TBK1, IKBKB, IKBKE, RNF135, BCL2L1). Red dashed edges indicate interactions among
the constituents of the ASFV interactome that were added from the STRING database.

Table 1. Experimentally identified interactions between ASFV–ASFV and ASFV–host gene products.

Cellular
Process ASFV Host/ASFV Molecular Mechanism Reference

1. ASFV intracellular trafficking

Cytoplasmic transport B646L CD1d Mediates ASFV entry [27]

EP402R AP1G1 Interacts via the C-terminal domain [28]

EP402R DBNL (SH3P7) Interacts via the proline repeats with the SH3 domain of DBNL [29]

CP204L VPS39 Interacts with the CHC repeat of VPS39 and blocks its binding
to the HOPS complex [30]

CP204L DAB2 - [31]

E183L DYNLL1 Interacts via the SQT motif at the C-terminus [32]

E199L RAB5/7/11 -

[33]

CP2475L
(p34) RAB5/7/11 -

E199L VAPA/B -

CP2475L
(p34) VAPB -



Viruses 2023, 15, 1634 4 of 23

Table 1. Cont.

Cellular
Process ASFV Host/ASFV Molecular Mechanism Reference

Viral membrane fusion E199L LAMP1 -

[34]

E199L LAMP2 -

E199L NPC1 Interacts with the C-terminal domain of NPC1

E248R LAMP2 -

E248R NPC1 Interacts with the C-terminal domain of NPC1

Autophagy A179L BECN1 Interacts via BH3 homology domain [35]

E199L PYCR2 Induces autophagy by PYCR2 downregulation [36]

Others EP152R TMEM87A - [37]

MGF360-16R SDCBP -
[38]

MGF360-16R SERTAD3 -

EP152R SGTA - [37]

2. Antiviral immune responses

cGAS-STING
pathway

C129R 2′,3′-cGAMP * Cleaves 2′,3′-cGAMP
[39]

EP364R 2′,3′-cGAMP * Cleaves 2′,3′-cGAMP and inhibits its binding to STING

L83L cGAS/STING Promotes degradation of cGAS and STING [40]

MGF505-3R cGAS/TBK1/
IRF3

Promotes degradation of TBK1 and inhibits phosphorylation of
IRF3 and TBK1 [41]

MGF505-7R STING/ULK1 Promotes STING degradation via ULK1-induced
autophagy–lysosome pathway [42]

D117L STING Interacts via N-terminal and middle domain with STING and
inhibits its interaction with TBK1 and IKBKE [43]

E184L STING Inhibits STING oligomerization and STING-TBK1-IRF3 complex
formation, leading to retention of IRF3 in the cytoplasm [44]

MGF505-11L STING Promotes degradation of STING by the lysosomal,
ubiquitin-proteasome, and autophagy pathways [45]

EP402R STING Interacts via the C-terminal domain with the transmembrane
domain of STING and prevents STING translocation to Golgi [46]

MGF360-11L TBK1 Interacts via the C-terminal domain and promotes degradation
of TBK1 [47]

MGF505-7R TBK1 Promotes proteosome-mediated degradation and reduces
phosphorylation of TBK1 [48]

A137R TBK1 Promotes the autophagy-mediated lysosomal degradation of
TBK1, leading to retention of IRF3 in the cytoplasm [49]

MGF505-7R IRF3 Inhibits phosphorylation and blocks nuclear translocation of IRF3 [50]

E120R IRF3 Interacts via 72-73aa with IRF3, blocks the interaction of IRF3
with TBK1 and consequently suppresses IRF3 phosphorylation [51]

E301R IRF3 Interacts via the N-terminal domain and blocks nuclear
translocation of IRF3 [52]

M1249L IRF3 Promotes lysosomal degradation of IRF3 [53]

MGF360-11L IRF7 Interacts via the C-terminal domain and promotes degradation
of IRF7 [47]

MGF505-7R IRF7 Promotes the autophagy- and proteosome-mediated
degradation and reduces phosphorylation of IRF7 [48]

S273R IKBKE Mediates IKBKE de-SUMOylation and blocks its interaction
with STING [54]

I215L RNF138/
RNF41

Mediates degradation of RNF128 via RNF138 to suppress
RNF128-mediated K63-linked polyubiquitination of TBK1 [55]

MGF360-14L TRIM21 Promotes degradation of IRF3 via TRIM21-mediated
K63-linked ubiquitination [56]
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3 complex [57]

A238L ** RELA (p65) Forms A238L-RELA complex and blocks nuclear translocation
of RELA [58,59]

A238L PPP3CA Interacts via the PxIxITxC/S motif and inhibits PPP3CA activity [60,61]

D345L IKKA (CHUK) Interacts with IKKA and suppresses its kinase activity
towards IκBα [62]

MGF505-7R IKKA (CHUK) - [50]

D345L IKKB (IKBKB) Interacts with IKKB and suppresses its kinase activity
towards IκBα [62]

F317L IKKB (IKBKB) Reduces phosphorylation of IKKB and suppresses its kinase
activity towards IκBα [63]

MGF360-12L KPNA2/3/4
Interrupts the interaction of RELA with importins KPNA2,

KPNA3, and KPNA4, leading to retention of RELA in
the cytoplasm

[64]

H240R NEMO Interacts with the CC1 domain of NEMO, promotes its
degradation, and inhibits NEMO-IKKB binding [65,66]

EP402R CD58 - [67]

IFNs-activated
pathways

EP402R IFNAR1 Inhibits interaction of IFNAR1 with TYK2
[46]

EP402R IFNAR2 Inhibits interaction of IFNAR2 with JAK1

MGF505-7R JAK1 Promotes RNF125-mediated JAK1 degradation

[68]

MGF505-7R RNF125 Upregulates RNF125 expression

MGF505-7R JAK2 Inhibits the expression of JAK2 via downregulating the
expression of HES5

MGF505-7R HES5 Downregulates HES5 expression

MGF505-7R IRF9 Inhibits IRF9 nuclear translocation, binding to STAT1/2 and
ISGF3 trimerization [69]

MGF360-9L STAT2 Degrades STAT2 through the ubiquitin–proteasome pathway
[70]

MGF360-9L STAT1 Degrades STAT1 through the apoptotic pathway

S273R DCST1 Mediates K48-linked polyubiquitination at K55 of STAT2,
leading to its degradation

[71]
S273R STAT2 Enhances interaction between STAT2 and DCST1

I215L STAT2 Induces STAT2 ubiquitination and proteasomal degradation [72]

I215L IRF9 Promotes IRF9 degradation via the
autophagy–lysosome pathway [73]

EP153R CSF2RA Interferes with KAP1-STAT3 binding and promotes the
phosphorylation of STAT3 in the nucleus [74]

NLRP3
inflammasome

H240R NLRP3 Interacts with NACHT and LRR domains of NLRP3 and inhibits
NLRP3 inflammasome assembly [65,66]

MGF505-7R NLRP3 Interacts with NACHT and LRR domains of NLRP3 and inhibits
NLRP3 inflammasome assembly [50]

L83L IL1B Interacts via the FTSE motif at the C-terminus [75]

Others I267L RNF135
(Riplet)

Prevents RNF135 from catalyzing K63-linked
polyubiquitination and activation of RIG-I [76]

CP204L OAS1 - [31]

CP204L PARP9 -
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Table 1. Cont.

Cellular
Process ASFV Host/ASFV Molecular Mechanism Reference

3. Cell death

Apoptosis A179L Bad -

[77,78]

A179L BAK1

A179L BAX -

A179L BBC3 (PUMA) -

A179L BIK -

A179L Bmf -

A179L Hrk (DP5) -

A179L P13-tBID -

A179L P15-tBID -

A179L Biklk -

[77]
A179L BimEL -

A179L BimL -

A179L BimS -

E199L BCL-XL Interacts with the BH3 domain of BCL-XL

[79]
E199L MCL-1 -

E199L BCL-W -

E199L BCL-2A1 -

A224L CASP3 Inhibits the proteolytic processing of CASP3 [80]

EP152R BAG6 - [37]

EP152R SGTA - [37]

Pyroptosis S273R GSDMD Cleaves GSDMD at the site G107-A108 [81]

4. Cellular translation

CP204L HNRNPK Interacts with KH1 and KH2 domains of HNRNPK [82]

D250R RPL23A - [83]

DP71L EIF2A,
PPP1CA/B/C

Forms a ternary complex DP71L-PPP1C-EIF2A and acts through
PPP1C isoforms to dephosphorylate EIF2A [84]

E66L PKR Interacts via the transmembrane domain with PKR to
phosphorylate EIF2A [85]

H339R NACA - [86]

CP204L RPSA -
[31]

CP204L VBP1 -

I215L CUL4B -

[87]I215L RPS23 -

I215L EIF4E -

5. Virus assembly

A151R E248R Mediates oxidation of E248R [88]

B119L A151R -

E120R B646L Mediates incorporation of E120R into the virus particle [89]

EP84R CP2475L Interacts with the N-terminal domain of CP2475L and guides
the formation of the virus core–shell [90]

M1249L B646L/D117L Interacts with B646L and D117L and forms the zipper structure,
which constructs the capsid framework [91]

S273R CP2475L/CP530R Cleaves the viral polyproteins CP2475L and CP530R to mature
products and intermediate precursors [92]
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Table 1. Cont.

Cellular
Process ASFV Host/ASFV Molecular Mechanism Reference

6. Other

MGF110-7L PDIA3 -

[93]MGF110-7L PSMA4 -

MGF110-7L TMED4 -

MGF360-15R DDX3 -
[33]

MGF360-15R TUBA4A -

* 2′3′-Cyclic guanosine monophosphate–adenosine monophosphate (cGAMP). ** 32-kDa post-translationally
modified form of A238L. Abbreviations: SH3: SRC homology 3; CHC: clathrin heavy-chain; HOPS: homotypic
fusion and vacuole protein sorting; CC: coiled-coil; LRR: leucine-rich-repeat; KH: K homology.

3. ASFV Intracellular Trafficking

During the initial stages of ASFV replication, the virus particle attaches to the cell by
interacting with a hitherto-unknown surface receptor(s) through its external lipid envelope
and is internalized mainly via clathrin- and dynamin-mediated endocytosis [94,95] and
macropinocytosis [96]. Previous reports indicated that ASFV virions could effectively infect
cells even in the absence of external lipid envelopes [97,98]. In this case, a recent study
showed that the virus entry is facilitated by a host protein called CD1d located on the cell
surface [27]. Also, the role of CD163 as a likely entry receptor for ASFV has been a topic of
several studies. Sánchez-Torres et al. [99] reported that CD163 expression correlated with
monocyte-derived cell population susceptibility, and anti-CD163 monoclonal antibodies
reduced infection in alveolar macrophages. However, the expression of CD163 in other
non-susceptible cell lines did not lead to an increase in susceptibility to ASFV [100], and the
CD163 knockout pigs were fully susceptible to ASF [101]. A recent study [102] suggested
that SIGLEC1 and CD163 may mediate ASFV entry collaboratively. Specifically, PK15 and
3D4-21 cells showed susceptibility to ASFV infection only when both CD163 and SIGLEC1
were expressed. Further validation is required to confirm the role of SIGLEC1 and CD163
as key receptors involved in ASFV entry.

