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Abstract: African swine fever is one of the most devastating swine diseases caused by African
swine fever virus (ASFV). Although ASFV encodes more than 160 viral proteins, the implication of a
majority of ASFV proteins in regulating host immunity is yet to be explored, and the mechanisms of
immune evasion by ASFV proteins are largely unknown. Here, we report that the I226R protein of
ASFV significantly suppressed innate immune responses. The ectopic expression of ASFV I226R in
293T cells significantly inhibited the activation of interferon-stimulated response element promoters
triggered by Sendai virus (SeV), poly(I:C), or cyclic GMP-AMP synthase (cGAS)/STING. The I226R
protein caused a significant decrease in the expression of interferons and interferon-stimulating genes
in cells infected with SeV. Similar results were obtained from experiments using I226R-overexpressed
PK15 and 3D4/21 cells stimulated with vesicular stomatitis virus. We observed that I226R inhibited
the activation of both nuclear factor-kappa B (NF-κB) and interferon regulatory factor 3 (IRF3).
Furthermore, it was shown that overexpression of I226R suppressed IRF3 activation and caused the
degradation of NF-κB essential modulator (NEMO) protein. The I226R-induced NEMO degradation
could be prevented by treatment with MG132, a proteasome inhibitor. Together, these results
reveal that the ASFV I226R protein impairs antiviral responses, likely through multiple mechanisms
including the suppression of NF-κB and IRF3 activation, to counteract innate immune responses
during the viral infection.

Keywords: ASFV; I226R; innate immunity; NF-κB; IRF3

1. Introduction

African swine fever virus (ASFV) is the only member of Asfaviridae family, which
can cause a highly lethal infectious disease in domestic pigs and wild boars [1,2], leading
to huge economic losses in the swine industry worldwide and threatening food security.
African swine fever (ASF) caused by ASFV is classified as a notifiable disease by the World
Organisation for Animal Health. ASF was first described in East Africa (Kenya Colony) in
1921 [3]. Since then, the disease has become widespread in Africa, Europe, and Asia [4].
ASF was first reported in China in August 2018, and quickly swept across China in the next
few months [5]. Outbreaks of ASF have also been reported in other Asian countries, such
as Vietnam, North Korea, and Laos, since 2018 [6–9]. Extensive research to develop ASF
vaccines and antiviral drugs has been conducted; however, no commercial products are
available yet, posing a great challenge for global ASF prevention [10,11].

ASFV is a complex double-stranded linear DNA virus with icosahedral symmetry [12].
The genomic length of ASFV ranges from 170 to 193 kb, and the genome can encode a
large number of viral proteins (~160 proteins) [13,14]. Previous studies have demonstrated
that ASFV infection causes severe immunosuppression in its natural hosts, resulting in
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successful infection and viral replication [15]. Several ASFV proteins have been shown
to regulate innate immunity. For instance, the A238L protein of ASFV can inactivate nu-
clear factor-kappa B (NF-κB) [16–18]; MGF505-7R dampens the production of interferon-β
(IFN-β) [19]; and DP96R exerts an immunosuppressive effect by reducing the phosphoryla-
tion of TANK-binding kinase 1 (TBK1), thereby inhibiting the activation of downstream
interferon regulatory factor 3 (IRF3) [20]. Therefore, the immunosuppressive mechanism
could be attributed to the subversion of innate immunity by viral proteins. Although
several viral proteins are revealed to play a key role in the circumvention of host innate
immunity, the implication of a majority of ASFV proteins in regulating innate immune
responses is yet to be characterized. Moreover, the molecular mechanisms by which these
proteins are involved in the regulation of innate immunity are poorly understood.

Innate immunity is a critical first line of defense against viral infection [21,22]. The host
is armed with pattern-recognition receptors (PRRs) to sense pathogen-associated molecular
patterns (PAMPs). Toll-like receptors (TLRs), C-type lectin receptors (CLRs), NOD-like
receptors (NLRs), RIG-I-like receptors (RLRs), and DNA-associated receptors are important
PRRs to detect PAMPs such as viral DNA, RNA, and replication intermediates [23–25].
Sensing PAMPs by PRRs activates innate immune signaling pathways. Cyclic GMP-AMP
synthase (cGAS) is a well-characterized PRR responsible for sensing DNA viruses [26].
DNA sensing by cGAS leads to the generation of cyclic GMP-AMP (cGAMP) in the presence
of ATP and GTP. Then, cGAMP binds to the stimulator of interferon gene-encoded protein
(STING) to recruit TBK1 to form a complex that activates the transcription factors, including
NF-κB and IRF3 [27]. Activated transcription factors translocate into the nucleus to induce
robust expression of various cytokines and chemokines.

NF-κB is a crucial component of innate immunity in mediating cytokine and chemokine
production. In mammals, there are five NF-κB family members, including p65 (RelA), RelB,
c-Rel, p50/p105 (NF-κB1), and p52/p100 (NF-κB2) [28]. All members of the NF-κB fam-
ily share a conserved domain called the Rel homology domain (RHD). A virus infection
activates the inhibitor of kappa B kinase (IKK), which contains catalytic subunits IKKα,
IKKβ, and regulatory subunits IKKγ (NEMO), leading to IκBα ubiquitination and the
proteasomal degradation of IκBα, followed by NF-κB release. The released NF-κB translo-
cates into the nucleus and drives the transcription of NF-κB target genes [29]. Similar
to NF-κB, interferon regulatory factors (IRFs) also play an important role in interferon
production. IRF3 is activated by phosphorylation through kinases TBK1 and IKKε, leading
to the dimerization and translocation of IRF3/7 homo- or hetero-dimers to the nucleus,
and finally, transcriptional activation of the IFN promoter [30]. Since viral proteins are
implicated in the modulation of innate immunity for efficient virus replication, identifying
the viral proteins that counter critical components of the innate immune system provides
an important theoretical basis for the development of effective vaccines and antiviral drugs.

This study aimed to identify and characterize the ASFV proteins involved in regulating
host innate immunity. We screened ten proteins and found that the I226R protein of ASFV
suppressed antiviral innate immunity. The ASFV I226R protein is about 27kd encoded
by the viral I226R gene. The presence of the I226R gene was first reported in 1996 by
transcriptional analysis [31]. Thereafter, a subsequent report revealed that the I226R protein
could be expressed in the early and late stages of viral infection [32]. Recently, it was
reported that I226R knockout attenuated ASFV in pigs. Moreover, pigs infected with
I226R-deleted virus were resistant to infection by its virulent parental virus, indicating that
I226R is a promising candidate to design recombinant vaccines for genotype II ASF [33].
However, the biological function of the I226R protein is largely unknown. In this study,
we reveal that the ASFV I226R protein can antagonize innate immunity by inhibiting
the activation of NF-κB and the IRF3 signaling pathway. Our findings uncover a new
mechanism of how ASFV evades innate immunity, and provide a new theoretical basis in
designing a recombinant vaccine.
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2. Materials and Methods
2.1. Cells, Virus and Plasmids

For this study, 293T, MDCK, PK15, 3D4/21 cells were purchased from American Type
Culture Collection (ATCC). The 293T, MDCK, and PK15 cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, Thermo Fisher Scientific, Inc., Waltham, MA,
USA), supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), penicillin (100 U/mL), and streptomycin (100 µg/mL). The 3D4/21
cells were maintained in Roswell Park Memorial Institute 1640 Medium (Gibco, Thermo
Fisher Scientific, Inc., Waltham, MA, USA), containing 10% FBS, 1% nonessential amino
acids (Invitrogen, Carlsbad, CA, USA), 100 U/mL penicillin, and 100 µg/mL streptomycin.
All cells were cultured at 37 ◦C under 5% CO2 atmosphere, as previously described [34].

Sendai virus (SeV) was generated and propagated in specific-pathogen-free chicken
embryos, as previously described [35]. The virus titer was determined by a hemagglutina-
tion test, as described previously [36]. Vesicular stomatitis virus (VSV) was preserved in
our laboratory and propagated in PK15 cells.

The A137R, K145R, A151R, KP177R, K205R, I215L, I226R, I243L, E248R, or C257L
coding sequence of the ASFV isolate China/2018/AnhuiXCGQ (Gen-108 Bank accession
number: MK128995.1), fused with the FLAG tag, was optimized and synthesized by Ge-
newiz Biotechnology Co., Ltd. (Suzhou, China) and cloned into a pcDNA3.1(−) vector.
Recombinant plasmids were confirmed by restriction digestion and sequencing. Other
human genes (RIG-I, MAVS, RIP1, TRAF2, TRAF6, TAK1, IRF3), fused with specific peptide
tags, were also cloned into indicated vectors, as described previously [37]. The plasmids
IKKβ-Flag, p65-Flag, and NEMO-Flag were purchased from Wuhan Miaoling Biotechnol-
ogy Co., Ltd. (Wuhan, China).

