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Abstract

African swine fever virus (ASFV) is an important pathogen causing acute infectious disease in domestic pigs and
wild boars that seriously endangers the global swine industry. As ASFV is structurally complex and encodes a large
number of functional proteins, no effective vaccine has been developed to date. Thus, dissecting the mechanisms
of immune escape induced by ASFV proteins is crucial. A previous study showed that the ASFV-encoded protein is
an important factor in host immunity. In this study, we identified a negative regulator, MGF505-3R, that significantly
downregulated cGAS/STING- and poly (dG:dC)-mediated IFN-β and interferon stimulation response element (ISRE)
reporter activity and suppressed IFNB1 and IFIT2 mRNA levels. In addition, TBK1, IRF3 and IκBα phosphorylation
levels were also inhibited. Mechanistically, MGF505-3R interacted with cGAS/TBK1/IRF3 and targeted TBK1 for
degradation, thereby disrupting the cGAS-STING-mediated IFN-β signaling pathway, which appears to be highly
correlated with autophagy. Knockdown MGF505-3R expression enhanced IFN-β and IL-1β production. Taken
together, our study revealed a negative regulatory mechanism involving the MGF505-3R-cGAS-STING axis and
provided insights into an evasion strategy employed by ASFV that involves autophagy and innate signaling
pathways.
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Introduction
African swine fever (ASF) is an acute, hemorrhagic, and
highly contagious infectious disease caused by the Afri-
can swine fever virus (ASFV) that has an acute mortality
rate of up to 100%, and no effective vaccines or treat-
ments have been developed (Dixon et al. 2020; Dixon
et al. 2019b). The prevalence of ASFV not only greatly
damages the global swine economy but also seriously en-
dangers public health security (Sun et al. 2021b). ASFV

is a complex icosahedral DNA virus and is the only
member of the Asfivirus genus in the Asfarviridae family
(Wang et al. 2021). The virus consists of four layers of a
concentric axial structure and a hexagonal outer mem-
brane that is formed as the virus buds through the cell
membrane (Liu et al. 2019). ASFV replication occurs
mainly in the cytoplasm of infected macrophages,
although early replication of the virus is also observed
within the nucleus (Forth et al. 2020). ASFV genome is
quite large, approximately 170-193 kb, and encodes 150-
200 proteins (Portugal et al. 2020). Previous studies have
shown that the key virulence gene family members
MGF505-7R and 11R potently antagonize IFN-I produc-
tion (Li et al. 2021a). However, further studies are
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required to understand the immune escape mechanisms
of ASFV.
Innate immunity is the first line of defense that is

gradually formed during the ontogenetic evolution of
the germline (Briard et al. 2020). Viral dsDNA is local-
ized close to the plasma membrane following specific
recognition by cyclic GMP-AMP synthase (cGAS) (Cai
et al. 2022), which dimerizes to form a complex and
binds to both double-stranded DNA strands (Ma et al.
2018). cGAS-dsDNA binding induces a conformational
phase transition for the ATP- and GTP-catalyzed syn-
thesis of cGAMP (Zhang et al. 2020b), which binds to
stimulator of interferon genes (STING) and recruits
TANK binding kinase 1 (TBK1) or I-kappaB kinase epsi-
lon (IKKε). These kinases activate interferon regulatory
factor 3 (IRF3) or inhibitor kappa B alpha (IκBα) to pro-
duce type I interferon and proinflammatory cytokines
(Yang et al. 2022b).
Interferons (IFNs) are cytokines produced by cells in