The transport of internalized particles to perinuclear virus replication factories pro-
ceeds along the endolysosomal pathway in a stepwise pH-dependent manner from early
endocytic/macropinocytic vesicles to late endocytic compartments. Once the virus particles
reach the late endosome, they undergo uncoating, losing their outer envelope and protein
capsid. Subsequently, the exposed inner envelope fuses with the late endosomal membrane
and the naked cores are released in the cytosol [103,104]. Currently, only a few host protein
targets that mediate ASFV trafficking have been identified.

3.1. Cytoplasmic Transport

The outer membrane protein EP402R (CD2v) has been found to interact with two
adaptor proteins, the clathrin adaptor protein 1 (AP-1) [28] and the actin-binding adaptor
protein (DBNL, also called SH3P7) [29], which can modify cellular transport mechanisms
and involve Golgi reorganization. Similar to the interaction between Nef and AP-1 in
HIV-infected cells, the binding to AP-1 and DBNL may disrupt MHC-I trafficking [105].
Alternatively, these interactions may mediate membrane rearrangement to construct a
scaffold for viral replication and morphogenesis, known as a virus factory (VF), since
EP402R localizes to the boundaries of the VF. Recently, another ASFV protein, CP204L
(p30), was reported to affect the architecture of the VF. Through interaction with VPS39, a
component of the homotypic fusion and vacuole protein sorting (HOPS) complex, CP204L
mediates the recruitment and clustering of lysosomal membranes at the VF [30]. Meanwhile,
the ASFV inner membrane protein E183L (p54) exploits the dynein motor complex by
binding with the cytoplasmic dynein’s light chain (DYNLL1), an interaction that is crucial
for ASFV transport and localization of viral proteins to the VF [32]. Moreover, both
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proteins, E199L and CP2475L (p34), interact with several endocytic pathway regulators
such as RAB5, RAB7, RAB11, and VAPB, indicating their important function in modulating
host intracellular trafficking to promote ASFV entry and replication [33].

In addition to specific PPIs, the formation of VF involves the reorganization of cellular
compartments, including mitochondria, ribosomes, and microtubules (reviewed in [106]).
Furthermore, ASFV modifies endosomal trafficking and redirects endosomal membranes
to the viral replication site [107]. The role of endosomal components in ASFV assembly
is unknown, but they may be crucial for virus replication by providing a scaffold and
restricting the process to a specific cytoplasmic location.

3.2. Viral Membrane Fusion in Endosomes

To date, two ASFV inner membrane proteins, E248R and E199L, have been demon-
strated to be crucial for the fusion of viral and cellular membranes and delivery of the
genome-containing core into the cytoplasm [103,108]. Recently, Cuesta-Geijo et al. un-
covered an interaction between E248R and E199L and specific host proteins, namely, late
endosomal cholesterol transporter Niemann Pick C1 (NPC1) and lysosomal membrane
proteins (Lamp)-1 and -2 [34]. Notably, certain viruses, including Ebola and Lassa, rely
on NPC1 and Lamp proteins for endosomal fusion, and the complete depletion of these
host proteins leads to the cessation of viral infection [109,110]. However, in vitro studies
suggest that the inhibition of ASFV infection in the absence of NPC1 or Lamp2 is only
partial [34], suggesting that the virus might utilize alternative pathways and host proteins
to accomplish viral fusion before undergoing lysosomal degradation.

3.3. Autophagy

Autophagy is a cellular defense mechanism that can deliver viral components toward
lysosomal degradation. Despite its efficacy, viruses have developed strategies to hinder or
even exploit autophagy for the benefit of infection.

While it is known that ASFV represses autophagy in infected cells, the precise molecu-
lar mechanisms underlying this process are not yet fully elucidated. It has been established
that the viral B-cell lymphoma-2 (Bcl-2) homolog, A179L, can suppress autophagosome
formation by interacting with Beclin-1 (BECN1) [35]. Notably, an A179L ASFV deletion
mutant virus could still repress the formation of autophagosomes, suggesting that A179L-
BECN1 interaction contributes to autophagy inhibition, but it is not the sole mechanism
utilized by the virus for this purpose [111].

In contrast, ASFV proteins E199L and K205R have been shown to facilitate the in-
duction of cellular autophagy through the interaction with the pyrroline-5-carboxylate
reductases (PYCR) or inducing endoplasmic reticulum (ER) stress, respectively [36,112].
Additionally, various ASFV proteins have been found to manipulate autophagy to degrade
their cellular binding partners, including TBK1, STING, IRF7, or IRF9. This implies that
ASFV evades the innate immune response by co-opting the autophagy pathway.

4. Modulation of Innate Immune Signaling Pathways

Interferons (IFNs) are a family of cytokines that can induce an antiviral state in the
host by activating the expression of interferon-stimulated genes (ISGs). Based on the
similarity of their protein sequences and their receptors, IFNs are divided into three distinct
groups, designated as type I (IFN-I), type II (IFN-II), and type III IFNs (IFN-III) [113,114].
Both IFN-I and IFN-II have been demonstrated to inhibit ASFV replication in vitro and
in vivo [115–117]. Moreover, the attenuated ASFV strains induce higher IFN-I expression in
porcine macrophages than virulent strains [118,119]. Together, it suggests that manipulation
of IFN-mediated defense contributes to the virulence mechanisms of ASFV.

4.1. Evasion of cGAS-STING-Mediated IFN-I Pathway

Many pathogen recognition receptors (PRRs), such as DNA-dependent activator of
IFN-regulatory factor (DAI), interferon-gamma inducible protein 16 (IFI16), DDX41, cyclic
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GMP-AMP synthase (cGAS), and TLR9, have been identified in humans and mice to initiate
IFN-I response via sensing DNA. Among those, cGAS emerges as the major cytosolic DNA
sensor that triggers IFN-I in response to DNA virus infection [120]. Upon DNA recognition,
cGAS produces the second messenger cyclic, GMP-AMP (cGAMP), which binds to and
activates STING [121]. Subsequently, STING translocates from ER to Golgi and ER-Golgi
intermediate compartment (ERGIC), recruits TBK1, and triggers IRF3 phosphorylation by
TBK1, which ultimately activates IFN-I responses [122,123].

It has been well established that ASFV has evolved numerous strategies to impair
cGAS-STING-mediated IFN-I responses. In contrast to the virulent Armenia/07, the attenu-
ated NH/P68 strain induces higher activation of STING, TBK1, and IRF3 at the early times
of infection, leading to higher expression and production of IFN-β [118]. This is the first
evidence demonstrating that the virulent ASFV strain can evade the cGAS-STING pathway.
Recently, evidence on the detailed mechanisms by which ASFV manipulates the cGAS-
STING pathway has accumulated. By screening the IFN-β promoter activity of 158 ASFV
viral proteins, EP364R and C129R were found to inhibit 2′,3′-cGAMP-induced IFN-β ac-
tivation but not STING expression-activated IFN-β [39]. Importantly, the expression of
EP364R or C129R decreases cGAS-STING-mediated production of IFN-I and proinflam-
matory cytokines and enhances the replication of adenovirus and herpes simplex virus.
Mechanistically, EP364R and C129R compete with STING to bind to 2′,3′-cGAMP. Further,
EP364R and C129R cleave 2′,3′-cGAMP in vitro and in cells, resulting in the reduction in
STING activation and downstream IFN-I signaling [39].

In addition to 2′,3′-cGAMP degradation, ASFV is able to target each signaling com-
ponent of the cGAS-STING IFN-I pathway via diverse mechanisms, i.e., promoting the
degradation or inhibiting their activation. The nonessential protein L83L interacts with
cGAS and STING and induces their degradation, which blocks cGAS-STING-mediated
IFN-I signaling. Mechanistically, L83L specifically recruits the autophagy receptor TOLLIP
and thus triggers the autophagic degradation of STING [40].

Multigene family (MGF)360 and MGF505 genes are critical for the replication of
ASFV [124] and the suppression of IFN-I responses in macrophages [125]. MGF505-7R
interacts with STING and induces the degradation of STING by autophagy. It also interacts
with the serine/threonine protein kinase ULK1, a critical regulator for autophagy initia-
tion, and increases the expression of ULK1. ULK1 knockdown leads to elevated protein
levels of STING. Thus, MGF505-7R impairs cGAS-STING signaling by inducing STING
degradation, likely via enhanced autophagy mediated by increased ULK1 expression [42].
MGF505-7R also interacts with IRF3 and suppresses its nuclear translocation to block IFN-I
production [50]. Additionally, MGF505-7R interacts with IRF7 and TBK1 and subsequently
mediates their degradation, thereby inhibiting cGAS-STING-mediated IFN-I signaling [48].
Another member of MGF505, MGF505-11L, specifically interacts with exogenous and en-
dogenous STING and induces the proteasomal and autophagic degradation of STING [45].
The p17 protein encoded by D117L is a major structural protein of the ASFV capsid [126].
As a transmembrane protein, p17 is localized in the ER and Golgi apparatus. It interacts
with STING, blocks the recruitment of TBK1 and IKKε, and consequently interferes with the
activation of IRF3 and NF-κB during ASFV infection [43]. Likewise, E184L interacts with
STING via the N-terminal region (1-20aa) and inhibits the dimerization and oligomerization
of STING, thus preventing the expression of IFN-β and IL-1β. Infection of pigs with ASFV
∆E184L induced higher production of IFN-I and IFN-II in vivo, and all pigs survived upon
challenge, demonstrating that E184L is a crucial virulence factor [44]. Likely, the product of
EP402R, CD2v, also interacts with STING and prevents STING activation by blocking its
translocation from ER to Golgi [46].