The luciferase reporter plasmids used in this study included an IFN-β promoter re-
porter plasmid (IFN-β-Luc), carrying promoter sequences of IFN-β used to examine the ac-
tivation of the IFN-β promoter; an NF-κB-Luc plasmid, harboring NF-κB-binding elements
used to detect the activation of NF-κB; a (pRDIII-I)4-Luc plasmid, carrying IRF3-binding
elements used to examine the activity of IRF3; and a control reporter plasmid, pRL-TK.
All these reporter plasmids were gifts from Dr. Chunfu Zheng (Fujian Medical University,
Fuzhou, China) [38,39]. An ISRE luciferase reporter plasmid (ISRE-Luc), harboring inter-
feron (IFN)-stimulated response elements used to detect IFN production and secretion, was
purchased from YEASEN Biotechnology Co., Ltd. (Shanghai, China).

2.2. Antibodies and Reagents

The lysosome inhibitors chloroquine (CQ), NH4Cl, and mouse anti-Flag monoclonal
antibody were purchased from Sigma-Aldrich (St. Louis, MO, USA). The protein synthesis
inhibitor cycloheximide (CHX), the proteasome inhibitor MG132, and rabbit anti-NF-κB
p65 and anti-phospho-NF-κB p65 (Ser536) polyclonal antibodies were purchased from
Cell Signaling Technology (Boston, MA, USA). Mouse anti-β-actin and anti-phospho-IRF3
monoclonal antibodies were obtained from Abcam (Cambridge, UK). Mouse anti-HA
polyclonal antibody and anti-Myc monoclonal antibody and rabbit anti-IRF3 and anti-Flag
polyclonal antibodies were purchased from Proteintech (Wuhan, China).

2.3. Dual-Luciferase Reporter Assay

The 293T cells were sub-cultured overnight to 80% confluence. The IFN-β-Luc, NF-
κB-Luc, or (pRDIII-I)4-Luc plasmid was co-transfected with the pRL-TK and indicated
plasmids using VigoFect (Vigorous Biotechnology, Beijing, China) according to the manufac-
turer’s instruction. At 24 h post-transfection, the cells were challenged with 100 HAU/mL
SeV for 16 h, followed by dual-luciferase activity assays using a dual-luciferase reporter
assay kit according to the manufacturer’s instruction (Promega Corp., Madison, WI,
USA) [38,39]. The 293T cells were co-transfected with the NF-κB-Luc reporter plasmid, the
pRL-TK and I226R-Flag plasmid, or EV, along with RIG-I, MAVS, RIP1, TRAF2, TRAF6,
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IKKβ, or p65 plasmids. The cells were collected after 24 h, followed by dual-luciferase
activity assays using a dual-luciferase reporter assay kit.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

To quantify the secretion of IFN-β in response to SeV infection, the cell supernatant was
collected and assayed with ELISA using a human IFN-β ELISA kit (eBioscience, San Diego,
CA, USA) according to the manufacturer’s instruction [35].

2.5. RNA Preparation, RT-PCR and RT-qPCR

Total RNA was extracted from transfected or infected cells using Total RNA Kit I
(Omega Bio-tek, Shenzhen, China) and used for cDNA synthesis by a HiScript III 1st Strand
cDNA Synthesis Kit (Vazyme, Nanjing, China). Then, the cDNA was used for PCR or qPCR
by Taq DNA polymerase (TaKaRa Bio Inc., Otsu, Japan) or qPCR SuperMix (TransGen
Biotech, Beijing, China). The sequences of the primers used are available upon request.
GAPDH was used as a reference housekeeping gene for internal standardization. For
quantification, the 2-∆∆Ct methods were used to calculate the relative RNA levels against
the GAPDH [34].

2.6. Plaque Assay

At 24 h post-transfection, the 293T cells were infected with influenza virus (PR8∆NS1)
for 24 h, and the culture supernatant was collected for plaque assay, as previously de-
scribed [40,41]. Briefly, the MDCK cells were infected with serial dilutions of the su-
pernatants for 1 h; then, the cells were washed three times with PBS and overlaid with
α-minimal essential medium containing 1.5% low-melting-point agarose and 2 µg/mL
TPCK (l-1-tosylamido-2-phenylethyl chloromethyl ketone)-treated trypsin. Plaques were
counted after 72 h incubation at 37 ◦C.

2.7. Generation of Stable Cell Lines

Cell lines overexpressing the I226R-Flag or an empty vector were generated, as pre-
viously described [37]. Briefly, lentiviruses encoding the I226R-Flag or an empty vector
were produced in the 293T cells by co-transfecting with a pNL-I226R-Flag, a pNL-VSVG,
and a pNL-package. The supernatant containing the lentiviruses was collected at 48 h
post-transfection; then, it was used to infect PK15 or 3D4/21 cells to generate cell lines
stably expressing I226R.

2.8. Immunofluorescence Assay

To determine the intracellular distribution of p65, immunofluorescence staining was
performed, as described [42]. Briefly, virus-infected and plasmid-transfected cells were
fixed with 4% paraformaldehyde for 15 min at room temperature (RT); then, they were
permeabilized with 0.1% Triton-100 for exactly 10 min. After washing, the cells were
blocked with 1% BSA-PBS for 1 h at RT; then, they were incubated with anti-p65 antibody
for 1 h at 37 ◦C, followed by incubation with Alex Fluor 594-labeled secondary antibody for
1 h at 37 ◦C. The cells were rinsed again, and the nuclei were stained with DAPI for 10 min
at RT. The cells were observed using a confocal laser-scanning microscope (LSCMFV500,
Olympus, Japan) and analyzed with NIS Elements F 2.30 466 software.

2.9. Immunoprecipitation Assay

Immunoprecipitation was performed, as previously described [35]. Briefly, the trans-
fected cells were washed three times with PBS and incubated with a cell lysis buffer
(Beyotime Biotechnology, Haimen, China) for 10 min on ice. The supernatants were col-
lected and transferred to fresh tubes on ice; then, 1 g of rabbit IgG and 20 L of protein A/G
agarose (Beyotime Biotechnology, Haimen, China) were added to each tube and incubated
for 1 h at 4 ◦C. The collected supernatants and a rabbit anti-Flag (1:1000) antibody were
added to each tube for incubation for 1 h at 4 ◦C. Then, 40 µL protein A/G agarose was
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added to each tube for incubation at 4 ◦C overnight. The immunoprecipitated proteins
were collected by centrifugation at 1000× g for 5 min at 4 ◦C after washing three times, and
used for Western blotting assay.

2.10. Statistical Analysis

Statistical significance was determined by the Student’s t-test. Three independent
experiments were performed with at least two technical replicates. All data represent the
mean ± SD, and p values < 0.05 were considered to be statistically significant.

3. Results
3.1. I226R Protein Is a Key Inhibitor of IFN-β Response

In order to screen the ASFV proteins that could potentially inhibit the expression of
IFN, we utilized dual-luciferase reporter assays. First, we synthesized ten ASFV genes that
encode proteins expressed early in or at the mid-term of the viral life cycle, and cloned these
genes into the vectors indicated: namely, A137R, K145R, A151R, KP177R, K205R, I215L,
I226R, I243L, E248R, and C257L. We found that all these viral proteins could be expressed
in 293T cells (Figure 1A). To test which protein could regulate the IFN-β promoter activity,
293T cells were transfected with the IFN-β-Luc and pRL-TK, with a plasmid carrying one
of these ASFV genes or an empty vector. Because it is known that the influenza A virus
NS1 and ASFV A238L proteins are potent inhibitors of IFN signaling [17,18,43], we used
NS1 and A238L proteins as a positive control and the empty vector (EV) as the negative
control. As shown in Figure 1A, among the ten ASFV proteins tested, the I226R protein
most significantly inhibited the activation of the IFN-β promoter. In addition, we compared
the inhibitory effect of I226R with that of A238L on the IFN-β luciferase using data nor-
malization based on protein expression levels. Our results indicated that I226R and A238L
had similar abilities to repress the IFN response (Supplementary Figure S1A). To further
confirm the inhibitory effect of the I226R protein on IFN signaling, we evaluated the effect
of the I226R protein on the IFN response induced by SeV infection or cGAS/STING expres-
sion using dual-luciferase reporter assays. We observed that the I226R protein significantly
inhibited the activation of the IFN-β promoter and the ISRE reporter in a dose-dependent
manner following infection with SeV. Moreover, the I226R protein also inhibited the acti-
vation of the IFN-β promoter and the ISRE reporter induced by cGAS/STING expression
(Figure 1B–E). These results suggest that I226R is a potential candidate implicated in the
suppression of IFN signaling during viral infection.