response to exogenous antigens and are classified into
three types, including type I interferon (IFN-I), type II
interferon (IFN-II) and type III interferon (IFN-III), de-
pending on the interferon receptor. Although these IFNs
all share the common property of limiting viral replica-
tion, IFN-β is generally considered the most widespread
antiviral factor among IFN-I members (Ivashkiv and
Donlin 2014). IFN-β forms an ISGF3 trimer by binding
to the interferon receptor and then recruiting the associ-
ated kinase, which subsequently enters the nucleus to
bind the interferon-stimulated gene (ISG) promoter and
initiate the transcription of antiviral-related genes.
Among the many ISGs, ISG15 is considered to be the
most strongly expressed and fastest ubiquitin-like pro-
tein during viral infections (Yan et al. 2021). IFIT family
proteins are also widely involved in antiviral immunity.
In previous studies, IFIT1 (ISG56) and IFIT2 (ISG54)
were shown to protect against a variety of viral infec-
tions, including sendai virus (SeV) and vesicular stoma-
titis virus (VSV) (Fensterl et al. 2014; Wetzel et al. 2014).
Ubiquitination modifications also play a critical function
in the IFN signaling cascade, and TBK1 is regulated by
multiple E3 ubiquitin ligases and deubiquitination as the
hub of the cGAS-STING-mediated IFN-β signaling axis.
Ring finger protein 128 (RNF-128) inhibits viral replica-
tion by interacting with TBK1 to catalyze K63-linked
polyubiquitination of TBK1 (Song et al. 2016). RNF138
is a less studied E3 ubiquitination ligase, and Huang
et al. found that the ASFV HLJ/18 strain protein inhib-
ited the conversion of RNF138 to RNF128 (Huang et al.
2021).
Autophagy is a type of programmed cell death medi-

ated mainly by lysosomes where cells undergo fusion
with lysosomes after receiving autophagy-inducing sig-
nals that regulate autophagy-related genes (ATGs)

followed by detached membranes that wrap around the
cytoplasm to form bilayer membrane structures of au-
tophagic precursors (Choy and Roy 2013). Autophagy–
lysosomes initiate a clearance program for proteins or
damaged organelles. Furthermore, upon cGAMP bind-
ing, STING interacts with LC3 and promotes noncanon-
ical autophagy through an ATG5-dependent mechanism
following TBK1 degradation to control viral replication
(Zahid et al. 2020).
ASFV has long evolved multiple strategies to escape

innate immunity through competition with the host, the
most widely reported of which is the inhibition of IFN-I
signaling axis action (Dixon et al. 2019a). The recombin-
ant virus ASFV-G-ΔMGF with six MGF360/MGF505
genes deleted (MGF360-12/13/14L; MGF505-1/2/3R)
was shown to be fully attenuated in vivo, indicating that
the MGF360 and MGF505 families are key virulence
genes for ASFV (O’donnell et al. 2015). Recent studies
have shown that MGF505-7R degrades STING by pro-
moting the autophagy-related protein ULK1 (Li et al.
2021a) and promotes the degradation of JAK1 and JAK2
by upregulating the expression of the E3 ubiquitin ligase
RNF125 (Li et al. 2021b). In addition to the well-known
IFN-I suppressor genes, other ASFV gene-encoded pro-
teins have also been gradually discovered for their func-
tion in escaping innate immunity. For example, ASFV-
ΔpE66L recombinant virus induces higher levels of
IFNB1 and TNF-α expression than its parental counter-
part (Shen et al. 2020). In addition, pI215L binds
RNF138 and inhibits type I IFN production and K63-
linked polyubiquitination of TBK1 (Huang et al. 2021),
and DP96R weakens TBK1 phosphorylation to impair
antiviral immunity (Wang et al. 2018).
In the present study, we demonstrate that ASFV

MGF505-3R is a negative regulator of the cGAS-STING
DNA sensing pathway that controls IFN-β production.
Mechanistically, ASFV MGF505-3R interacted with
cGAS/TBK1/IRF3 and impaired TBK1 expression by au-
tophagy. Our findings reveal a protein that facilitates
ASFV escape from innate immunity and provide new
theoretical support for the development of attenuated
ASFV vaccines in the future.