MGF505-3R also inhibits cGAS-STING-mediated IFN-I signaling. In detail, it interacts
with cGAS, TBK1, and IRF3 and inhibits the phosphorylation of TBK1 and IRF3. Addi-
tionally, MGF505-3R induces the autophagic degradation of TBK1 [41]. Likewise, both
MGF360-11L and MGF505-7R interact with TBK1 and IRF7 and mediate their degradation,
leading to impaired IFN-I signaling [47,48]. Protein A137R also interacts with TBK1 and
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promotes the autophagic degradation of TBK1. Thus, infection with ASFV ∆A137R induces
higher IFN-I production in primary porcine alveolar macrophages [49]. As a viral E2
ubiquitin-conjugating enzyme, I215L strongly suppresses IFN-I production mediated by
cGAS-STING. Although the interaction between I215L and TBK1 is not detected, I215L
significantly inhibits the phosphorylation and RNF128-mediated K63-linked ubiquitination
of TBK1, which is required for TBK1 activation [127]. Mechanistically, I215L interacts with
the E3 ligase RNF138 and promotes the interaction of RNF138 and RNF128, which in turn
leads to the degradation of RNF128 [55]. In addition to TBK1, its homolog IκB kinase (IKK)ε
is also required for IRF3 activation during IFN-I induction, although to a lesser extent [128].
ASFV S273R encodes a 31-kDa protein that shows homology with the core domains of
SUMO-1-specific proteases and the adenovirus protease. It cleaves the polyproteins pp220
and pp62 to produce mature components of virus particles [129]. It also interacts with IKKε
and disrupts the interaction between IKKε and STING via mediating the de-sumoylation
of IKKε, finally leading to the impairment of cGAS-STING signaling [54].

E120R, a structural protein of ASFV, interacts with IRF3 via the amino acids at po-
sitions 72 and 73 and impairs the phosphorylation of IRF3 due to decreased interaction
between IRF3 and TBK1. An ASFV mutant carrying a deletion of these critical two amino
acids of E120R fails to interact with IRF3 and induces higher production of IFN-I [51]. As a
capsid protein antagonizing IFN-I activation, M1249L also interacts with IRF3 and triggers
the degradation of IRF3 via the lysosomal pathway [53]. Intriguingly, ASFV E301R interacts
with IRF3 and blocks the translocation of IRF3 to the nucleus [52], and MGF360-14L interacts
with the E3 ligase TRIM21 and promotes IRF3 degradation by increasing TRIM21-mediated
K63-linked ubiquitination, resulting in diminished IFN-I production [56].

4.2. NF-kB/NFAT Pathway

As global transcriptional coactivators, cAMP response element-binding (CREB)-binding
protein (CBP) and its homolog p300 interact with NF-κB to drive proinflammatory cytokine
expression [130]. ASFV A238L inhibits TNF-α expression by manipulating NF-κB, the
nuclear factor of activated T cells (NFAT), and c-Jun transactivation. Its expression in the
nucleus displaces the CBP/p300 coactivators from the TNF-α promoter [57]. As an IκB-like
protein, A238L interacts with p65 and prevents p65–p50 binding to the promoter [58,59].
Thus, A238L likely directly binds p65 and inhibits NF-κB activation. A238L expression and
interaction with calcineurin can also be linked to the NFAT family of transcription factors
that activate various immune responses in broad immune cells. Upon different stimuli,
intracellular calcium level is increased, and many calmodulin (CaM)-dependent enzymes,
including the phosphatase calcineurin, are activated. Calcineurin dephosphorylates NFAT,
leading to its nuclear translocation and activation. A238L inhibits the phosphatase activity
of calcineurin by interacting with the catalytic subunit [60,61]. The interaction has been
mapped to a 14-amino-acid motif (PxIxITxC/S) of A238L [61].

A number of interactions between ASFV proteins and IKK subunits have been reported.
D345L, an ASFV-encoded lambda-like exonuclease, interacts with the kinase domain (KD)
and helix–loop–helix (HLH) domains of IKKα and the leucine zipper (LZ) domain of
IKKβ and subsequently disrupts their kinase activity, thus suppressing cGAS/STING-
mediated IFN-β and NF-κB activation. Interestingly, the function of D345L is independent
of its exonuclease activity [62]. MGF505-7R also interacts with IKKα, but not with IKKβ,
and inhibits NF-κB activation and NF-κB-mediated IL-1β transcription [50]. ASFV F317L
interacts with IKKβ and decreases its phosphorylation, subsequently leading to reduced
phosphorylation and ubiquitination of IκBα. Consequently, this results in blocked NF-
kB activation via enhanced IκBα stabilization. Accordingly, overexpression of F317L
suppresses the expression of proinflammatory cytokines and enhances ASFV replication,
while knockdown of F317L expression decreases ASFV replication [63]. MGF360-12L
interacts with nuclear transport proteins KPNA2, KPNA3, and KPNA4 and interrupts the
interaction between p65 and nuclear transport proteins. This leads to the reduced nuclear
transport of p50 and p65, and hence NF-κB activation [64]. H240R specifically interacts
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with a component of the IKK complex, NF-κB essential modulator (NEMO), but not with
IKKα or IKKβ. H240R promotes the autophagic degradation of NEMO and suppresses
the phosphorylation of p65 and IκBα, resulting in impaired NF-κB activation [65,66].
Furthermore, EP402R present on infected cell membranes or released by ASFV-infected
macrophages interacts with CD58, resulting in NF-κB activation and IFN-β induction [67].

4.3. IFN-I, IFN-II, and IFN-III Induced Signaling

IFNs induce the expression of various interferon-stimulated genes (ISGs), which
activate the antiviral responses of the host [39,39,113,114,131]. IFN-I and IFN-III bind to
the type I interferon receptor complex IFNAR1/2 or IL10RB/IFNLR1, respectively, and
activate receptor-associated tyrosine kinase 2 (TYK2) and Janus-activated kinase 1 (JAK1),
which induce the phosphorylation of signal transducer and activator of transcription
1 (STAT1) and STAT2. Subsequently, this leads to the formation of STAT1-STAT2-IRF9
complexes (also known as ISGF3). The complexes further translocate to the nucleus and
bind IFN-stimulated response elements (ISREs) in the promotor region to initiate the
transcription of ISGs. IFN-II binds to its receptor complex IFNGR1/2 and activates the
associated JAK1 and JAK2, resulting in the phosphorylation and homodimerization of
STAT1 and the translocation of the homodimer into the nucleus. STAT1 homodimers bind
to IFN-γ-activated sequence (GAS) elements in the promoters to trigger the transcription.
These signaling pathways are essential for IFNs-mediated antiviral responses; hence, many
viruses develop diverse strategies to manipulate IFNs-activated signaling pathways. ASFV
EP402R interacts with the IFN-I receptors IFNAR1 and IFNAR2 and inhibits IFN-I mediated
signaling by impairing the formation of the IFNAR1-TYK2 and IF-NAR2-JAK1 complexes,
respectively. Consistently, pigs infected with ASFV ∆EP402R produce higher levels of IFN-β
and show higher survival rates [46]. MGF505-7R impacts IFN-induced signaling pathways
by establishing a number of PPI with constituents involved in these pathways. It interacts
with JAK1 and JAK2 and promotes their proteasomal degradation, leading to impaired IFN-
γ signaling. Mechanistically, MGF505-7R interacts with the E3 ligase RNF125 and increases
its expression, resulting in RNF125-mediated degradation of JAK1. MGF505-7R also
interacts with HES5 and decreases its expression, in turn leading to JAK2 degradation [68].
MGF505-7R also interacts with IRF9, blocking the formation of the ISGF3 complex and its
nuclear translocation. ASFV-∆MGF505-7R partially restores the nuclear translocation of
ISGF3 and shows increased susceptibility to IFN-β [69]. Another ASFV protein, MGF360-
9L, interacts with STAT1 and STAT2, promoting their degradation via apoptosis and
proteasome pathways, respectively [70]. ASFV S273R interacts with STAT2 and induces
its proteasomal degradation. In contrast to its effect on IKKε [54], S273R-stimulated
STAT2 degradation is independent of its protease activity. In detail, S273R recruits the E3
ubiquitin ligase DCST1, consequently leading to K48-linked polyubiquitination of STAT2
and subsequent proteasomal degradation [71]. Similarly, I215L, an E2 ubiquitin conjugation
enzyme of ASFV, interacts with STAT2 and promotes its ubiquitination and degradation.
The ubiquitination and degradation of STAT2 interaction depend on the catalytic activity
of I215L, yet the E3 ligase involved in I215L-mediated STAT2 degradation has not been
identified [72].

4.4. NLRP3 Inflammasome Activation

Inflammasomes are multiprotein oligomers that are initiated upon sensing danger-
associated molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs)
by cytosolic pattern recognition receptors (PRRs). The PRRs involved in inflammasome
activation include NLRs, i.e., NLRP3 and AIM2. Upon activation, PRRs assemble with the
adaptor protein ASC and caspase-1 to promote the activation of caspase-1. Consequently,
active caspase-1 triggers the maturation and secretion of proinflammatory cytokines IL-1β
and IL-18. Additionally, upon cleavage by active caspase-1, N-terminal fragments of GS-
DMD rapidly associate with the plasma membrane and form pores, leading to lytic cell
death—pyroptosis. The cellular DAMPs such as ATP, mitochondrial DNA, and HMGB1



Viruses 2023, 15, 1634 12 of 23

released by the pyroptotic cells trigger further immune activation and amplify the inflam-
mation [132,133]. It is evident that inflammasome activation can suppress the replication
of various viruses during infection, and viruses have evolved evasion mechanisms to
overcome inflammasome-mediated immune responses [134]. As a structural protein in
the capsid, H240R interacts with NLRP3 and blocks NLRP3 inflammasome activation, as
evidenced by the decreased formation of ASC specks and NLRP3 oligomers. Infection with
ASFV ∆H240R in porcine alveolar macrophages (PAMs) produces higher IL-1β. NLRP3
knockdown in porcine alveolar macrophages (PAMs) promotes the replication of ASFV
∆H240R but not ASFV WT, demonstrating the antiviral effect of the NLRP3 inflammasome.
In vivo challenge with ASFV ∆H240R results in lower pathology and virus replication and
higher production of inflammatory cytokines, confirming H240R as a critical virulence
factor by inhibiting the NLRP3 inflammasome [65,66]. MGF505-7R also interacts with
NLRP3 via its NACHT and LRR domains, and MGF505-7R expression impairs ASC speck
formation induced by the NLRP3 inflammasome. Accordingly, in vivo infection with ASFV
∆MGF505-7R leads to elevated IL-1β production and compromised pathology and virus
replication [50]. ASFV L83L interacts with IL-1β; however, ASFV ∆L83L is as virulent as
the parental virus. Thus, the physiological relevance of the interaction between L83L and
IL-1β needs to be further elucidated [75].

4.5. Miscellaneous Immune Pathways

ASFV induces RIG-I-mediated IFN-I immune responses. The ASFV genome contains
numerous AT-rich regions which activate the RNA Pol-III-RIG-I axis [76]. Intriguingly,
I267L directly binds to the E3 ligase Riplet. Riplet catalyzes K63-linked polyubiquitination
of RIG-I, which is required for RIG-I activation. Overexpression of I267L compromises the
interaction between RIG-I and Riplet, subsequently impairing Riplet-catalyzed K63-linked
polyubiquitination and RIG-I-mediated IFN-I signaling. Consistently, ASFV ∆I267L induces
higher levels of IFN-β and displays impaired replication both in primary macrophages
and pigs [76].