3.2. I226R Protein Reduces the Expression of IFNs Induced by SeV and Poly(I:C)

To further evaluate the antagonistic role of the I226R protein in innate immunity, we
analyzed the effect of the I226R protein on the expression of IFN-β in 293T cells stimulated
with SeV or poly(I:C). The 293T cells transfected with an EV or the I226R-Flag plasmid
were infected with SeV. The expression of IFN-β was examined using ELISA and RT-
qPCR, respectively. Consistent with the results from the dual-luciferase reporter assays,
overexpression of the I226R protein caused a significant decrease in the virus-induced
expression of IFN-β compared with control cells after SeV infection (Figure 2A,B). Next, we
stimulated the 293T cells through transfection with poly(I:C), a synthetic analog of double-
stranded RNA. Similarly, the I226R protein overexpression significantly inhibited the IFN-β
production induced by poly(I:C) (Figure 2C). Moreover, we tested the expression of type
III IFNs, including IL-28 and IL-29. Overexpression of I226R inhibited the virus-induced
production of IL-28 and IL-29 (Figure 2D,E). Since the influenza A virus (IAV) NS1 protein
is a potent inhibitor of type I IFN signaling, we studied the effect of the I226R protein on
NS1-deleted IAV (PR8∆NS1) replication. For this, the 293T cells were transfected with
I226R, IAV NS1, or an EV and infected with PR8∆NS1 virus. The virus titer was examined.
Interestingly, the virus titer significantly increased after overexpression of the I226R or
NS1 protein (Figure 2F). These data suggest that the I226R protein of ASFV can exert a
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potent inhibitory effect on IFN expression similar, to some extent, to the NS1 protein of the
influenza virus.
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300 ng cGAS−Flag and 50 ng STING−HA, and 300 ng I226R−Flag or EV and for 24 h; then, dual−lu-
ciferase activity assay was performed. All the results are expressed as the means ± standard devia-
tion from three independent experiments. Statistical analysis was performed using the Student’s t-
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Figure 1. The I226R protein is a key inhibitor of IFN-β response: (A) 293T cells were co-transfected
with 500 ng IFN-β-Luc, 50 ng pRL-TK, and 500 ng empty vector (EV) or other expression plasmids
encoding the indicated ASFV viral proteins. After 24 h of co-transfection, cells were infected with
SeV. Then, dual-luciferase activity was examined at 16 hpi. Western blotting was performed to
examine the expression of candidate ASFV proteins. (B,C) 293T cells were co-transfected with 500 ng
IFN-β-Luc (B) or ISRE-Luc (C), 50 ng pRL-TK, and I226R-Flag plasmid (0.1, 0.5, or 1.0 µg) or EV for
24 h, and infected with SeV for 16 h. Dual-luciferase activity assay was performed. (D,E) 293T cells
were co-transfected with 300 ng IFN-β-Luc (D) or ISRE-Luc (E), along with 30 ng pRL-TK, 300 ng
cGAS-Flag and 50 ng STING-HA, and 300 ng I226R-Flag or EV and for 24 h; then, dual-luciferase
activity assay was performed. All the results are expressed as the means ± standard deviation
from three independent experiments. Statistical analysis was performed using the Student’s t-test.
* p < 0.05; ** p < 0.01.
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Figure 2. The I226R protein reduces the expression of IFNs induced by SeV and poly(I:C): (A–C) 293T
cells were transfected with 3 µg I226R-Flag plasmid or EV for 24 h; then, they were infected with SeV
(A,B), or were transfected with 1 µg/mL poly(I:C) (C) for 12 h. RT-qPCR and ELISA were performed
to examine the expression of IFN-β mRNA and protein levels, respectively. (D,E) 293T cells were
transfected with 3 µg I226R-Flag plasmid or EV for 24 h; then, they were infected with SeV for 12 h.
Expression levels of IL28 (D) and IL29 (E) were measured by RT-qPCR analysis. (F) 293T cells were
transfected with 3 µg EV, NS1(H7N9), or I226R-Flag plasmid for 24 h; then, they were infected with
PR8 ∆NS1 (MOI = 1) for 12 h. The supernatant of virus-infected cells was used for plaque assay. All
the results are expressed as the means ± standard deviation from three independent experiments.
Statistical analysis was performed using the Student’s t-test. ** p < 0.01.

3.3. I226R-Overexpressing Cells Have Impaired Expression of Several Critical ISGs

Since ISGs are the important downstream antiviral effectors orchestrated by IFN
pathways, we next examined the effect of the I226R protein on ISG expression induced
by SeV infection and poly(I:C) treatment. We first examined the expression of ISGs, such
as ISG15, ISG20, IFITM1, IFITM3, OASL, and IFIT1, in the cells overexpressing I226R
or in EV control cells following SeV infection. As expected, the expression of the I226R
protein led to the diminished expression of ISGs induced by SeV infection (Figure 3A–E and
Figure S1B,C). Similarly, overexpression of the I226R protein also reduced the expression of
some ISGs, such as IFITM1, IFITM3, OASL, IFIT1, and IFIT2, in cells stimulated through
transfection with poly(I:C) (Figure 3F–H and Figure S1D,E). In addition, we observed that
the I226R protein caused a decrease in the expression of IFITM1, IFITM3, OASL, and ISG15
upon stimulation by cGAS/STING (Figure 3I–K and Figure S1F). These results suggest that
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the I226R protein suppresses host innate immunity, likely through negatively regulating
the expression of IFNs and thereby reducing the levels of some critical ISGs.

Viruses 2022, 14, x FOR PEER REVIEW 8 of 20 
 

 

SeV for 12 h. Expression levels of IL28 (D) and IL29 (E) were measured by RT−qPCR analysis. (F) 
293T cells were transfected with 3 μg EV, NS1(H7N9), or I226R−Flag plasmid for 24 h; then, they 
were infected with PR8 ∆NS1 (MOI = 1) for 12 h. The supernatant of virus−infected cells was used 
for plaque assay. All the results are expressed as the means ± standard deviation from three inde-
pendent experiments. Statistical analysis was performed using the Student’s t-test. ** p < 0.01. 

3.3. I226R-Overexpressing Cells Have Impaired Expression of Several Critical ISGs 
Since ISGs are the important downstream antiviral effectors orchestrated by IFN 

pathways, we next examined the effect of the I226R protein on ISG expression induced by 
SeV infection and poly(I:C) treatment. We first examined the expression of ISGs, such as 
ISG15, ISG20, IFITM1, IFITM3, OASL, and IFIT1, in the cells overexpressing I226R or in 
EV control cells following SeV infection. As expected, the expression of the I226R protein 
led to the diminished expression of ISGs induced by SeV infection (Figures 3A–E and 
S1B,C). Similarly, overexpression of the I226R protein also reduced the expression of some 
ISGs, such as IFITM1, IFITM3, OASL, IFIT1, and IFIT2, in cells stimulated through trans-
fection with poly(I:C) (Figures 3F–H and S1D,E). In addition, we observed that the I226R 
protein caused a decrease in the expression of IFITM1, IFITM3, OASL, and ISG15 upon 
stimulation by cGAS/STING (Figures 3I–K and S1F). These results suggest that the I226R 
protein suppresses host innate immunity, likely through negatively regulating the expres-
sion of IFNs and thereby reducing the levels of some critical ISGs. 

 Figure 3. I226R-overexpressing cells have impaired expression of several critical ISGs. (A–E) 293T
cells were transfected with 3 µg I226R-Flag plasmid or EV for 24 h; then, they were infected with
SeV for 12 h. RT-PCR (A) and RT-qPCR analysis (B–E) were performed to examine the mRNA levels
of ISG15 (B), IFITM1 (C), IFITM3 (D), and OASL (E). (F–H) 293T cells were transfected with 3 µg
I226R-Flag plasmid or EV for 24 h; then, they were transfected with 1 µg/mL of poly(I:C) for 12 h.
RT-qPCR analysis was performed to examine the mRNA levels of IFITM1 (F), IFITM3 (G), and
OASL (H). (I–K) 293T cells were co-transfected with 2 µg I226R-Flag plasmid or EV and 500 ng
cGAS-Flag and 100 ng STING-HA plasmids. RT-qPCR analysis was then performed to examine the
mRNA levels of IFITM1 (I), IFITM3 (J), and OASL (K) 24 h later. The results are expressed as the
means ± standard deviation from three independent experiments. Statistical analysis was performed
using the Student’s t-test. * p < 0.05; ** p < 0.01.

3.4. I226R Protein Inhibits VSV-Induced Expression of IFN-β and ISGs in Swine Cells

Next, we further investigated the function of the I226R protein in suppressing host
antiviral responses in swine cells. PK15 and 3D4/21 cells stably expressing I226R or
an EV were infected with VSV, and the levels of IFN-β and ISGs were examined. The
forced expression of the I226R protein in 3D4/21 cells caused a significant decrease in the
production of VSV-induced IFN-β, IL-29, IFITM1, and IFITM3 compared with control cells
after VSV infection (Figure 4A–D). Similarly, the expression of the I226R protein diminished
the expression of IFN-β and IFITM1 induced by VSV infection in PK15 cells (Figure 4E,F).
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These data indicate that the I226R protein of ASFV inhibits the expression of IFN-β and
ISGs in swine cells after VSV infection.
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Figure 4. The I226R protein inhibits VSV-induced expression of IFN-β and ISGs in swine cells: (A–D)
3D4/21 cells stably expressing I226R or EV were generated; then, they were infected with VSV
(MOI = 1) for 12 h. RT-qPCR analysis was performed to examine the mRNA levels of IFN-β (A),
IL29 (B), IFITM1 (C), and IFITM3 (D). (E,F) PK15 cells stably expressing I226R or EV were generated;
then, they were infected with VSV (MOI = 1) for 12 h. RT-qPCR analysis was performed to detect
the mRNA levels of IFN-β (E) and IFITM1 (F). All the results are expressed as the means ± standard
deviation from three independent experiments. Statistical analysis was performed using the Student’s
t-test. ** p < 0.01.