Results
MGF505-3R inhibits cGAS-STING-mediated signaling
To verify whether ASFV MGF505-3R specifically inhibits
the cGAS-STING-mediated IFN-I signaling pathway,
HEK293T cells were cotransduced with reporter gene
plasmids and the indicated expression plasmids. The
results revealed that ASFV MGF505-3R inhibited cGAS-
STING-mediated IFN-β (Fig. 1A) and ISRE reporter
activity (Fig. 1B) but not MyD88-mediated NF-κB
reporter activity (Fig. 1C). Poly (dG:dC) (dsDNA) is a
cytosolic DNA sensor (CDS) agonist that specifically
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induces the cGAS-STING signaling axis to trigger the
IFN-I signaling cascade (Yoneda et al. 2016). Therefore,
we utilized poly (dG:dC) to mimic the viral DNA. Simi-
lar conclusions were obtained that poly (dG:dC) stimula-
tion with MGF505-3R inhibited IFN-β signaling
activated by the DNA analog (Fig. 1D). In addition,
MGF505-3R significantly downregulated the transcript
levels of IFNB1 (Fig. 1E) and IFIT2 (Fig. 1F) due to
cGAS/STING overexpression, as shown by qRT–PCR
(P<0.001).

MGF505-3R hinders TBK1, IRF3 and IκBα phosphorylation
IRF3 and IκBα, molecules downstream of TBK1 and
IKKε, are key transcription factors for IFN-β during
cGAS-STING-mediated signaling. TBK1 undergoes
autophosphorylation to phosphorylate cytoplasmic IRF3,
which then translocates to the nucleus to activate tran-
scription that leads to IFN-I production. To further
determine the immunosuppressive function of MGF505-
3R, phosphorylation levels of TBK1, IκBα and IRF3 were
assessed by immunoblotting. The results showed that
ASFV MGF505-3R downregulated cGAS/STING
overexpression-stimulated IκBα phosphorylation (Fig.
2A, B). In a subsequent experiment, we found that
MGF505-3R overexpression with poly (dG:dC) to mimi-
cing viral infection similarly decreased TBK1 (Fig. 2C,
D), IRF3 (Fig. 2C, E), and IκBα phosphorylation levels

(Fig. 2C, F). Collectively, ASFV MGF505-3R inhibited
IFN-β production by controlling the cGAS-STING sig-
naling pathway.

MGF505-3R inhibits the activation of IFN-β promoters
through STING, TBK1, and IRF3
To search for the immunosuppressive site targeted by
ASFV MGF505-3R, HEK293T cells were cotransformed
with the MGF505-3R plasmid and signaling molecule
plasmids followed by analysis of the restriction of IFN-β
activity by MGF505-3R using a dual-luciferase reporter
gene. The results revealed that ASFV MGF505-3R not
only inhibited IFN-β activation but also suppressed
cGAS/STING expression in a dose-dependent manner,
which further explained the results of Fig. 1A (Fig. 3A).
However, IFN-β signaling activated by STING (Fig. 3B),
TBK1 (Fig. 3C), and IRF3 (Fig. 3E) but not IKKε (Fig.
3D) alone was also effectively controlled by MGF505-3R.
Interestingly, MGF505-3R inhibited IFN-β activity medi-
ated by IRF3; however, it did not restrict IRF3 protein
expression. This finding may potentially imply that
MGF505-3R can control the IFN-β signaling cascade
further downstream.