5. Cell Death

Viral infections can elicit diverse forms of programmed cell death in the host. Pre-
mature cell death precludes the establishment of persistent infection and reduces virus
progeny production. However, cell death induction at late infection stages can enhance
viral dissemination. Therefore, viruses have developed intricate mechanisms to either block
or promote the host cell death machinery at different stages of the infection.

5.1. Apoptosis

ASFV triggers apoptosis during the early stages of infection, but significant apoptosis
within infected cells occurs primarily at later stages [135–137]. So far, only a few ASFV
antiapoptotic proteins have been identified, and these are A179L, A224L, EP153R, and
DP71L. Previous studies have demonstrated that the early expressed ASFV protein A179L
has a broad affinity for the major death-inducing Bcl-2 proteins found in mammals, such
as BAX and BAK, Bim, BID, Bad, BIK, Bmf, Hrk, and PUMA, except for NOXA [77,78].
Interestingly, this promiscuity in ligand binding is speculated to be an ASFV adaptation
to subvert intrinsic apoptosis machinery in mammals and arthropods. The precise mech-
anism by which A179L inhibits apoptosis is not yet fully understood. Nonetheless, it is
possible that A179L, found in both the mitochondria and ER, hinders the activation and/or
oligomerization of proapoptotic proteins Bax and Bak, which are responsible for forming
pores in the membranes. This prevents the release of apoptogenic factors from the ER
and mitochondrial lumen into the cytosol, the subsequent activation of caspase-9 and
caspase-12, and ultimately cell death [138,139].

Downstream of caspase-9, the binding of the A224L protein to the proteolytic fragment
of caspase-3 blocks the activation of several proapoptotic proteins, thereby inhibiting the
execution of apoptosis [80]. Additionally, A224L induces NF-κB signaling, promoting the



Viruses 2023, 15, 1634 13 of 23

expression of antiapoptotic genes [140]. Another viral protein, DP71L, has been observed to
regulate global protein synthesis and inhibit transcriptional activation of the proapoptotic
CCAAT/enhancer-binding protein homologous protein (CHOP) [84]. This is achieved by
targeting protein phosphatase 1 (PP1) to dephosphorylate the translation initiation factor
2α (eIF2α). The ASFV protein EP153R also limits apoptosis by inhibiting the activation of
the p53 protein; however, the exact mechanism of activation remains elusive [141,142].

A cytopathic effect can be observed in cultured cells approximately 12 h after infec-
tion [143]. The ASFV late protein E199L was reported to interact with several antiapoptotic
Bcl-2 family members, such as BCL-XL, BCL-W, BCL-2A1, and MCL-1, leading to activation
of the mitochondrial apoptotic pathway [79]. E199L inhibits BAK binding toBCL-XL, thus
promoting BAK homooligomerization and subsequently leading to mitochondrial outer
membrane permeabilization (MOMP). Furthermore, the structural protein E183L (p54) may
induce apoptosis in the later stage of virus infection by binding with DYNLL1 to facilitate
BIM translocation to mitochondria [32,144].

Notably, the protein E152R can interact with BAG6 and its co-chaperone SGTA. BAG6
helps maintain cellular homeostasis by monitoring and degrading misfolded or unfolded
proteins in the ER. Studies showed that under conditions of ER stress, BAG6 is converted to
an autophagy modulator and apoptosis trigger [145]. Given that maintaining a balance be-
tween cell death and survival is crucial in preventing diseases, further investigation into the
role of BAG6 in the pathogenesis of ASF could help identify potential therapeutic strategies.

5.2. Necroptosis and Pyroptosis

Until recently, apoptosis was considered the only molecularly regulated mechanism of
cell death with a critical role in responding to viral infections. However, it has now been
recognized that necroptosis and pyroptosis are also associated with viral infections and can
be activated by pathogens and host molecules. Unlike apoptosis, programmed necrotic
cell death is characterized by the rapid loss of plasma membrane integrity, which drives
inflammation and immune responses. Necroptosis and pyroptosis are executed by the
mixed-lineage kinase domain-like (MLKL) proteins and gasdermin D (GSDMD), respec-
tively. It is important to note that apoptosis, necroptosis, and pyroptosis are interconnected
and capable of cross-regulating one another (reviewed in [146]).

In a recent study, Shu et al. demonstrated that ASFV can induce necroptosis [147].
Interestingly, the viral protein A179L was observed not only to inhibit apoptosis but also to
promote necroptosis. The A179L protein, expressed at various stages of ASFV infection,
appears to have a dual function: it inhibits apoptosis to support viral replication and
enhances necroptosis, potentially aiding virus release and spread later in the infection cycle.

The ASFV protease S273R was found to interact with GSDMD, an executor of pyrop-
tosis. During pyroptosis initiation, caspase-1 cleaves GSDMD at the G279 site to yield a
cytotoxic pore-forming protein. ASFV S273R cleaves GSDMD at a different site, G107, gen-
erating a nonfunctional product [81]. This interaction can potentially hinder the progression
of pyroptosis in the infected cells.

Further research is needed to fully comprehend how ASFV controls cell death path-
ways throughout infection, highlighting the importance of investigating the spatiotemporal
regulation of cell death events during viral infection.

6. Host Translational Machinery Control of ASFV

The synthesis of viral proteins necessary for replication is fully dependent on the
translation machinery of the host cell. Consequently, many virus-encoded proteins are
dedicated to hijacking the cellular translation apparatus and manipulating host signaling
pathways for optimizing viral gene expression. Recently, the ASFV-induced host cell
shutoff (vhs) has been characterized in a proteomic study indicating that the impact of the
ASFV infection on the expression of the over 2000 proteins for which the synthesis rates
were measured varies over a very broad range [148]. Although our understanding of the
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mechanisms employed by ASFV to suppress or induce host protein synthesis in infected
cells remains limited, a few strategies have been elucidated.

Firstly, ASFV infection causes the relocation and concentration of the host’s translation
machinery in viral replication compartments, resulting in the preferential translation of
viral mRNA accumulated at the viral replication foci over host mRNA diffused in the
cytoplasm [149]. The mechanism by which protein synthesis resources are relocated to the
viral factories remains unclear.

Secondly, during ASFV infection, the eukaryotic initiation factor 4F (eIF4F) complex
accumulates within viral factories and is activated to enhance the initiation of viral mRNA
translation. It has been suggested that the assembly of the eIF4F complex during ASFV
infection is regulated by the activation of several factors, including the kinase mTOR
complex 1 (mTORC1), Myc proto-oncogene protein (c-Myc) [150], and mitogen-activated
kinase 1 (Mnk-1) phosphorylation [149]. ASFV controls the expression of eIF4F complex
components during both the early and late stages of infection. Early in infection, an ASFV
ubiquitin-conjugating enzyme (I215L) binds to eIF4E, inducing its overexpression, and to
cullin 4B (CUL4B), which regulates mTOR activity [87]. At late times of infection, the IAP
homolog ASFV protein A224L induces the expression of eIF4G1 and eIF4E subunits of the
eIF4F complex [87,150].

A third mechanism of ASFV translational control involves modulation of the trans-
lation initiation factor 2α (eIF2α) activity. It has been shown that the viral protein DP71L
recruits the cellular phosphatase PP1 to dephosphorylate eIF2α and prevents the inhibition
of global protein synthesis [84]. On the other hand, the transmembrane domain of the
E66L protein can interact with protein kinase R (PKR), leading to the activation of eIF2α
phosphorylation and induction of translational arrest [85]. Similarly, MGF110-7L enhances
eIF2α phosphorylation, resulting in host translation suppression. Supposedly, by induc-
ing ER stress, MGF110-7L activates the kinases PERK and PKR, which contribute to the
phosphorylation of eIF2α. Cellular proteins PDIA3, PSMA4, and TMED4 were identified
as MGF110-7L protein interactors; however, their roles in MGF110-7L-induced stress and
eIF2α phosphorylation remain unclear [93].

Finally, ASFV infection leads to the degradation of host cellular mRNAs, which
may occur through the action of a viral mRNA decapping enzyme known as D250R
(g5R) [83]. In addition, the retention of cellular mRNAs in the nucleus is facilitated by
a small RNA-binding protein, I73R [151]. Other PPIs between ASFV proteins and host
translation factors have been documented, including those involving ribosomal proteins
(RPL23A [83], RPS23 [87], RPSA [31]), ribosome-associated proteins (NACA [86], VBP1 [31]),
and mRNA-binding protein (HNRPK [82]). Further understanding of the functional roles
of these interactions could offer valuable insights into the complex mechanisms involved
in inhibiting host protein synthesis and enhancing viral gene translation.

7. Virus Morphogenesis

Advanced cryo-electron microscopy techniques have recently been utilized to examine
the intricate and multilayered structure of ASFV, uncovering the composition of five con-
centric layers: an outer lipid membrane, an icosahedral protein capsid, an inner lipid mem-
brane, a thick protein core–shell, and a nucleoid containing the viral DNA [91,91,152,153].
The latest insights into the capsid structure of ASFV indicate that the previously uncharac-
terized protein M1249L interacts with both minor and major capsid proteins, D117L (p17)
and B646L (p72), respectively. These interactions play a crucial role in forming the capsid
framework and determining the capsid’s overall size [91].

ASFV intracellular particles are assembled inside perinuclear viral factories, utilizing
viral DNA, proteins, and precursor membranes derived from the ER as fundamental
building blocks. The correct assembly was shown to depend on the expression of the viral
inner envelope proteins D117L (p17) [126] and E183L (p54) [154], the major capsid protein
B646L (p72) and its chaperone B602L [155], the minor capsid protein B438L (p49) [156], and
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polyproteins CP2475L (pp220) [157] and CP530R (pp62) [158], whose proteolytic products
are components of the core–shell.

Some direct interactions between viral proteins have been identified as critical for the
formation of ASFV particles. An interaction between E120R and B646L (p72) mediates
ASFV capsid assembly. While E120R is not essential for forming infectious intracellular
virions, its inhibition drastically reduces the number of extracellular ASFV by impairing
the transport of viral particles from the assembly sites to the plasma membrane [89]. The
recently characterized inner envelope protein, EP84R, guides the formation of the core–shell
by interacting with the polyprotein precursor CP2475L (pp220) [90]. Concomitantly, protein
precursors CP2475L (pp220) and CP530R (pp62) are processed by the ASFV protease S273R,
and their proteolytic products build the viral core–shell. This process is crucial for the
generation of infectious particles [92].

Furthermore, ASFV encodes components of a redox pathway that enables the forma-
tion of disulfide bonds in viral proteins within the reducing environment of the cytosol.
E248R, an inner envelope protein containing intramolecular disulfide bonds, has been iden-
tified as a substrate for this viral redox pathway [88]. The oxidation of E248R is catalyzed
by A151R and initiated by the viral FAD-linked sulfhydryl oxidase, B119L, which is the
first component of this pathway. As the deficiency of B119L, but not E248R, has a strong
impact on the morphology of ASFV, it is possible that the virus’s sulfhydryl oxidases target
other structural proteins before they are incorporated into virions [103,159].