3.5. I226R Protein Impairs the Activation of NF-κB and IRF3 Signaling

Since the I226R protein acts as an inhibitor of IFN expression, this prompted us to
further investigate the effect of the I226R protein on the activation of NF-κB and IRF3.
For this, we co-transfected the I226R-Flag or an EV and the NF-κB luciferase reporter. As
shown in Figure 5A,B, the I226R protein strongly impaired the NF-κB luciferase activation
induced by SeV and cGAS/STING. Furthermore, 293T cells were overexpressed with the
I226R-Flag or an EV and infected with SeV. The phosphorylation of p65, a subunit of NF-κB,
was examined. Indeed, I226R overexpression caused a significant decrease in virus-induced
p65 phosphorylation, especially at 9 and 12 h postinfection (Figure 5C and Figure S1G).
Moreover, we found that the I226R protein also inhibited the IRF3 luciferase activation and
the phosphorylation of IRF3 in cells stimulated with SeV and cGAS/STING (Figure 5D–F).
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Figure 5. The I226R protein impairs the activation of NF-κB and IRF3 signaling: (A) 500 ng NF-κB-
Luc, 50 ng pRL-TK, and 500 ng I226R-Flag or EV were co-transfected with 293T cells for 24 h and
infected with SeV for 16 h. The NF-κB luciferase activity was measured. (B) 300 ng NF-κB-Luc,
30 ng pRL-TK, and 300 ng I226R-Flag or EV were co-transfected in 293T cells for 24 h with 300 ng
cGAS-Flag and 50 ng STING-HA. The NF-κB luciferase activity was measured. (C) 293T cells were
transfected 3 µg I226R-Flag or EV for 24 h and infected with SeV for indicated time. Western blotting
was performed to detect the phosphorylation levels of p65. (D) 500 ng (pRDIII-I)4-Luc was used
instead of NF-κB-Luc, as described in panel A. The IRF3 luciferase activity was measured. (E) 300 ng
(pRDIII-I)4-Luc was used instead of 300 ng NF-κB-Luc, as described in panel B. The IRF3 luciferase
activity was measured. (F) 293T cells were transfected with 3 µg I226R-Flag or EV and infected with
SeV for 12 h. Western blotting was then performed to detect the phosphorylation levels of IRF3.
(G,H) 293T cells were transfected with 3 µg I226R-GFP or EV and infected with SeV for 12 h. The
cells were stained with anti-p65 Ab. Alex Fluor 594-conjugated IgG (red) was used as the secondary
antibody. Cell nuclei were stained with DAPI (blue). The images were obtained by laser scanning
confocal microscope using a 20× objective (G). Quantification of the nuclear translocation of p65 was
determined by counting 100 cells from at least three independent fields (H). Shown are percentages
of cells with p65 located in the nuclei. The results are expressed as the means ± standard deviation
from three independent experiments. Statistical analysis was performed using the Student’s t-test.
** p < 0.01.
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Next, we analyzed the nuclear translocation of p65 in response to SeV infection. As
shown in Figure 5G,H, the nuclear translocation of p65 was significantly impaired in
I226R-overexpressing cells compared with control cells after SeV infection. Collectively,
these results suggest that the I226R protein impairs the activation of NF-κB and IRF3,
thereby suppressing IFN expression.

3.6. I226R Protein Inhibits NF-κB through Targeting the IKK Complex

To uncover the mechanism by which the I226R protein regulates the activation of
NF-κB, we determined the level at which I226R elicits its inhibitory effect on NF-κB sig-
naling. The 293T cells were transfected with the NF-κB luciferase reporter and the RIG-I,
MAVS, RIP1, TRAF2, TRAF6, IKKβ, or p65 expression plasmid together with either EV or
I226R. The luciferase assay showed that I226R inhibited NF-κB luciferase activation medi-
ated by RIG-I, MAVS, RIP1, TRAF2, TRAF6, and IKKβ, but not NF-κB luciferase activation
induced by p65 (Figure 6A–G), implying that I226R may restrain NF-κB signaling at the
level of the IKK complex.
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On the other hand, we also evaluated the effect of I226R on the activation of IRF3.
As shown in Figure 6H–L, the IRF3 luciferase activation induced by RIG-I, MAVS, IKKε,
TBK1, or IRF3 was decreased in cells overexpressing I226R compared with control cells,
suggesting that the I226R protein suppressed IRF3 activation.

3.7. I226R Protein Inhibits NF-κB Signaling, Likely through Regulation of NEMO

Next, we attempted to further address the relationship between the IKK complex and
the I226R protein in regulating the activation of the NF-κB pathway. The IKK complex is
composed of three proteins, namely, IKKα, IKKβ, and NEMO (IKKγ). Thus, we tested the
effect of the I226R protein on the expressions of IKKα, IKKβ, and NEMO. Interestingly, we
found that the expression of NEMO was decreased in the presence of the I226R protein,
whereas there was no significant effect of the I226R protein on the levels of IKKα, IKKβ,
and CDK4 (Figure 7A–C and Figure S1H). In addition, we observed that the I226R protein
could diminish the expression of NEMO in a dose-dependent manner (Figure 7D).
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Figure 7. The I226R protein promotes the degradation of NEMO through enhancing its ubiquitination:
(A–C) 293T cells were co-transfected with 1 µg I226R-Flag or EV and 1 µg IKKα-HA (A), IKKβ-Flag (B),
or NEMO-Flag plasmids (C). Western blotting was then performed. (D) 1 µg NEMO-Flag was co-
transfected with varying amounts of I226R-Flag plasmid in 293T cells. Western blotting was then
performed. (E) 293T cells were transfected with 3 µg I226R-Flag or EV and infected with SeV for 12 h.
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RT-qPCR was performed to detect the mRNA levels of NEMO. (F) 1 µg NEMO-Flag was co-transfected
with 1 µg I226R-Myc or EV and subjected to 50 µg /mL CHX treatment for indicated hours. Then,
Western blotting was performed. (G,H) 293T cells were co-transfected with 1 µg I226R and 1 µg
NEMO and treated with 50 µg/mL CHX and either 20 mM MG132, 50 mM CQ, 20 mM NH4Cl,
or DMSO. Western blotting was performed to evaluate the expression of NEMO. Relative levels of
NEMO were quantitated by densitometry and normalized to β-actin levels (H). (I) 293T cells were
transfected with 1.5 µg I226R-Myc or EV, along with 1 µg NEMO-Flag and 1.5 µg Ub-HA. At 24 h
after transfection, IP and Western blotting were performed to evaluate the ubiquitination levels of
NEMO. Statistical analysis was performed using the Student’s t-test. * p < 0.05; ** p < 0.01.

Since I226R affects the expression of NEMO at the protein level, we asked whether
I226R could regulate the expression of NEMO at the mRNA level. As shown in Figure 7E, no
significant difference in the expression of NEMO at the mRNA level was observed between
I226R-overexpressing and control cells. We next examined the protein stability of NEMO
after treatment with CHX, an inhibitor of protein synthesis, in I226R-overexpressing and
control cells. The protein level of NEMO decreased in 1226R-overexpressing cells compared
with control cells after CHX treatment (Figure 7F). These results suggest that the I226R
protein promotes the degradation of NEMO protein. To further determine the pathway
involved in I226R- mediated regulation of NEMO protein stability, we treated 293T cells
with CHX and proteasome inhibitor MG132 or lysosomal inhibitors (CQ and NH4Cl). We
observed that the NEMO level was restored after treatment with MG132, but not CQ and
NH4Cl (Figure 7G,H). Finally, we evaluated whether I226R may affect the ubiquitination
of NEMO. For this, 293T cells were transfected with HA-Ub and NEMO-Flag, along with
I226R-Myc or an EV. The ubiquitination levels of NEMO were detected. We observed a
low level of NEMO ubiquitination in cells expressing Ub and NEMO. By contrast, the
ubiquitination levels of NEMO increased in cells expressing I226R, Ub-HA, and NEMO
(Figure 7I), suggesting that the I226R protein may inhibit the NF-κB signaling pathway by
regulating the NEMO protein, likely via ubiquitination.