MGF505-3R interacts with cGAS, TBK1 and IRF3
To elucidate the mechanism of the role of ASFV in the
innate immune response, the interactions between

Fig. 1 MGF505-3R inhibited the cGAS-STING-mediated IFN-β signaling pathway. A-C HEK293T cells were cotransfected with IFN-β promoter, ISRE,
or NF-κB luciferase reporter plasmids (100 ng); pRL-TK plasmid (50 ng) and the indicated plasmids (200 ng) (pCMV-N-HA was chosen as a
negative control). Twenty-four hours after transfection, HEK293T cells were used for dual-luciferase reporter assays. D Twenty hours after
transfection of HA-MGF505-3R, the cells were left untreated or treated with poly (dG:dC) (500 ng) for 12 h before use in dual-luciferase reporter
assays. MGF505-3R expression was analyzed by western blotting using an anti-HA antibody. E-F HEK293T cells were transfected with the Flag-
cGAS/Flag-STING expression plasmids (500 ng) and HA-MGF505-3R expression plasmid (1 μg). Twenty-four hours after transfection, the cells were
used for qRT–PCR analysis. “+” represents transfected, “-” represents nontransfected. All experiments were repeated independently at least thrice.
The data from independent experiments are presented as the mean ± SD; n=3. *P<0.05, **P<0.01, ***P<0.001
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MGF505-3R and signal transduction molecules were ex-
amined by coimmunoprecipitation (Co-IP). cGAS,
STING, TBK1 and IRF3 plasmids were cotransfected
with the MGF505-3R plasmid in HEK293T cells. Co-IP
experiment results revealed that cGAS (Fig. 4A), TBK1
(Fig. 4B), and IRF3 (Fig. 4C) interact with ASFV
MGF505-3R.

MGF505-3R mediates autophagic degradation of TBK1
The above studies have demonstrated that the weaken-
ing of the antiviral response is closely related to the
interaction between MGF505-3R and cGAS, TBK1, and
IRF3, and we wanted to assess whether interference with
signal molecule expression occurred.The results indi-
cated that MGF505-3R degraded the cGAS (Fig. 5A),

Fig. 3 MGF505-3R inhibited IFN-β activity through multiple sites. A-E HEK293T cells were cultured overnight in 24-well plates, and increasing
doses of HA-MGF505-3R plasmid (50 ng, 100 ng, 200 ng) were cotransfected with the IFN-β-Luc plasmid (100 ng), pRL-TK plasmid (50 ng) and
signaling molecule plasmids (Flag-cGAS, Flag-STING, Flag-TBK1, Flag-IKKε, Flag-IRF3) (200 ng) for 24 h. “+” represents transfected, “-” represents
nontransfected. For all cell lysates, the target proteins were detected by dual-luciferase reporter assays and western blotting. Quantitative analysis
of protein blots was performed using ImageJ software. All data from 3 independent experiments are expressed as the mean ± SD. *P<0.05,
**P<0.01, ***P<0.001

Fig. 2 MGF505-3R suppressed the phosphorylation levels of signaling molecules. A-B HEK293T cells were cotransfected with Flag-cGAS (500 ng),
Flag-STING (500 ng), and HA-MGF505-3R plasmids (1 μg). Twenty-four hours after transfection, the cells were collected at the indicated times. C-F
Twenty hours after transfection with HA-MGF505-3R, HEK293T cells were left untreated or treated with poly (dG:dC) (1.5 μg) for 12 h before being
collected. “+” represents transfected, “-” represents nontransfected. For all cell lysates, the target proteins were detected by western blotting.
Quantitative analysis of protein blots was performed using ImageJ software. All experiments were repeated independently at least thrice. The
data from independent experiments are shown as the mean ± SD; n=3. *P<0.05, **P<0.01, ***P<0.001
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STING (Fig. 5B) and TBK1 (Fig. 5C), especially, higher
doses of MGF505-3R provided stronger inhibition on
STING and TBK1. cGAS was transiently repressed and
subsequently activated, whereas IKKε (Fig. 5D) and IRF3
(Fig. 5E) expression was not affected. To date, we have
confirmed that MGF505-3R impairs TBK1 expression
and phosphorylation. In parallel, MGF505-3R dose-
dependently inhibited IFN-β activity mediated by TBK1.
In fact, this action could be potentially linked to the
interaction between MGF505-3R and TBK1. Given that
a preponderance of the data pointed to TBK1, we hy-
pothesized that it is a key target of MGF505-3R and
therefore further investigated the mechanism of TBK1
degradation. 3-Methyladenine (3-MA) is an inhibitor of
PI3K that specifically blocks the formation of autophago-
somes and is widely used as an inhibitor of cellular au-
tophagy. Interestingly, MGF505-3R-mediated TBK1
degradation was reversed upon the addition of 3-MA
(Fig. 5F, G). Accordingly, MGF505-3R might be involved
in autophagy pathways to degrade TBK1.