8. Conclusions and Perspectives

The exploration of ASFV–host protein interactions has come a long way since the
first paper in 1998 that reported an experimentally defined ASFV–host protein–protein
interaction. In this work, we summarize current knowledge of protein interactions involv-
ing ASFV and its host, as well as the interactions among viral proteins themselves. We
retrieved 118 protein–protein interactions from the literature and discussed their molecular
mechanisms and importance in establishing viral infection and evading host immune
responses. To our knowledge, this is the first such comprehensive evaluation of ASFV–host
protein–protein interactions, from which several important conclusions can be drawn.

Firstly, of the more than 150 ORFs encoded by ASFV, only 49 viral proteins have
been reported to interact with one or more proteins. Thus, it is necessary to expand the
search for interacting partners for the remaining 100 ASFV proteins, particularly those
that remain uncharacterized. Another important aspect emphasized by this review is
the overlapping functions among viral proteins. Multiple proteins encoded by ASFV
exhibit binding to common cellular targets, with a significant proportion of these targets
belonging to the cGAS-STING, JAK-STAT, or NF-κB signaling pathways (Figure 2). At the
same time, viral proteins display multifunctionality by engaging with diverse host factors.
Given the intricate replication cycle of ASFV, which includes the temporal regulation of
gene expression and transcription, the viral proteins may display stage-specific activity
and acquire novel functions to facilitate certain steps throughout the replication process.
Additionally, exploring the interactions between ASFV proteins and various suid and
arthropod hosts can enhance our understanding of viral evolution, replication, and long-
term persistence.

Future studies should address these challenges by analyzing ASFV–host interactions
at different stages of infection and in different host cells, including hosts representing the
arthropod vectors as well as representatives of the suidae, which show different suscep-
tibility to ASFV infection. Moreover, global and unbiased analysis of virus–host protein
interactions based on high-throughput techniques such as affinity purification mass spec-
trometry is needed for the identification of novel host factors and pathways involved in
ASFV infection and pathogenesis. Here, the systematic comparison of the interactomes
of ASFV proteins from strains with different virulence could be helpful to identify PPIs
that potentially are relevant virulence determinants. Finally, establishing a systematic and
easily accessible repository of knowledge on ASFV–host PPIs would offer a comprehensive



Viruses 2023, 15, 1634 16 of 23

platform to build upon, ultimately accelerating the development of antiviral drugs in
the field.
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Figure 2. Schematic overview of cellular pathways modulated by ASFV. The pathways have been
reproduced and simplified from KEGG pathway maps [160] for endocytosis (hsa04144), cytosolic
DNA-sensing (cGAS-STING) pathway (hsa04623), JAK-STAT signaling pathway (hsa04630), and
NF-κB (hsa04064) and NFAT (hsa04660) signaling pathways. Viral proteins are marked in red font,
and host proteins are in blue boxes. The effects caused by the interactions between proteins are
represented by the edges and explained in the legend. Created with BioRender.com. * CD163 and
SIGLEC1 are considered to act together as potential receptors for ASFV entry.
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analysis performed with the cytoHubba plugin for Cytoscape; Table S3: Results of the GO term
enrichment analysis performed with gProfiler; Supplementary Methods File S1: Description of
statistical methods [161].

Author Contributions: Conceptualization, K.M.D. and A.K.; literature search, K.M.D. and C.L.N.;
writing—original draft preparation, K.M.D., G.P. and A.K.; writing—review and editing, K.M.D., G.P.,
C.L.N. and A.K.; visualization, K.M.D. and A.K.; funding acquisition, C.L.N. and A.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was made possible by funding from ICRAD, an ERA-NET project ASFVInt
co-funded under European Union’s Horizon 2020 Research and Innovation Programme (https:
//ec.europa.eu/programmes/horizon2020/en accessed on 23 July 2023), under grant agreement
no. 862605.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

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

References
1. Eustace Montgomery, R. On a Form of Swine Fever Occurring in British East Africa (Kenya Colony). J. Comp. Pathol. Ther. 1921,

34, 159–191. [CrossRef]
2. Cackett, G.; Portugal, R.; Matelska, D.; Dixon, L.; Werner, F. African Swine Fever Virus and Host Response: Transcriptome

Profiling of the Georgia 2007/1 Strain and Porcine Macrophages. J. Virol. 2022, 96, e0193921. [CrossRef]
3. 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] [PubMed]
4. Keßler, C.; Forth, J.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]
5. Wöhnke, E.; Fuchs, W.; Hartmann, L.; Blohm, U.; Blome, S.; Mettenleiter, T.C.; Karger, A. Comparison of the Proteomes of Porcine

Macrophages and a Stable Porcine Cell Line after Infection with African Swine Fever Virus. Viruses 2021, 13, 2198. [CrossRef]
[PubMed]

6. Pikalo, J.; Deutschmann, P.; Fischer, M.; Roszyk, H.; Beer, M.; Blome, S. African Swine Fever Laboratory Diagnosis-Lessons
Learned from Recent Animal Trials. Pathogens 2021, 10, 177. [CrossRef]

7. Sánchez, E.G.; Pérez-Núñez, D.; Revilla, Y. Mechanisms of Entry and Endosomal Pathway of African Swine Fever Virus. Vaccines
2017, 5, 42. [CrossRef]

8. Aicher, S.-M.; Monaghan, P.; Netherton, C.L.; Hawes, P.C. Unpicking the Secrets of African Swine Fever Viral Replication Sites.
Viruses 2021, 13, 77. [CrossRef]

9. Dixon, L.K.; Chapman, D.A.G.; Netherton, C.L.; Upton, C. African swine fever virus replication and genomics. Virus Res. 2013,
173, 3–14. [CrossRef]

10. Salas, M.L.; Andrés, G. African swine fever virus morphogenesis. Virus Res. 2013, 173, 29–41. [CrossRef]
11. Yu, L.; Zhu, Z.; Deng, J.; Tian, K.; Li, X. Antagonisms of ASFV towards Host Defense Mechanisms: Knowledge Gaps in Viral

Immune Evasion and Pathogenesis. Viruses 2023, 15, 574. [CrossRef]
12. Guirimand, T.; Delmotte, S.; Navratil, V. VirHostNet 2.0: Surfing on the web of virus/host molecular interactions data. Nucleic

Acids Res. 2015, 43, D583–D587. [CrossRef] [PubMed]
13. Cook, H.V.; Doncheva, N.T.; Szklarczyk, D.; von Mering, C.; Jensen, L.J. Viruses.STRING: A Virus-Host Protein-Protein Interaction

Database. Viruses 2018, 10, 519. [CrossRef] [PubMed]
14. Orchard, S.; Ammari, M.; Aranda, B.; Breuza, L.; Briganti, L.; Broackes-Carter, F.; Campbell, N.H.; Chavali, G.; Chen, C.; del-Toro,

N.; et al. The MIntAct project—IntAct as a common curation platform for 11 molecular interaction databases. Nucleic Acids Res.
2014, 42, D358–D363. [CrossRef] [PubMed]

15. Oughtred, R.; Rust, J.; Chang, C.; Breitkreutz, B.-J.; Stark, C.; Willems, A.; Boucher, L.; Leung, G.; Kolas, N.; Zhang, F.; et al. The
BioGRID database: A comprehensive biomedical resource of curated protein, genetic, and chemical interactions. Protein Sci. 2021,
30, 187–200. [CrossRef]

16. R Core Team. R: A Language and Environment for Statistical Computing. 2020. Available online: https://www.r-project.org
(accessed on 21 June 2022).

17. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]

18. Gustavsen, J.A.; Pai, S.; Isserlin, R.; Demchak, B.; Pico, A.R. RCy3: Network biology using Cytoscape from within R. F1000Research
2019, 8, 1774. [CrossRef]

https://ec.europa.eu/programmes/horizon2020/en
https://ec.europa.eu/programmes/horizon2020/en
https://doi.org/10.1016/S0368-1742(21)80031-4
https://doi.org/10.1128/jvi.01939-21
https://doi.org/10.1128/JVI.01293-18
https://www.ncbi.nlm.nih.gov/pubmed/30185597
https://doi.org/10.1038/s41598-018-32985-z
https://doi.org/10.3390/v13112198
https://www.ncbi.nlm.nih.gov/pubmed/34835004
https://doi.org/10.3390/pathogens10020177
https://doi.org/10.3390/vaccines5040042
https://doi.org/10.3390/v13010077
https://doi.org/10.1016/j.virusres.2012.10.020
https://doi.org/10.1016/j.virusres.2012.09.016
https://doi.org/10.3390/v15020574
https://doi.org/10.1093/nar/gku1121
https://www.ncbi.nlm.nih.gov/pubmed/25392406
https://doi.org/10.3390/v10100519
https://www.ncbi.nlm.nih.gov/pubmed/30249048
https://doi.org/10.1093/nar/gkt1115
https://www.ncbi.nlm.nih.gov/pubmed/24234451
https://doi.org/10.1002/pro.3978
https://www.r-project.org
https://doi.org/10.1101/gr.1239303
https://doi.org/10.12688/f1000research.20887.2


Viruses 2023, 15, 1634 18 of 23

19. Szklarczyk, D.; Franceschini, A.; Wyder, S.; Forslund, K.; Heller, D.; Huerta-Cepas, J.; Simonovic, M.; Roth, A.; Santos, A.;
Tsafou, K.P.; et al. STRING v10: Protein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 2015, 43,
D447–D452. [CrossRef]

20. Doncheva, N.T.; Morris, J.H.; Holze, H.; Kirsch, R.; Nastou, K.C.; Cuesta-Astroz, Y.; Rattei, T.; Szklarczyk, D.; von Mering, C.;
Jensen, L.J. Cytoscape stringApp 2.0: Analysis and Visualization of Heterogeneous Biological Networks. J. Proteome Res. 2023, 22,
637–646. [CrossRef]

21. Chin, C.-H.; Chen, S.-H.; Wu, H.-H.; Ho, C.-W.; Ko, M.-T.; Lin, C.-Y. cytoHubba: Identifying hub objects and sub-networks from
complex interactome. BMC Syst. Biol. 2014, 8 (Suppl. S4), S11. [CrossRef]

22. Przulj, N.; Wigle, D.A.; Jurisica, I. Functional topology in a network of protein interactions. Bioinformatics 2004, 20, 340–348.
[CrossRef] [PubMed]

23. Aleksander, S.A.; Balhoff, J.; Carbon, S.; Cherry, J.M.; Drabkin, H.J.; Ebert, D.; Feuermann, M.; Gaudet, P.; Harris, N.L.;
Hill, D.P.; et al. The Gene Ontology knowledgebase in 2023. Genetics 2023, 224, iyad031. [CrossRef]

24. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al.
Gene ontology: Tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet. 2000, 25, 25–29. [CrossRef]
[PubMed]

25. Reimand, J.; Arak, T.; Adler, P.; Kolberg, L.; Reisberg, S.; Peterson, H.; Vilo, J. g:Profiler-a web server for functional interpretation
of gene lists (2016 update). Nucleic Acids Res. 2016, 44, W83–W89. [CrossRef]

26. Kolberg, L.; Raudvere, U.; Kuzmin, I.; Vilo, J.; Peterson, H. gprofiler2—An R package for gene list functional enrichment analysis
and namespace conversion toolset g:Profiler. F1000Research 2020, 9, 709. [CrossRef]

27. Chen, X.; Zheng, J.; Liu, C.; Li, T.; Wang, X.; Li, X.; Bao, M.; Li, J.; Huang, L.; Zhang, Z.; et al. CD1d facilitates African swine fever
virus entry into the host cells via clathrin-mediated endocytosis. Emerg. Microbes Infect. 2023, 12, 2220575. [CrossRef]

28. Pérez-Núñez, D.; García-Urdiales, E.; Martínez-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]

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

30. Dolata, K.M.; Fuchs, W.; Caignard, G.; Dupré, J.; Pannhorst, K.; Blome, S.; Mettenleiter, T.C.; Karger, A. CP204L Is a Multifunctional
Protein of African Swine Fever Virus That Interacts with the VPS39 Subunit of the Homotypic Fusion and Vacuole Protein Sorting
Complex and Promotes Lysosome Clustering. J. Virol. 2023, 97, e0194322. [CrossRef] [PubMed]

31. Chen, X.; Chen, X.; Liang, Y.; Xu, S.; Weng, Z.; Gao, Q.; Huang, Z.; Zhang, G.; Gong, L. Interaction network of African swine fever
virus structural protein p30 with host proteins. Front. Microbiol. 2022, 13, 971888. [CrossRef]

32. Alonso, C.; Miskin, J.; Hernáez, B.; Fernandez-Zapatero, P.; Soto, L.; Cantó, C.; Rodríguez-Crespo, I.; Dixon, L.; Escribano, J.M.
African swine fever virus protein p54 interacts with the microtubular motor complex through direct binding to light-chain dynein.
J. Virol. 2001, 75, 9819–9827. [CrossRef]

33. García-Dorival, I.; Cuesta-Geijo, M.Á.; Galindo, I.; Del Puerto, A.; Barrado-Gil, L.; Urquiza, J.; Alonso, C. Elucidation of the
Cellular Interactome of African Swine Fever Virus Fusion Proteins and Identification of Potential Therapeutic Targets. Viruses
2023, 15, 1098. [CrossRef]

34. Cuesta-Geijo, M.Á.; García-Dorival, I.; Del Puerto, A.; Urquiza, J.; Galindo, I.; Barrado-Gil, L.; Lasala, F.; Cayuela, A.; Sorzano,
C.O.S.; Gil, C.; et al. New insights into the role of endosomal proteins for African swine fever virus infection. PLoS Pathog. 2022,
18, e1009784. [CrossRef]

35. Hernaez, B.; Cabezas, M.; Munoz-Moreno, R.; Galindo, I.; Cuesta-Geijo, M.A.; Alonso, C. A179L, a New Viral Bcl2 Homolog
Targeting Beclin 1 Autophagy Related Protein. Curr. Mol. Med. 2013, 13, 305–316. [CrossRef] [PubMed]

36. Chen, S.; Zhang, X.; Nie, Y.; Li, H.; Chen, W.; Lin, W.; Chen, F.; Xie, Q. African Swine Fever Virus Protein E199L Promotes Cell
Autophagy through the Interaction of PYCR2. Virol. Sin. 2021, 36, 196–206. [CrossRef] [PubMed]

37. Borca, M.V.; O’Donnell, V.; Holinka, L.G.; Rai, D.K.; Sanford, B.; Alfano, M.; Carlson, J.; Azzinaro, P.A.; Alonso, C.; Gladue, D.P.
The Ep152R ORF of African swine fever virus strain Georgia encodes for an essential gene that interacts with host protein BAG6.
Virus Res. 2016, 223, 181–189. [CrossRef]

38. Ramírez-Medina, E.; Vuono, E.A.; Velazquez-Salinas, L.; Silva, E.; Rai, A.; Pruitt, S.; Berggren, K.A.; Zhu, J.; Borca, M.V.; Gladue,
D.P. The MGF360-16R ORF of African Swine Fever Virus Strain Georgia Encodes for a Nonessential Gene That Interacts with
Host Proteins SERTAD3 and SDCBP. Viruses 2020, 12, 60. [CrossRef]

39. Dodantenna, N.; Ranathunga, L.; Chathuranga, W.A.G.; Weerawardhana, A.; Cha, J.-W.; Subasinghe, A.; Gamage, N.; Haluwana,
D.K.; Kim, Y.; Jheong, W.; et al. African Swine Fever Virus EP364R and C129R Target Cyclic GMP-AMP to Inhibit the cGAS-STING
Signaling Pathway. J. Virol. 2022, 96, e0102222. [CrossRef] [PubMed]

40. Cheng, M.; Kanyema, M.M.; Sun, Y.; Zhao, W.; Lu, Y.; Wang, J.; Li, X.; Shi, C.; Wang, J.; Wang, N.; et al. African Swine Fever
Virus L83L Negatively Regulates the cGAS-STING-Mediated IFN-I Pathway by Recruiting Tollip to Promote STING Autophagic
Degradation. J. Virol. 2023, 97, e0192322. [CrossRef]

41. Cheng, M.; Luo, J.; Duan, Y.; Yang, Y.; Shi, C.; Sun, Y.; Lu, Y.; Wang, J.; Li, X.; Wang, J.; et al. African swine fever virus MGF505-3R
inhibits cGAS-STING-mediated IFN-β pathway activation by degrading TBK1. Anim. Dis. 2022, 2, 13. [CrossRef]

42. Li, D.; Yang, W.; Li, L.; Li, P.; Ma, Z.; Zhang, J.; Qi, X.; Ren, J.; Ru, Y.; Niu, Q.; et al. African Swine Fever Virus MGF-505-7R
Negatively Regulates cGAS-STING-Mediated Signaling Pathway. J. Immunol. 2021, 206, 1844–1857. [CrossRef]

https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1021/acs.jproteome.2c00651
https://doi.org/10.1186/1752-0509-8-S4-S11
https://doi.org/10.1093/bioinformatics/btg415
https://www.ncbi.nlm.nih.gov/pubmed/14960460
https://doi.org/10.1093/genetics/iyad031
https://doi.org/10.1038/75556
https://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1093/nar/gkw199
https://doi.org/10.12688/f1000research.24956.2
https://doi.org/10.1080/22221751.2023.2220575
https://doi.org/10.1371/journal.pone.0123714
https://doi.org/10.1099/vir.0.19435-0
https://doi.org/10.1128/jvi.01943-22
https://www.ncbi.nlm.nih.gov/pubmed/36722971
https://doi.org/10.3389/fmicb.2022.971888
https://doi.org/10.1128/JVI.75.20.9819-9827.2001
https://doi.org/10.3390/v15051098
https://doi.org/10.1371/journal.ppat.1009784
https://doi.org/10.2174/156652413804810736
https://www.ncbi.nlm.nih.gov/pubmed/23228131
https://doi.org/10.1007/s12250-021-00375-x
https://www.ncbi.nlm.nih.gov/pubmed/33830435
https://doi.org/10.1016/j.virusres.2016.07.013
https://doi.org/10.3390/v12010060
https://doi.org/10.1128/jvi.01022-22
https://www.ncbi.nlm.nih.gov/pubmed/35861515
https://doi.org/10.1128/jvi.01923-22
https://doi.org/10.1186/s44149-022-00046-8
https://doi.org/10.4049/jimmunol.2001110


Viruses 2023, 15, 1634 19 of 23

43. Zheng, W.; Xia, N.; Zhang, J.; Cao, Q.; Jiang, S.; Luo, J.; Wang, H.; Chen, N.; Zhang, Q.; Meurens, F.; et al. African Swine Fever
Virus Structural Protein p17 Inhibits cGAS-STING Signaling Pathway Through Interacting With STING. Front. Immunol. 2022,
13, 941579. [CrossRef]

44. Zhu, Z.; Li, S.; Ma, C.; Yang, F.; Cao, W.; Liu, H.; Chen, X.; Feng, T.; Shi, Z.; Tian, H.; et al. African Swine Fever Virus E184L Protein
Interacts with Innate Immune Adaptor STING to Block IFN Production for Viral Replication and Pathogenesis. J. Immunol. 2023,
210, 442–458. [CrossRef]

45. Yang, K.; Huang, Q.; Wang, R.; Zeng, Y.; Cheng, M.; Xue, Y.; Shi, C.; Ye, L.; Yang, W.; Jiang, Y.; et al. African swine fever virus
MGF505-11R inhibits type I interferon production by negatively regulating the cGAS-STING-mediated signaling pathway. Vet.
Microbiol. 2021, 263, 109265. [CrossRef]

46. Huang, L.; Chen, W.; Liu, H.; Xue, M.; Dong, S.; Liu, X.; Feng, C.; Cao, S.; Ye, G.; Zhou, Q.; et al. African Swine Fever Virus HLJ/18
CD2v Suppresses Type I IFN Production and IFN-Stimulated Genes Expression through Negatively Regulating cGMP-AMP
Synthase-STING and IFN Signaling Pathways. J. Immunol. 2023, 210, 1338–1350. [CrossRef] [PubMed]

47. Yang, K.; Xue, Y.; Niu, H.; Shi, C.; Cheng, M.; Wang, J.; Zou, B.; Wang, J.; Niu, T.; Bao, M.; et al. African swine fever virus
MGF360-11L negatively regulates cGAS-STING-mediated inhibition of type I interferon production. Vet. Res. 2022, 53, 7.
[CrossRef] [PubMed]

48. Yang, K.; Xue, Y.; Niu, T.; Li, X.; Cheng, M.; Bao, M.; Zou, B.; Shi, C.; Wang, J.; Yang, W.; et al. African swine fever virus MGF505-7R
protein interacted with IRF7and TBK1 to inhibit type I interferon production. Virus Res. 2022, 322, 198931. [CrossRef] [PubMed]

49. Sun, M.; Yu, S.; Ge, H.; Wang, T.; Li, Y.; Zhou, P.; Pan, L.; Han, Y.; Yang, Y.; Sun, Y.; et al. The A137R Protein of African Swine
Fever Virus Inhibits Type I Interferon Production via the Autophagy-Mediated Lysosomal Degradation of TBK1. J. Virol. 2022, 96,
e0195721. [CrossRef]