4. Conclusions

ASF is one of the most devastating swine diseases, which can result in huge economic
losses. A better understanding of the interaction between ASFV and its host paves an
alternative way to treat and control such viral diseases. In recent years, scientists have
been attempting to identify the ASFV proteins responsible for regulating innate immunity.
Several previous researchers have suggested that ASFV could evade host innate immunity
to infect host cells and replicate efficiently in the cells through several viral proteins [44].
However, limited information is available about ASFV proteins’ role in counteracting
innate immunity. In addition, the precise mechanism by which these proteins regulate
innate immunity is largely unknown. In this study, we screened potential ASFV proteins
responsible for the regulation of innate immunity using dual-luciferase reporter assays
and identified the I226R protein of ASFV as a potential suppressor of innate immunity.
Our in-depth study found that I226R could inhibit the expression of IFNs by targeting
NF-κB signaling. Furthermore, it was shown that the I226R protein might be involved in
regulating the ubiquitination of NEMO, thereby inhibiting the NF-κB pathway. On the
other hand, we observed that the I226R protein could also suppress the activation of TBK1
and IRF3, indicating that it is a multifunctional protein in its interactions with the host’s
innate immune system. Together, these data reveal the function of the I226R protein and
the mechanism by which it suppresses innate antiviral responses. This may provide a new
theoretical basis to help in the development of new vaccines.

Innate immunity is the first line of defense against invading pathogens, and also
contributes to the activation of the adaptive immune response [45]. Innate immunity acti-
vates various transcription factors to induce the expression of IFNs and pro-inflammatory
cytokines to establish an antiviral response in the host. In this process, IFNs play a vital
role to induce the expression of hundreds of ISGs via the JAK-STAT pathway. At present,
several studies have reported that ASFV can circumvent innate immunity by targeting IFN
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signaling in a multitude of ways [19,20,44,46,47]. ASFV, being a DNA virus, has evolved
to inhibit the cGAS/STING-dependent immune signaling, leading to the diminished pro-
duction of various IFNs and ISGs [47]. ASFV encodes over 160 viral proteins, and several
ASFV proteins have been characterized as inhibitors of innate immunity. For example,
MGF505-7R upregulates the expression of autophagy-related protein ULK1 and promotes
the degradation of STING to negatively regulate the cGAS/STING signaling pathway [19];
MGF360-12L inhibits the interaction of KPNA2, KPNA3, and KPNA4 with p65, thereby
suppressing the nuclear import of NF-κB [46]. Moreover, ASFV I215L has recently been
shown to inhibit type I IFN production by reducing K63-linked polyubiquitination of
TBK1 [48]. Another previous study indicated that transient overexpression of I215L inhib-
ited NF-κB and AP-1, but not IRF-3-dependent signaling [49], which is consistent with our
data suggesting that overexpression of I215L had no significant effect on the activation of
the IFN-β promoter by SeV in 293T cells. The different effects of I215L on innate immune
signaling may be attributed to different cell lines, distinct stimulation, or varied expression
levels of viral proteins in cells. In addition, DP96R protein can also downregulate the ex-
pression of type I IFNs and pro-inflammatory cytokines by targeting TBK1 [20]. Although
it is known that ASFV can encode numerous proteins, the implication of most of these viral
proteins in innate immunity is yet to be explored. In this study, we attempted to screen
and characterize potential viral proteins encoded by ASFV in regulating the expression
of IFNs. Interestingly, we found that the ASFV I226R protein inhibited the expression of
IFNs induced by SeV, poly(I:C), or cGAS/STING in the 293T cell system. Moreover, overex-
pression of the I226R protein in 3D4/21 and PK15 also inhibited the expression of IFNs.
Further study demonstrated that I226R overexpression caused a diminished expression of
critical ISGs involved in antiviral responses. A previous study reported that the I226R gene
possesses transcription initiation sites that are specifically active during a period clearly
distinguishable from the early and late phases of the virus life cycle [31]. Thereafter, another
report showed that the I226R protein could be expressed in the early and late stages of
viral infection [32]. Notably, recent studies demonstrated that the expression of I226R was
observed at 2 hpi and could be detected throughout the remaining infection cycle, although
expression of I226R peaked at 8 hpi, implying that I226R is transcribed at the late stage
of infection [33]. These data suggest that I226R could express during the early and late
phases of viral infection, which may be associated with the host, virus strain, and challenge
dose. In addition, it has been reported that I226R knockout attenuated ASFV in pigs [33].
However, the biological function of the I226R protein remains largely unknown. In the
present study, we provide evidence that the I226R protein of ASFV may play a critical role
in escaping from innate immune surveillance during viral infection. Notably, among the
ten ASFV proteins we screened, although the expression levels of some proteins, such as
I243L, were lower, they displayed some suppressive effect on the IFNβ luciferase activity,
though not at the significant level. The function of these viral proteins deserves further
investigation.

The NF-κB signaling pathway is a key immune signaling involved in innate immunity
that induces the expression of various cytokines and IFNs. The activation of NF-κB is
triggered by two types of signaling pathways: the canonical pathway and the noncanon-
ical pathway. In this study, we mainly focused on the canonical pathway, which can be
activated in many ways, including by inflammatory cytokines and PAMPs, etc., resulting
in the translocation of the NF-κB transcription factor [50]. Many DNA viruses, such as
alphaherpesvirus pseudorabies virus (PRV) [51], herpes simplex virus 1 (HSV-1) [52], and
others, inhibit antiviral responses by targeting the NF-κB signaling pathway. Similar to
other DNA viruses, some ASFV proteins have also been reported to inhibit the NF-κB
signaling pathway in a different way [17,18,46]. Here, we identified a new mechanism
of the ASFV I226R protein responsible for deactivating the NF-κB signaling pathway by
targeting the IKK complex. We found that overexpression of the I226R protein inhibited
the activation of the NF-κB reporter gene and phosphorylation of p65. To determine the
potential target protein, we used dual-luciferase reporter assays. Interestingly, we observed
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that the I226R protein inhibited the activation of the NF-κB reporter gene induced by
RIP1, TRAF2, TRAF6, and IKKβ, but not by p65 itself, suggesting that the I226R protein
may target the IKK complex, a critical protein complex that functions upstream of p65.
Furthermore, we found that co-transfection of the I226R protein with NEMO resulted in the
decreased protein expression of NEMO, but had no effect on the expression of IKKα and
IKKβ. In addition, it was shown that the I226R protein facilitated NEMO degradation after
treatment with CHX, and proteasome inhibitor treatment restored NEMO accumulation. It
was also shown that co-transfection of I226R and NEMO plasmids could enhance ubiquiti-
nation of NEMO. These experimental observations suggest that the I226R protein may be
involved in regulating NEMO, but not IKKα and IKKβ, in the IKK complex, likely through
ubiquitination. It is well known that NEMO is a key protein for the activation of the classi-
cal NF-κB signaling pathway [53]. Patients with NEMO deficiency are more susceptible
to various infections with pathogens [54]. NEMO acts as an important adaptor protein
in the RLR-MAVS or cGAS-STING signaling pathway. Ubiquitinated TBK1 recruits the
downstream adaptor NEMO and forms the NEMO/TBK1 complex, which links the down-
stream nuclear factor-kappa B and interferon regulatory factors [55–57]. Previous reports
also suggested that other viral proteins can target NEMO and impair NF-κB activation. For
instance, the feline coronaviruses nsp5 protein cleaves multiple sites of NEMO [58]; porcine
deltacoronavirus cleaves NEMO at conserved residue Q231 [59]; and molluscum contagiosum
virus disrupts NEMO-cIAP1 interactions to suppress NF-κB activation [60]. However, the
precise mechanism underlying the suppression of NF-κB by ASFV infection remains to be
determined. In addition, the mechanisms accounting for I226R-mediated suppression of IRF3
activation also warrant further investigation in the future.

Ubiquitination modification plays a key role in regulating host innate immunity in
response to various pathogens. For example, HSV1 could digest K63-linked ubiquitin
on STING, thereby inhibiting the expression of type I IFN in the brain [61]. Newcastle
Disease Virus (NDV) can promote the degradation of MAVS by enhancing ubiquitina-
tion of MAVS [62]. The nsp5 protein of PRRSV enhances STAT3 degradation through the
ubiquitin-proteasome pathway [63]. Notably, IpaH9.8, a Shigella effector possessing E3 lig-
ase activity, promotes ABIN-1-dependent polyubiquitylation of NEMO, thereby enhancing
the degradation of NEMO and perturbing NF-κB activation, indicating that the ubiquityla-
tion of NEMO could be manipulated by Shigella bacteria to modulate host inflammatory
responses [64]. In this study, it was shown that ASFV I226R may be involved in regulating
ubiquitination of NEMO. Although we examined the interaction between I226R and NEMO
by immunoprecipitation, no direct interaction between I226R and endogenous NEMO was
observed under this condition (data not shown), suggesting that other molecule(s) may
be involved in the degradation of NEMO. For example, MARCH2 has been reported to
directly interact with NEMO and catalyze K48-linked ubiquitination of NEMO, leading
to the degradation of NEMO [65]. Therefore, it is of interest to identify whether I226R
may mediate the ubiquitination of NEMO through enhancing the association of E3 ligases,
such as MARCH2 with NEMO. On the other hand, we observed that the level of I226R
increased in cells treated with MG132, suggesting that the expression of I226R may also be
regulated in a proteasome-dependent manner in host cells. These observations demand
further investigation.