MGF505-3R knockdown promotes antiviral levels in PAMs
infected with AFSV
To further validate the antagonistic effect of MGF505-
3R on antiviral immunity, we synthesized a specific
siRNA against MGF505-3R to achieve knockdown of
protein expression. Consistent with our previous study
on HEK293T cells (Fig. 1E, F), knockdown of MGF505-
3R expression enhanced the gene transcription levels of
ISGs in PAMs after ASFV infection (Fig. 6A-D). In
addition, significant upregulation of IL-1β levels in cell
culture supernatants at 24 h (P<0.01) but not 12 h was
involved in counteracting viral infection (Fig. 6E). Fur-
ther analysis revealed that siMGF505-3R upregulated

IRF3 phosphorylation levels compared with the nontar-
geted control siRNA. p54 is an important structural pro-
tein of ASFV that is involved in viral particle assembly
and viral adhesion to host cells. We also found that the
knockdown of MGF505-3R resulted in the diminished
expression of p54 protein (Fig. 6F-H).

Discussion
The innate immune system is essential for the detection
of viruses and constitutes the first line of defense. Viral
components are sensed by host pattern recognition re-
ceptors (PRRs) (Webb and Fernandez-Sesma 2022).
cGAS, a key receptor for dsDNA, initiates immune re-
sponses against most DNA viruses through the STING-
TBK1 signaling pathway (Zhang et al. 2020a). However,
viruses will achieve competitive evolution with their
hosts through newer immune escape strategies (Cuesta-
Geijo et al. 2022). Previous studies have shown that the
virulent ASFV Armenian/07 strain suppresses the IFN-β
signaling pathway by impairing STING (García-Bel-
monte et al. 2019). A large amount of work was subse-
quently directed at the encoded proteins of the virus.
STAT1 and STAT2 are important downstream signals
of IFN-I that can be targeted for degradation by
MGF360-9L (Zhang et al. 2022). MGF505-11R has also
been found to be effective in limiting IFN-β production
(Yang et al. 2021b). In this study, we used reporter gene
screening for proteins encoded by the MGF505 family
(results not shown) and found that MGF505-3R, a nega-
tive regulator of virulence, was able to inhibit cGAS-
STING-mediated IFN-β and ISRE reporter gene activity
but not MyD88-mediated NF-κB signaling, indicating
that it is required for targeting cGAS-STING.

Fig. 4 MGF505-3R interacts with cGAS, TBK1 and IRF3 in the cGAS-STING pathway. A-C HEK293T cells were cotransfected with HA-MGF505-3R
expression plasmid (1 μg) and Flag-tagged molecular expression plasmids (cGAS, STING, TBK1, IRF3) (1 μg) for 24 h. “+” represents transfected, “-”
represents nontransfected. For Co-IP experiments, western blotting analysis was performed with the indicated antibodies to evaluate whole cell
lysates (WCLs) and immunoprecipitated complexes.
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Activation of TBK1, IRF3 and IκBα is critical for initi-
ating antiviral immune responses. TBK1 is an important
molecule that bridges IFN-I signaling and upon activa-
tion phosphorylates and nucleates the downstream tran-
scription factor IRF3. IκBα is an important signal for
NF-κB production, and activation of IKKε triggers IκBα
phosphorylation, which is also essential to enhance IFN-
β and inflammatory factor production. However, these
molecules are controlled by the host to maintain im-
mune homeostasis. Neural precursor cell expressed de-
velopmentally downregulated protein 4 (NEDD4), for
example, has been shown to be a switch that mediates
TBK1 to maintain innate immune homeostasis (Gao
et al. 2021). Critically, TBK1 is subject to extensive regu-
lation. Specifically, K63-linked ubiquitination of TBK1
mostly occurs in the early stages of viral infection,
whereas K48-linked ubiquitination occurs in the late
stages. In addition to ubiquitination, it has been shown
that the methyltransferase PRMT1 similarly increases
TBK1 methylation modifications, increasing autophos-
phorylation (Wu et al. 2021). IRF3 was also found to be
regulated by a number of proteins, including EF-hand
protein calmodulin-like 6 (CALML6) and the mitochon-
drial protein ERAL1 (Li et al. 2021d; Wang et al. 2019).
These normal immune signals will often become targets