50. 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-1β and type I IFN production. PLoS Pathog. 2021, 17, e1009733. [CrossRef]

51. 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]

52. Liu, X.; Liu, H.; Ye, G.; Xue, M.; Yu, H.; Feng, C.; Zhou, Q. African swine fever virus pE301R negatively regulates cGAS-STING
signaling pathway by inhibiting the nuclear translocation of IRF3. Vet. Microbiol. 2022, 274, 109556. [CrossRef]

53. Cui, S.; Wang, Y.; Gao, X.; Xin, T.; Wang, X.; Yu, H.; Chen, S.; Jiang, Y.; Chen, Q.; Jiang, F.; et al. African swine fever virus M1249L
protein antagonizes type I interferon production via suppressing phosphorylation of TBK1 and degrading IRF3. Virus Res. 2022,
319, 198872. [CrossRef]

54. Luo, J.; Zhang, J.; Ni, J.; Jiang, S.; Xia, N.; Guo, Y.; Shao, Q.; Cao, Q.; Zheng, W.; Chen, N.; et al. The African swine fever virus
protease pS273R inhibits DNA sensing cGAS-STING pathway by targeting IKKε. Virulence 2022, 13, 740–756. [CrossRef]

55. 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]

56. Wang, Y.; Cui, S.; Xin, T.; Wang, X.; Yu, H.; Chen, S.; Jiang, Y.; Gao, X.; Jiang, Y.; Guo, X.; et al. African Swine Fever Virus
MGF360-14L Negatively Regulates Type I Interferon Signaling by Targeting IRF3. Front. Cell. Infect. Microbiol. 2021, 11, 818969.
[CrossRef] [PubMed]

57. Granja, A.G.; Nogal, M.L.; Hurtado, C.; Del Aguila, C.; Carrascosa, A.L.; Salas, M.L.; Fresno, M.; Revilla, Y. The viral protein
A238L inhibits TNF-alpha expression through a CBP/p300 transcriptional coactivators pathway. J. Immunol. 2006, 176, 451–462.
[CrossRef] [PubMed]

58. Revilla, Y.; Callejo, M.; Rodríguez, J.M.; Culebras, E.; Nogal, M.L.; Salas, M.L.; Viñuela, E.; Fresno, M. Inhibition of nuclear factor
kappaB activation by a virus-encoded IkappaB-like protein. J. Biol. Chem. 1998, 273, 5405–5411. [CrossRef]

59. Tait, S.W.; Reid, E.B.; Greaves, D.R.; Wileman, T.E.; Powell, P.P. Mechanism of inactivation of NF-kappa B by a viral homologue of
I kappa b alpha. Signal-induced release of i kappa b alpha results in binding of the viral homologue to NF-kappa B. J. Biol. Chem.
2000, 275, 34656–34664. [CrossRef]

60. Miskin, J.E.; Abrams, C.C.; Goatley, L.C.; Dixon, L.K. A viral mechanism for inhibition of the cellular phosphatase calcineurin.
Science 1998, 281, 562–565. [CrossRef]

61. Miskin, J.E.; Abrams, C.C.; Dixon, L.K. African swine fever virus protein A238L interacts with the cellular phosphatase calcineurin
via a binding domain similar to that of NFAT. J. Virol. 2000, 74, 9412–9420. [CrossRef]

62. Chen, H.; Wang, Z.; Gao, X.; Lv, J.; Hu, Y.; Jung, Y.-S.; Zhu, S.; Wu, X.; Qian, Y.; Dai, J. ASFV pD345L protein negatively regulates
NF-κB signalling by inhibiting IKK kinase activity. Vet. Res. 2022, 53, 32. [CrossRef]

63. Yang, J.; Li, S.; Feng, T.; Zhang, X.; Yang, F.; Cao, W.; Chen, H.; Liu, H.; Zhang, K.; Zhu, Z.; et al. African Swine Fever Virus F317L
Protein Inhibits NF-κB Activation to Evade Host Immune Response and Promote Viral Replication. mSphere 2021, 6, e0065821.
[CrossRef] [PubMed]

64. Zhuo, Y.; Guo, Z.; Ba, T.; Zhang, C.; He, L.; Zeng, C.; Dai, H. African Swine Fever Virus MGF360-12L Inhibits Type I Interferon
Production by Blocking the Interaction of Importin α and NF-κB Signaling Pathway. Virol. Sin. 2021, 36, 176–186. [CrossRef]
[PubMed]

https://doi.org/10.3389/fimmu.2022.941579
https://doi.org/10.4049/jimmunol.2200357
https://doi.org/10.1016/j.vetmic.2021.109265
https://doi.org/10.4049/jimmunol.2200813
https://www.ncbi.nlm.nih.gov/pubmed/36971697
https://doi.org/10.1186/s13567-022-01025-0
https://www.ncbi.nlm.nih.gov/pubmed/35073979
https://doi.org/10.1016/j.virusres.2022.198931
https://www.ncbi.nlm.nih.gov/pubmed/36130654
https://doi.org/10.1128/jvi.01957-21
https://doi.org/10.1371/journal.ppat.1009733
https://doi.org/10.1128/JVI.00824-21
https://doi.org/10.1016/j.vetmic.2022.109556
https://doi.org/10.1016/j.virusres.2022.198872
https://doi.org/10.1080/21505594.2022.2065962
https://doi.org/10.4049/jimmunol.2100320
https://doi.org/10.3389/fcimb.2021.818969
https://www.ncbi.nlm.nih.gov/pubmed/35096660
https://doi.org/10.4049/jimmunol.176.1.451
https://www.ncbi.nlm.nih.gov/pubmed/16365438
https://doi.org/10.1074/jbc.273.9.5405
https://doi.org/10.1074/jbc.M000320200
https://doi.org/10.1126/science.281.5376.562
https://doi.org/10.1128/jvi.74.20.9412-9420.2000
https://doi.org/10.1186/s13567-022-01050-z
https://doi.org/10.1128/mSphere.00658-21
https://www.ncbi.nlm.nih.gov/pubmed/34668754
https://doi.org/10.1007/s12250-020-00304-4
https://www.ncbi.nlm.nih.gov/pubmed/33141406


Viruses 2023, 15, 1634 20 of 23

65. Zhou, P.; Dai, J.; Zhang, K.; Wang, T.; Li, L.-F.; Luo, Y.; Sun, Y.; Qiu, H.-J.; Li, S. The H240R Protein of African Swine Fever Virus
Inhibits Interleukin 1β Production by Inhibiting NEMO Expression and NLRP3 Oligomerization. J. Virol. 2022, 96, e0095422.
[CrossRef] [PubMed]

66. Huang, L.; Liu, H.; Ye, G.; Liu, X.; Chen, W.; Wang, Z.; Zhao, D.; Zhang, Z.; Feng, C.; Hu, L.; et al. Deletion of African Swine Fever
Virus (ASFV) H240R Gene Attenuates the Virulence of ASFV by Enhancing NLRP3-Mediated Inflammatory Responses. J. Virol.
2023, 97, e0122722. [CrossRef]

67. Chaulagain, S.; Delhon, G.A.; Khatiwada, S.; Rock, D.L. African Swine Fever Virus CD2v Protein Induces β-Interferon Expression
and Apoptosis in Swine Peripheral Blood Mononuclear Cells. Viruses 2021, 13, 1480. [CrossRef]

68. 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. J. Biol. Chem. 2021, 297, 101190.
[CrossRef]

69. Huang, Z.; Cao, H.; Zeng, F.; Lin, S.; Chen, J.; Luo, Y.; You, J.; Kong, C.; Mai, Z.; Deng, J.; et al. African Swine Fever Virus
MGF505-7R Interacts with Interferon Regulatory Factor 9 to Evade the Type I Interferon Signaling Pathway and Promote Viral
Replication. J. Virol. 2023, 97, e0197722. [CrossRef]

70. Zhang, K.; Yang, B.; Shen, C.; Zhang, T.; Hao, Y.; Zhang, D.; Liu, H.; Shi, X.; Li, G.; Yang, J.; et al. MGF360-9L Is a Major Virulence
Factor Associated with the African Swine Fever Virus by Antagonizing the JAK/STAT Signaling Pathway. mBio 2022, 13, e0233021.
[CrossRef]

71. Li, Y.-H.; Peng, J.-L.; Xu, Z.-S.; Xiong, M.-G.; Wu, H.-N.; Wang, S.-Y.; Li, D.; Zhu, G.-Q.; Ran, Y.; Wang, Y.-Y. African Swine Fever
Virus Cysteine Protease pS273R Inhibits Type I Interferon Signaling by Mediating STAT2 Degradation. J. Virol. 2023, 97, e0194222.
[CrossRef]

72. Riera, E.; García-Belmonte, R.; Madrid, R.; Pérez-Núñez, D.; Revilla, Y. African swine fever virus ubiquitin-conjugating enzyme
pI215L inhibits IFN-I signaling pathway through STAT2 degradation. Front. Microbiol. 2022, 13, 1081035. [CrossRef]

73. Li, L.; Fu, J.; Li, J.; Guo, S.; Chen, Q.; Zhang, Y.; Liu, Z.; Tan, C.; Chen, H.; Wang, X. African Swine Fever Virus pI215L Inhibits
Type I Interferon Signaling by Targeting Interferon Regulatory Factor 9 for Autophagic Degradation. J. Virol. 2022, 96, e0094422.
[CrossRef] [PubMed]

74. Gao, Q.; Yang, Y.; Luo, Y.; Chen, X.; Gong, T.; Wu, D.; Feng, Y.; Zheng, X.; Wang, H.; Zhang, G.; et al. African Swine Fever
Virus Envelope Glycoprotein CD2v Interacts with Host CSF2RA to Regulate the JAK2-STAT3 Pathway and Inhibit Apoptosis to
Facilitate Virus Replication. J. Virol. 2023, 97, e0188922. [CrossRef]

75. Borca, M.V.; O’Donnell, V.; Holinka, L.G.; Ramírez-Medina, E.; Clark, B.A.; Vuono, E.A.; Berggren, K.; Alfano, M.; Carey, L.B.;
Richt, J.A.; et al. The L83L ORF of African swine fever virus strain Georgia encodes for a non-essential gene that interacts with
the host protein IL-1β. Virus Res. 2018, 249, 116–123. [CrossRef] [PubMed]

76. Ran, Y.; Li, D.; Xiong, M.-G.; Liu, H.-N.; Feng, T.; Shi, Z.-W.; Li, Y.-H.; Wu, H.-N.; Wang, S.-Y.; Zheng, H.-X.; et al. African swine
fever virus I267L acts as an important virulence factor by inhibiting RNA polymerase III-RIG-I-mediated innate immunity. PLoS
Pathog. 2022, 18, e1010270. [CrossRef]