In summary, our studies indicate that I226R of ASFV may act as a multifunctional
protein in counteracting host innate immunity, including suppression of TBK1, IRF3, and
NF-κB. I226R may be involved in regulating NEMO ubiquitination and thereby inhibits the
activation of NF-κB. However, the precise strategies of ASFV to escape from innate immune
surveillance require further investigation. Currently, we cannot perform experiments using
live ASFV in the lab. Further studies are also required to evaluate the suppression of host
innate immunity by ASFV I226R in the circumstances of wild-type or recombinant ASFV
infection in vitro and in vivo in the future.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14030575/s1, Figure S1: (A) Relative IFN-β-Luc activity of
I226R to the activity of A238L was compared by data normalization based on protein expression
levels. (B,C) Overexpression of I226R protein led to diminished expression of ISG20 (B) and IFIT1 (C)
induced by SeV infection. (D,E) Overexpression of I226R protein led to reduced expression of IFIT1
(D) and IFIT2 (E), in cells stimulated through transfection with poly(I:C). (F) The I226R protein caused
a decrease in the expression of ISG15 upon stimulation by cGAS/STING. (G) Relative level of p-p65
as quantitated by densitometry and normalized to β-actin (represented by Figure 5C). (H) There was
no significant effect of the I226R protein on the levels of CDK4.

Author Contributions: J.-L.C., conceived and designed the experiments. J.H., X.C. and X.Y., car-
ried out experiments and drafted the manuscript. J.-L.C., K.R.R., F.W., L.W. and Z.S., revised the
manuscript. S.W. and G.G., designed several experiments in this study. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Major Science and Technology Program of Fujian Province
of China (2019NZ09002) and the Science and Technology Innovation Project of Fujian Agriculture
and Forestry University (CXZX2019062G).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available in the main text or the Supplementary Materials.

Acknowledgments: We are grateful to Chunfu Zheng, Department of Immunology, School of Basic
Medical Sciences, Fujian Medical University, Fuzhou, China, for providing us with the plasmids.

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

References
1. Gallardo, M.C.; Reoyo, A.T.; Fernandez-Pinero, J.; Iglesias, I.; Munoz, M.J.; Arias, M.L. African swine fever: A global view of the

current challenge. Porcine Health Manag. 2015, 1, 21. [CrossRef] [PubMed]
2. Gaudreault, N.N.; Madden, D.W.; Wilson, W.C.; Trujillo, J.D.; Richt, J.A. African swine fever virus: An emerging DNA arbovirus.

Front. Vet. Sci. 2020, 7, 215. [CrossRef] [PubMed]
3. Montgomery, R.E. On a form of swine fever occurring in british east africa (Kenya colony). J. Comp. Pathol. Ther. 1921, 34, 159–191.

[CrossRef]
4. Costard, S.; Wieland, B.; de Glanville, W.; Jori, F.; Rowlands, R.; Vosloo, W.; Roger, F.; Pfeiffer, D.U.; Dixon, L.K. African swine

fever: How can global spread be prevented? Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 2683–2696. [CrossRef] [PubMed]
5. Zhao, D.; Liu, R.; Zhang, X.; Li, F.; Wang, J.; Zhang, J.; Liu, X.; Wang, L.; Zhang, J.; Wu, X.; et al. Replication and virulence in pigs

of the first African swine fever virus isolated in China. Emerg. Microbes Infect. 2019, 8, 438–447. [CrossRef] [PubMed]
6. Normile, D. African swine fever marches across much of Asia. Science 2019, 364, 617–618. [CrossRef] [PubMed]
7. Yoo, D.; Kim, H.; Lee, J.Y.; Yoo, H.S. African swine fever: Etiology, epidemiological status in Korea, and perspective on control.

J. Vet. Sci. 2020, 21, e38. [CrossRef]
8. Kim, S.H.; Kim, J.; Son, K.; Choi, Y.; Jeong, H.S.; Kim, Y.K.; Park, J.E.; Hong, Y.J.; Lee, S.I.; Wang, S.J.; et al. Wild boar harbouring

African swine fever virus in the demilitarized zone in South Korea, 2019. Emerg. Microbes Infect. 2020, 9, 628–630. [CrossRef]
9. Tran, H.T.T.; Truong, A.D.; Dang, A.K.; Ly, D.V.; Nguyen, C.T.; Chu, N.T.; Nguyen, H.T.; Dang, H.V. Genetic characterization

of African swine fever viruses circulating in North Central region of Vietnam. Transbound. Emerg. Dis. 2021, 68, 1697–1699.
[CrossRef]

10. Teklue, T.; Sun, Y.; Abid, M.; Luo, Y.; Qiu, H.J. Current status and evolving approaches to African swine fever vaccine development.
Transbound. Emerg. Dis. 2020, 67, 529–542. [CrossRef]

11. Wu, K.; Liu, J.; Wang, L.; Fan, S.; Li, Z.; Li, Y.; Yi, L.; Ding, H.; Zhao, M.; Chen, J. Current state of global african swine fever vaccine
development under the prevalence and transmission of ASF in china. Vaccines 2020, 8, 531. [CrossRef] [PubMed]

12. 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] [PubMed]

13. Yanez, R.J.; Rodriguez, J.M.; Nogal, M.L.; Yuste, L.; Enriquez, C.; Rodriguez, J.F.; Vinuela, E. Analysis of the complete nucleotide
sequence of African swine fever virus. Virology 1995, 208, 249–278. [CrossRef] [PubMed]

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

15. Wang, T.; Sun, Y.; Huang, S.; Qiu, H.J. Multifaceted immune responses to african swine fever virus: Implications for vaccine
development. Vet. Microbiol. 2020, 249, 108832. [CrossRef]

https://www.mdpi.com/article/10.3390/v14030575/s1
https://www.mdpi.com/article/10.3390/v14030575/s1
http://doi.org/10.1186/s40813-015-0013-y
http://www.ncbi.nlm.nih.gov/pubmed/28405426
http://doi.org/10.3389/fvets.2020.00215
http://www.ncbi.nlm.nih.gov/pubmed/32478103
http://doi.org/10.1016/S0368-1742(21)80031-4
http://doi.org/10.1098/rstb.2009.0098
http://www.ncbi.nlm.nih.gov/pubmed/19687038
http://doi.org/10.1080/22221751.2019.1590128
http://www.ncbi.nlm.nih.gov/pubmed/30898043
http://doi.org/10.1126/science.364.6441.617
http://www.ncbi.nlm.nih.gov/pubmed/31097645
http://doi.org/10.4142/jvs.2020.21.e38
http://doi.org/10.1080/22221751.2020.1738904
http://doi.org/10.1111/tbed.13835
http://doi.org/10.1111/tbed.13364
http://doi.org/10.3390/vaccines8030531
http://www.ncbi.nlm.nih.gov/pubmed/32942741
http://doi.org/10.1126/science.aaz1439
http://www.ncbi.nlm.nih.gov/pubmed/31624094
http://doi.org/10.1006/viro.1995.1149
http://www.ncbi.nlm.nih.gov/pubmed/11831707
http://doi.org/10.1016/j.virusres.2012.10.020
http://doi.org/10.1016/j.vetmic.2020.108832


Viruses 2022, 14, 575 17 of 18

16. Powell, P.P.; Dixon, L.K.; Parkhouse, R.M. An IkappaB homolog encoded by African swine fever virus provides a novel mechanism
for downregulation of proinflammatory cytokine responses in host macrophages. J. Virol. 1996, 70, 8527–8533. [CrossRef]

17. Granja, A.G.; Perkins, N.D.; Revilla, Y. A238L inhibits NF-ATc2, NF-kappa B, and c-Jun activation through a novel mechanism
involving protein kinase C-theta-mediated up-regulation of the amino-terminal transactivation domain of p300. J. Immunol. 2008,
180, 2429–2442. [CrossRef]

18. Granja, A.G.; Sabina, P.; Salas, M.L.; Fresno, M.; Revilla, Y. Regulation of inducible nitric oxide synthase expression by viral
A238L-mediated inhibition of p65/RelA acetylation and p300 transactivation. J. Virol. 2006, 80, 10487–10496. [CrossRef]

19. 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]

20. Wang, X.; Wu, J.; Wu, Y.; Chen, H.; Zhang, S.; Li, J.; Xin, T.; Jia, H.; Hou, S.; Jiang, Y.; et al. Inhibition of cGAS-STING-TBK1
signaling pathway by DP96R of ASFV China 2018/1. Biochem. Biophys. Res. Commun. 2018, 506, 437–443. [CrossRef]

21. Hargreaves, D.C.; Medzhitov, R. Innate sensors of microbial infection. J. Clin. Immunol. 2005, 25, 503–510. [CrossRef] [PubMed]
22. Rai, K.R.; Shrestha, P.; Yang, B.; Chen, Y.; Liu, S.; Maarouf, M.; Chen, J.L. Acute infection of viral pathogens and their innate

immune escape. Front. Microbiol. 2021, 12, 672026. [CrossRef] [PubMed]
23. Yoneyama, M.; Fujita, T. RNA recognition and signal transduction by RIG-I-like receptors. Immunol. Rev. 2009, 227, 54–65.