of viral attack, disrupting immune homeostasis and
thereby interfering with IFN-β production. These path-
ways will also form the basis for studying the antagon-
ism of innate immunity by ASFV. Reports have
suggested that TNF-α-activated p-IκBα is significantly
inhibited by the ASFV CN/GS/2018 strain F317L (Yang
et al. 2021a), and IRF3 phosphorylation was markedly
decreased in PK-15 or HEK293T cells in the presence of
E120R after poly (dA:dT) stimulation (Liu et al. 2021).
Our data showed that MGF505-3R suppressed TBK1,
IRF3, and IκBα phosphorylation levels and interacts with
TBK1 for subsequent degradation, thereby inhibiting
IFN-β signaling.
Protein degradation is one of the main strategies to

regulate protein function in biological processes, and
cellular autophagy is a crucial program. However, viruses
can aid their replication by manipulating autophagy. For
example, the 2AB protein of Senecavirus A antagonizes
selective autophagy by degrading LC3 (Sun et al. 2021a),
and the FMDV capsid protein VP2 induces autophagic
escape immunity by interacting with HSPB1 (Sun et al.
2018). The mechanisms by which RNA viruses regulate
host autophagy are well understood, but reports on
ASFV are limited. In 2013, Hernaez et al. found that the
ASFV A179L protein may inhibit host autophagy by

Fig. 5 Inhibition of MGF505-3R-mediated TBK1 degradation. A-E Signaling molecule plasmids (Flag-cGAS, Flag-STING, Flag-TBK1, Flag-IKKε, Flag-
IRF3) (200 ng) were cotransfected into HEK293T cells with increasing doses of HA-MGF505-3R (50 ng, 100 ng, 200 ng), and the cells were
collected after 24 h. F-H HA-MGF505-3R plasmid (200 ng) and TBK1 plasmid (200 ng) were cotransfected into HEK293T cells for 24 h. 3-MA (10
mM) was added 6 h before sample collection. All samples were analyzed by Western blotting with the indicated antibodies and quantitative
analysis of protein blots using ImageJ software. All data from 3 independent experiments are expressed as the mean ± SD. *P<0.05,
**P<0.01, ***P<0.001
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binding to Beclin-1 (Hernaez et al. 2013), representing
an early report on this mechanism (Banjara et al. 2019).
However, Shimmon et al. confirmed that A179L does
not block the formation of autophagosomes (Shimmon
et al. 2021). Subsequently, Li et al. found for the first
time that ASFV MGF505-7R is involved in the cGAS-
STING-mediated autophagic pathway (Li et al. 2021b).
Recent studies also confirmed that several ASFV pro-
teins, including pI215L and A137R, function to regulate
autophagy-mediated lysosomal degradation of TBK1
(Sun et al. 2022). This finding indicates that escape of
the natural immune response by ASFV-encoded proteins
through control of the autophagic program is likely to
be a fundamental strategy. Our results showed that
TBK1 degradation by MGF505-3R was reversed after the
addition of 3-MA, demonstrating that MGF505-3R may
degrade TBK1 through autophagy. The autophagic
process by which MGF505-3R degrades TBK1 will be
further explored.
The ASFV multigene family MGF360 and MGF505