77. Galindo, I.; Hernaez, B.; Díaz-Gil, G.; Escribano, J.M.; Alonso, C. A179L, a viral Bcl-2 homologue, targets the core Bcl-2 apoptotic
machinery and its upstream BH3 activators with selective binding restrictions for Bid and Noxa. Virology 2008, 375, 561–572.
[CrossRef] [PubMed]

78. Banjara, S.; Caria, S.; Dixon, L.K.; Hinds, M.G.; Kvansakul, M. Structural Insight into African Swine Fever Virus A179L-Mediated
Inhibition of Apoptosis. J. Virol. 2017, 91, e02228-16. [CrossRef]

79. 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]

80. Nogal, M.L.; González de Buitrago, G.; Rodríguez, C.; Cubelos, B.; Carrascosa, A.L.; Salas, M.L.; Revilla, Y. African swine fever
virus IAP homologue inhibits caspase activation and promotes cell survival in mammalian cells. J. Virol. 2001, 75, 2535–2543.
[CrossRef]

81. Zhao, G.; Li, T.; Liu, X.; Zhang, T.; Zhang, Z.; Kang, L.; Song, J.; Zhou, S.; Chen, X.; Wang, X.; et al. African swine fever virus
cysteine protease pS273R inhibits pyroptosis by noncanonically cleaving gasdermin D. J. Biol. Chem. 2022, 298, 101480. [CrossRef]

82. Hernaez, B.; Escribano, J.M.; Alonso, C. African swine fever virus protein p30 interaction with heterogeneous nuclear ribonucleo-
protein K (hnRNP-K) during infection. FEBS Lett. 2008, 582, 3275–3280. [CrossRef]

83. Quintas, A.; Pérez-Núñez, D.; Sánchez, E.G.; Nogal, M.L.; Hentze, M.W.; Castelló, A.; Revilla, Y. Characterization of the African
Swine Fever Virus Decapping Enzyme during Infection. J. Virol. 2017, 91, e00990-17. [CrossRef]

84. Zhang, F.; Moon, A.; Childs, K.; Goodbourn, S.; Dixon, L.K. The African swine fever virus DP71L protein recruits the protein
phosphatase 1 catalytic subunit to dephosphorylate eIF2alpha and inhibits CHOP induction but is dispensable for these activities
during virus infection. J. Virol. 2010, 84, 10681–10689. [CrossRef]

85. Shen, Z.; Chen, C.; Yang, Y.; Xie, Z.; Ao, Q.; Lv, L.; Zhang, S.; Chen, H.; Hu, R.; Chen, H.; et al. A novel function of African Swine
Fever Virus pE66L in inhibition of host translation by the PKR/eIF2α pathway. J. Virol. 2020, 95, e01872-20. [CrossRef]

86. Goatley, L.C.; Twigg, S.R.F.; Miskin, J.E.; Monaghan, P.; St-Arnaud, R.; Smith, G.L.; Dixon, L.K. The African swine fever virus
protein j4R binds to the alpha chain of nascent polypeptide-associated complex. J. Virol. 2002, 76, 9991–9999. [CrossRef]

https://doi.org/10.1128/jvi.00954-22
https://www.ncbi.nlm.nih.gov/pubmed/36326277
https://doi.org/10.1128/jvi.01227-22
https://doi.org/10.3390/v13081480
https://doi.org/10.1016/j.jbc.2021.101190
https://doi.org/10.1128/jvi.01977-22
https://doi.org/10.1128/mbio.02330-21
https://doi.org/10.1128/jvi.01942-22
https://doi.org/10.3389/fmicb.2022.1081035
https://doi.org/10.1128/jvi.00944-22
https://www.ncbi.nlm.nih.gov/pubmed/35972295
https://doi.org/10.1128/jvi.01889-22
https://doi.org/10.1016/j.virusres.2018.03.017
https://www.ncbi.nlm.nih.gov/pubmed/29605728
https://doi.org/10.1371/journal.ppat.1010270
https://doi.org/10.1016/j.virol.2008.01.050
https://www.ncbi.nlm.nih.gov/pubmed/18329683
https://doi.org/10.1128/JVI.02228-16
https://doi.org/10.3390/v13112240
https://doi.org/10.1128/JVI.75.6.2535-2543.2001
https://doi.org/10.1016/j.jbc.2021.101480
https://doi.org/10.1016/j.febslet.2008.08.031
https://doi.org/10.1128/JVI.00990-17
https://doi.org/10.1128/JVI.01027-10
https://doi.org/10.1128/JVI.01872-20
https://doi.org/10.1128/JVI.76.19.9991-9999.2002


Viruses 2023, 15, 1634 21 of 23

87. Barrado-Gil, L.; Del Puerto, A.; Muñoz-Moreno, R.; Galindo, I.; Cuesta-Geijo, M.Á.; Urquiza, J.; Nistal-Villán, E.; Maluquer de
Motes, C.; Alonso, C. African Swine Fever Virus Ubiquitin-Conjugating Enzyme Interacts with Host Translation Machinery to
Regulate the Host Protein Synthesis. Front. Microbiol. 2020, 11, 622907. [CrossRef]

88. Rodríguez, I.; Redrejo-Rodríguez, M.; Rodríguez, J.M.; Alejo, A.; Salas, J.; Salas, M.L. African swine fever virus pB119L protein is
a flavin adenine dinucleotide-linked sulfhydryl oxidase. J. Virol. 2006, 80, 3157–3166. [CrossRef]

89. Andrés, G.; García-Escudero, R.; Viñuela, E.; Salas, M.L.; Rodríguez, J.M. African swine fever virus structural protein pE120R
is essential for virus transport from assembly sites to plasma membrane but not for infectivity. J. Virol. 2001, 75, 6758–6768.
[CrossRef]

90. Alejo, A.; García-Castey, M.; Guerra, M.; Hernáez, B.; Martín, V.; Matamoros, T.; Andrés, G. African swine fever virus transmem-
brane protein pEP84R guides core assembly. PLoS Pathog. 2023, 19, e1011136. [CrossRef]

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

92. Alejo, A.; Andrés, G.; Salas, M.L. African Swine Fever virus proteinase is essential for core maturation and infectivity. J. Virol.
2003, 77, 5571–5577. [CrossRef]

93. Zhong, H.; Fan, S.; Du, Y.; Zhang, Y.; Zhang, A.; Jiang, D.; Han, S.; Wan, B.; Zhang, G. African Swine Fever Virus MGF110-7L
Induces Host Cell Translation Suppression and Stress Granule Formation by Activating the PERK/PKR-eIF2α Pathway. Microbiol.
Spectr. 2022, 10, e0328222. [CrossRef]

94. Valdeira, M.L.; Geraldes, A. Morphological study on the entry of African swine fever virus into cells. Biol. Cell 1985, 55, 35–40.
[CrossRef]

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

96. Sánchez, E.G.; Quintas, A.; Pérez-Núñez, D.; Nogal, M.; Barroso, S.; Carrascosa, Á.L.; Revilla, Y. African swine fever virus uses
macropinocytosis to enter host cells. PLoS Pathog. 2012, 8, e1002754. [CrossRef]

97. Galindo, I.; Alonso, C. African Swine Fever Virus: A Review. Viruses 2017, 9, 103. [CrossRef]
98. Wang, G.; Xie, M.; Wu, W.; Chen, Z. Structures and Functional Diversities of ASFV Proteins. Viruses 2021, 13, 2124. [CrossRef]
99. Sánchez-Torres, C.; Gómez-Puertas, P.; Gómez-del-Moral, M.; Alonso, F.; Escribano, J.M.; Ezquerra, A.; Domínguez, J. Expression

of porcine CD163 on monocytes/macrophages correlates with permissiveness to African swine fever infection. Arch. Virol. 2003,
148, 2307–2323. [CrossRef]

100. Lithgow, P.; Takamatsu, H.; Werling, D.; Dixon, L.; Chapman, D. Correlation of cell surface marker expression with African swine
fever virus infection. Vet. Microbiol. 2014, 168, 413–419. [CrossRef]

101. Popescu, L.; Gaudreault, N.N.; Whitworth, K.M.; Murgia, M.V.; Nietfeld, J.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]

102. Gao, Q.; Yang, Y.; Luo, Y.; Zheng, J.; Gong, L.; Wang, H.; Feng, Y.; Gong, T.; Wu, D.; Wu, R.; et al. Adaptation of African swine
fever virus to porcine kidney cells stably expressing CD163 and Siglec1. Front. Immunol. 2022, 13, 1015224. [CrossRef]

103. Hernáez, 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]

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

105. Roeth, J.F.; Williams, M.; Kasper, M.R.; Filzen, T.M.; Collins, K.L. HIV-1 Nef disrupts MHC-I trafficking by recruiting AP-1 to the
MHC-I cytoplasmic tail. J. Cell Biol. 2004, 167, 903–913. [CrossRef]

106. Netherton, C.L.; Wileman, T.E. African swine fever virus organelle rearrangements. Virus Res. 2013, 173, 76–86. [CrossRef]
107. Cuesta-Geijo, M.Á.; Barrado-Gil, L.; Galindo, I.; Muñoz-Moreno, R.; Alonso, C. Redistribution of Endosomal Membranes to the

African Swine Fever Virus Replication Site. Viruses 2017, 9, 133. [CrossRef]
108. Matamoros, T.; Alejo, A.; Rodríguez, J.M.; Hernáez, 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]
109. Côté, M.; Misasi, J.; Ren, T.; Bruchez, A.; Lee, K.; Filone, C.M.; Hensley, L.; Li, Q.; Ory, D.; Chandran, K.; et al. Small molecule

inhibitors reveal Niemann-Pick C1 is essential for Ebola virus infection. Nature 2011, 477, 344–348. [CrossRef]
110. Jae, L.T.; Raaben, M.; Herbert, A.S.; Kuehne, A.I.; Wirchnianski, A.S.; Soh, T.K.; Stubbs, S.H.; Janssen, H.; Damme, M.;

Saftig, P.; et al. Virus entry. Lassa virus entry requires a trigger-induced receptor switch. Science 2014, 344, 1506–1510. [CrossRef]
111. Shimmon, G.L.; Hui, J.Y.K.; Wileman, T.E.; Netherton, C.L. Autophagy impairment by African swine fever virus. J. Gen. Virol.

2021, 102, 001637. [CrossRef]
112. Wang, Q.; Zhou, L.; Wang, J.; Su, D.; Li, D.; Du, Y.; Yang, G.; Zhang, G.; Chu, B. African Swine Fever Virus K205R Induces ER

Stress and Consequently Activates Autophagy and the NF-κB Signaling Pathway. Viruses 2022, 14, 394. [CrossRef]
113. Platanias, L.C. Mechanisms of type-I- and type-II-interferon-mediated signalling. Nat. Rev. Immunol. 2005, 5, 375–386. [CrossRef]
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