[CrossRef] [PubMed]
24. Shu, C.; Li, X.; Li, P. The mechanism of double-stranded DNA sensing through the cGAS-STING pathway. Cytokine Growth Factor

Rev. 2014, 25, 641–648. [CrossRef] [PubMed]
25. Carty, M.; Guy, C.; Bowie, A.G. Detection of viral infections by innate immunity. Biochem. Pharmacol. 2021, 183, 114316. [CrossRef]
26. Sun, L.; Wu, J.; Du, F.; Chen, X.; Chen, Z.J. Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon

pathway. Science 2013, 339, 786–791. [CrossRef]
27. Tanaka, Y.; Chen, Z.J. STING specifies IRF3 phosphorylation by TBK1 in the cytosolic DNA signaling pathway. Sci. Signal. 2012, 5, ra20.

[CrossRef]
28. Caamano, J.; Hunter, C.A. NF-kappaB family of transcription factors: Central regulators of innate and adaptive immune functions.

Clin. Microbiol. Rev. 2002, 15, 414–429. [CrossRef]
29. Antonia, R.J.; Hagan, R.S.; Baldwin, A.S. Expanding the View of IKK: New Substrates and New Biology. Trends Cell Biol. 2021, 31,

166–178. [CrossRef]
30. Jefferies, C.A. Regulating IRFs in IFN driven disease. Front. Immunol. 2019, 10, 325. [CrossRef]
31. Rodriguez, J.M.; Salas, M.L.; Vinuela, E. Intermediate class of mRNAs in African swine fever virus. J. Virol. 1996, 70, 8584–8589.

[CrossRef] [PubMed]
32. Bosch-Camos, L.; Lopez, E.; Navas, M.J.; Pina-Pedrero, S.; Accensi, F.; Correa-Fiz, F.; Park, C.; Carrascal, M.; Dominguez, J.;

Salas, M.L.; et al. Identification of Promiscuous African Swine Fever Virus T-Cell Determinants Using a Multiple Technical
Approach. Vaccines 2021, 9, 29. [CrossRef] [PubMed]

33. 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] [PubMed]

34. Wang, Q.; Pan, W.; Wang, S.; Pan, C.; Ning, H.; Huang, S.; Chiu, S.H.; Chen, J.L. Protein tyrosine phosphatase SHP2 suppresses
host innate immunity against influenza a virus by regulating EGFR-Mediated signaling. J. Virol. 2021, 95, e02001-20. [CrossRef]

35. Liu, S.; Liao, Y.; Chen, B.; Chen, Y.; Yu, Z.; Wei, H.; Zhang, L.; Huang, S.; Rothman, P.B.; Gao, G.F.; et al. Critical role of
Syk-dependent STAT1 activation in innate antiviral immunity. Cell Rep. 2021, 34, 108627. [CrossRef]

36. Wang, S.; Li, H.; Chen, Y.; Wei, H.; Gao, G.F.; Liu, H.; Huang, S.; Chen, J.L. Transport of influenza virus neuraminidase (NA) to
host cell surface is regulated by ARHGAP21 and Cdc42 proteins. J. Biol. Chem. 2012, 287, 9804–9816. [CrossRef]

37. Rai, K.R.; Chen, B.; Zhao, Z.; Chen, Y.; Hu, J.; Liu, S.; Maarouf, M.; Li, Y.; Xiao, M.; Liao, Y.; et al. Robust expression of p27Kip1
induced by viral infection is critical for antiviral innate immunity. Cell. Microbiol. 2020, 22, e13242. [CrossRef]

38. Xing, J.; Wang, S.; Lin, R.; Mossman, K.L.; Zheng, C. Herpes simplex virus 1 tegument protein US11 downmodulates the RLR
signaling pathway via direct interaction with RIG-I and MDA-5. J. Virol. 2012, 86, 3528–3540. [CrossRef]

39. Zhu, H.; Zheng, C.; Xing, J.; Wang, S.; Li, S.; Lin, R.; Mossman, K.L. Varicella-zoster virus immediate-early protein ORF61
abrogates the IRF3-mediated innate immune response through degradation of activated IRF3. J. Virol. 2011, 85, 11079–11089.
[CrossRef]

40. Li, F.; Chen, Y.; Zhang, Z.; Ouyang, J.; Wang, Y.; Yan, R.; Huang, S.; Gao, G.F.; Guo, G.; Chen, J.L. Robust expression of vault
RNAs induced by influenza A virus plays a critical role in suppression of PKR-mediated innate immunity. Nucleic Acids Res. 2015,
43, 10321–10337. [CrossRef]

41. Wang, S.; Chi, X.; Wei, H.; Chen, Y.; Chen, Z.; Huang, S.; Chen, J.L. Influenza A virus-induced degradation of eukaryotic
translation initiation factor 4B contributes to viral replication by suppressing IFITM3 protein expression. J. Virol. 2014, 88,
8375–8385. [CrossRef] [PubMed]

42. Wei, H.; Wang, S.; Chen, Q.; Chen, Y.; Chi, X.; Zhang, L.; Huang, S.; Gao, G.F.; Chen, J.L. Suppression of interferon lambda
signaling by SOCS-1 results in their excessive production during influenza virus infection. PLoS Pathog. 2014, 10, e1003845.
[CrossRef] [PubMed]

43. Wang, S.; Zhang, L.; Zhang, R.; Chi, X.; Yang, Z.; Xie, Y.; Shu, S.; Liao, Y.; Chen, J.L. Identification of two residues within the NS1
of H7N9 influenza A virus that critically affect the protein stability and function. Vet. Res. 2018, 49, 98. [CrossRef] [PubMed]

http://doi.org/10.1128/jvi.70.12.8527-8533.1996
http://doi.org/10.4049/jimmunol.180.4.2429
http://doi.org/10.1128/JVI.00862-06
http://doi.org/10.4049/jimmunol.2001110
http://doi.org/10.1016/j.bbrc.2018.10.103
http://doi.org/10.1007/s10875-005-8065-4
http://www.ncbi.nlm.nih.gov/pubmed/16380814
http://doi.org/10.3389/fmicb.2021.672026
http://www.ncbi.nlm.nih.gov/pubmed/34239508
http://doi.org/10.1111/j.1600-065X.2008.00727.x
http://www.ncbi.nlm.nih.gov/pubmed/19120475
http://doi.org/10.1016/j.cytogfr.2014.06.006
http://www.ncbi.nlm.nih.gov/pubmed/25007740
http://doi.org/10.1016/j.bcp.2020.114316
http://doi.org/10.1126/science.1232458
http://doi.org/10.1126/scisignal.2002521
http://doi.org/10.1128/CMR.15.3.414-429.2002
http://doi.org/10.1016/j.tcb.2020.12.003
http://doi.org/10.3389/fimmu.2019.00325
http://doi.org/10.1128/jvi.70.12.8584-8589.1996
http://www.ncbi.nlm.nih.gov/pubmed/8970983
http://doi.org/10.3390/vaccines9010029
http://www.ncbi.nlm.nih.gov/pubmed/33430316
http://doi.org/10.1128/JVI.01199-21
http://www.ncbi.nlm.nih.gov/pubmed/34495696
http://doi.org/10.1128/JVI.02001-20
http://doi.org/10.1016/j.celrep.2020.108627
http://doi.org/10.1074/jbc.M111.312959
http://doi.org/10.1111/cmi.13242
http://doi.org/10.1128/JVI.06713-11
http://doi.org/10.1128/JVI.05098-11
http://doi.org/10.1093/nar/gkv1078
http://doi.org/10.1128/JVI.00126-14
http://www.ncbi.nlm.nih.gov/pubmed/24829357
http://doi.org/10.1371/journal.ppat.1003845
http://www.ncbi.nlm.nih.gov/pubmed/24391501
http://doi.org/10.1186/s13567-018-0594-y
http://www.ncbi.nlm.nih.gov/pubmed/30285871


Viruses 2022, 14, 575 18 of 18

44. Correia, S.; Ventura, S.; Parkhouse, R.M. Identification and utility of innate immune system evasion mechanisms of ASFV. Virus
Res. 2013, 173, 87–100. [CrossRef] [PubMed]

45. Riera Romo, M.; Perez-Martinez, D.; Castillo Ferrer, C. Innate immunity in vertebrates: An overview. Immunology 2016, 148,
125–139. [CrossRef]

46. 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 alpha and NF-kappaB Signaling Pathway. Virol. Sin. 2021, 36, 176–186.
[CrossRef]

47. Garcia-Belmonte, R.; Perez-Nunez, D.; Pittau, M.; Richt, J.A.; Revilla, Y. African Swine Fever Virus Armenia/07 Virulent Strain
Controls Interferon Beta Production through the cGAS-STING Pathway. J. Virol. 2019, 93, e02298-18. [CrossRef]

48. 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]

49. Barrado-Gil, L.; Del Puerto, A.; Galindo, I.; Cuesta-Geijo, M.A.; Garcia-Dorival, I.; de Motes, C.M.; Alonso, C. African swine fever
virus Ubiquitin-Conjugating enzyme is an immunomodulator targeting NF-κB activation. Viruses 2021, 13, 1160. [CrossRef]

50. Song, K.; Li, S. The Role of Ubiquitination in NF-κB Signaling during Virus Infection. Viruses 2021, 13, 145. [CrossRef]
51. Romero, N.; Van Waesberghe, C.; Favoreel, H.W. Pseudorabies Virus Infection of Epithelial Cells Leads to Persistent but Aberrant

Activation of the NF-kappaB Pathway, Inhibiting Hallmark NF-kappaB-Induced Proinflammatory Gene Expression. J. Virol. 2020,
94, e00196-20. [CrossRef] [PubMed]

52. Cai, M.; Liao, Z.; Zou, X.; Xu, Z.; Wang, Y.; Li, T.; Li, Y.; Ou, X.; Deng, Y.; Guo, Y.; et al. Herpes Simplex Virus 1 UL2 Inhibits the
TNF-α-Mediated NF-κB Activity by Interacting with p65/p50. Front. Immunol. 2020, 11, 549. [CrossRef] [PubMed]

53. Maubach, G.; Schmadicke, A.C.; Naumann, M. NEMO links nuclear Factor-κB to human diseases. Trends Mol. Med. 2017, 23,
1138–1155. [CrossRef] [PubMed]

54. Picard, C.; Casanova, J.L.; Puel, A. Infectious diseases in patients with IRAK-4, MyD88, NEMO, or IkappaBalpha deficiency. Clin.
Microbiol. Rev. 2011, 24, 490–497. [CrossRef]

55. Fang, R.; Wang, C.; Jiang, Q.; Lv, M.; Gao, P.; Yu, X.; Mu, P.; Zhang, R.; Bi, S.; Feng, J.M.; et al. NEMO-IKKbeta are essential for
IRF3 and NF-kappaB activation in the cGAS-STING pathway. J. Immunol. 2017, 199, 3222–3233. [CrossRef]

56. Zhao, T.; Yang, L.; Sun, Q.; Arguello, M.; Ballard, D.W.; Hiscott, J.; Lin, R. The NEMO adaptor bridges the nuclear factor-kappaB
and interferon regulatory factor signaling pathways. Nat. Immunol. 2007, 8, 592–600. [CrossRef] [PubMed]

57. Wang, L.; Li, S.; Dorf, M.E. NEMO binds ubiquitinated TANK-binding kinase 1 (TBK1) to regulate innate immune responses to
RNA viruses. PLoS ONE 2012, 7, e43756. [CrossRef]

58. Chen, S.; Tian, J.; Li, Z.; Kang, H.; Zhang, J.; Huang, J.; Yin, H.; Hu, X.; Qu, L. Feline infectious peritonitis virus nsp5 inhibits type i
interferon production by cleaving NEMO at multiple sites. Viruses 2019, 12, 43. [CrossRef]

59. Zhu, X.; Fang, L.; Wang, D.; Yang, Y.; Chen, J.; Ye, X.; Foda, M.F.; Xiao, S. Porcine deltacoronavirus nsp5 inhibits interferon-beta
production through the cleavage of NEMO. Virology 2017, 502, 33–38. [CrossRef]

60. Biswas, S.; Shisler, J.L. Molluscum contagiosum virus MC159 abrogates cIAP1-NEMO interactions and inhibits NEMO polyubiq-
uitination. J. Virol. 2017, 91, e00276-17. [CrossRef]

61. Bodda, C.; Reinert, L.S.; Fruhwurth, S.; Richardo, T.; Sun, C.; Zhang, B.C.; Kalamvoki, M.; Pohlmann, A.; Mogensen, T.H.;
Bergstrom, P.; et al. HSV1 VP1-2 deubiquitinates STING to block type I interferon expression and promote brain infection. J. Exp.
Med. 2020, 217, e20191422. [CrossRef] [PubMed]

62. Sun, Y.; Zheng, H.; Yu, S.; Ding, Y.; Wu, W.; Mao, X.; Liao, Y.; Meng, C.; Ur Rehman, Z.; Tan, L.; et al. Newcastle disease virus v
protein degrades mitochondrial antiviral signaling protein to inhibit host type i interferon pro-duction via e3 ubiquitin ligase
RNF5. J. Virol. 2019, 93, e00322-19. [CrossRef] [PubMed]

63. Yang, L.; Wang, R.; Ma, Z.; Xiao, Y.; Nan, Y.; Wang, Y.; Lin, S.; Zhang, Y.J. Porcine reproductive and respiratory syndrome virus
antagonizes JAK/STAT3 signaling via nsp5, which induces STAT3 degradation. J. Virol. 2017, 91, e02087-16. [CrossRef] [PubMed]

64. Ashida, H.; Kim, M.; Schmidt-Supprian, M.; Ma, A.; Ogawa, M.; Sasakawa, C. A bacterial E3 ubiquitin ligase IpaH9.8 targets
NEMO/IKKgamma to dampen the host NF-kappaB-mediated inflammatory response. Nat. Cell. Biol. 2010, 12, 66–73. [CrossRef]
[PubMed]

65. Chathuranga, K.; Kim, T.H.; Lee, H.; Park, J.S.; Kim, J.H.; Chathuranga, W.A.G.; Ekanayaka, P.; Choi, Y.J.; Lee, C.H.; Kim, C.J.; et al.
Negative regulation of NEMO signaling by the ubiquitin E3 ligase MARCH2. EMBO J. 2020, 39, e105139. [CrossRef] [PubMed]

http://doi.org/10.1016/j.virusres.2012.10.013
http://www.ncbi.nlm.nih.gov/pubmed/23165138
http://doi.org/10.1111/imm.12597
http://doi.org/10.1007/s12250-020-00304-4
http://doi.org/10.1128/JVI.02298-18
http://doi.org/10.4049/jimmunol.2100320
http://doi.org/10.3390/v13061160
http://doi.org/10.3390/v13020145
http://doi.org/10.1128/JVI.00196-20
http://www.ncbi.nlm.nih.gov/pubmed/32132236
http://doi.org/10.3389/fimmu.2020.00549
http://www.ncbi.nlm.nih.gov/pubmed/32477319
http://doi.org/10.1016/j.molmed.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29128367
http://doi.org/10.1128/CMR.00001-11
http://doi.org/10.4049/jimmunol.1700699
http://doi.org/10.1038/ni1465
http://www.ncbi.nlm.nih.gov/pubmed/17468758
http://doi.org/10.1371/journal.pone.0043756
http://doi.org/10.3390/v12010043
http://doi.org/10.1016/j.virol.2016.12.005
http://doi.org/10.1128/JVI.00276-17
http://doi.org/10.1084/jem.20191422
http://www.ncbi.nlm.nih.gov/pubmed/32383759
http://doi.org/10.1128/JVI.00322-19
http://www.ncbi.nlm.nih.gov/pubmed/31270229
http://doi.org/10.1128/JVI.02087-16
http://www.ncbi.nlm.nih.gov/pubmed/27881658
http://doi.org/10.1038/ncb2006
http://www.ncbi.nlm.nih.gov/pubmed/20010814
http://doi.org/10.15252/embj.2020105139
http://www.ncbi.nlm.nih.gov/pubmed/32935379

	Introduction 
	Materials and Methods 
	Cells, Virus and Plasmids 
	Antibodies and Reagents 
	Dual-Luciferase Reporter Assay 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	RNA Preparation, RT-PCR and RT-qPCR 
	Plaque Assay 
	Generation of Stable Cell Lines 
	Immunofluorescence Assay 
	Immunoprecipitation Assay 
	Statistical Analysis 

	Results 
	I226R Protein Is a Key Inhibitor of IFN- Response 
	I226R Protein Reduces the Expression of IFNs Induced by SeV and Poly(I:C) 
	I226R-Overexpressing Cells Have Impaired Expression of Several Critical ISGs 
	I226R Protein Inhibits VSV-Induced Expression of IFN- and ISGs in Swine Cells 
	I226R Protein Impairs the Activation of NF-B and IRF3 Signaling 
	I226R Protein Inhibits NF-B through Targeting the IKK Complex 
	I226R Protein Inhibits NF-B Signaling, Likely through Regulation of NEMO 

	Conclusions 
	References