genes promote the survival of infected cells, allow the
virus to replicate efficiently in macrophages and are
closely related to the virulence of the virus. Knockdown
of ASFV MGF505-11R/MGF360-11L expression using
siRNA in PAMs resulted in reduced viral proliferation
(Yang et al. 2022a). Similarly, MGF505-7R-deficient
ASFV(Δ7R) had a diminished replicative capacity and in-
creased antiviral levels in vivo following infection of pigs
(Li et al. 2021c). In a recent study in which we

attempted to knockdown MGF505-3R expression to fur-
ther investigate the role of ASFV in porcine alveolar
macrophages, knockdown of ASFV MGF505-3R using
siRNA was shown to inhibit the expression of the early
viral protein p54 (Fig. 6F, H) with significant upregula-
tion of host antiviral capacity, including IFNB1/ISG15/
ISG56 gene transcript levels, IRF3 phosphorylation and
IL-1β production (Fig. 6A-F).

Conclusions
In summary, our results demonstrate for the first time
that ASFV MGF505-3R is involved in the innate im-
mune response mediated by cGAS-STING. MGF505-3R
potently inhibits IFN-β by blocking p-TBK1, p-IRF3, and
p-IκBα. Importantly, MGF505-3R interacts with TBK1
and most likely degrades it via the autophagy pathway.
Furthermore, knockdown of MGF505-3R increases the
expression of ISGs and secretion of IL-1β. This study
identifies ASFV MGF505-3R as an inhibitor of the
cGAS-STING pathway that plays an important role in
blocking the production of IFN-β and proinflammatory
cytokines, suggesting the possibility of developing an at-
tenuated ASFV vaccine with MGF505-3R deficiency
(Fig. 7).

Materials and methods
Cells and viruses
Human embryonic kidney 293T cells (HEK293T) were
purchased from ATCC and grown in Dulbecco’s

Fig. 6 MGF505-3R knockdown enhanced IFN-β and IL-1β production. PAMs were transfected with siMGF505-3R-259 or nontargeting control
siRNA for 24 h followed by infection with ASFV (MOI=1) for 12 h or 24 h. Cells were collected at the indicated times. A-D Endogenous MGF505-
3R, ISG15, ISG56, and IFNB1 mRNA levels were assessed by qRT–PCR assay. E ELISA was used to assess secretion of the cytokine IL-1β in the cell
supernatant. F-H Western blotting was used to assess cellular or viral protein expression levels and quantitative analysis of protein blots using
ImageJ software. “+” represents transfected, “-” represents nontransfected. All experiments were repeated independently at least thrice. All data
from 3 independent experiments are expressed as the mean ± SD. *{P<0.05}, **{P<0.01}, ***{P<0.001}
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modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) (Gibco), 100 U/ml penicil-
lin, and 100 μg/ml streptomycin. The isolation and cul-
ture of porcine alveolar macrophages (PAMs) was based
on the procedure of Yang et al. (Yang et al. 2021b). The
lungs of 4-week-old specific pathogen-free (SPF) piglets
were flushed thrice using PBS with 2% penicillin–
streptomycin, and the lavage fluid was centrifuged and
resuspended for counting in RPMI-1640 (10% FBS, 1%
penicillin–streptomycin, 2 mM L-glutamine). All cells
were cultured and maintained at 37 °C with 5% CO2.

Virus experiments
The ASFV SY18 strain (GenBank: MH766894) was iso-
lated from infected pigs and quantified by a 50% hemad-
sorptive dose (HAD50) assay. Briefly, porcine alveolar
macrophages were seeded into 96-well plates. Then,
blood or virus was diluted, and cells were infected. The
rosette-like structure was observed continuously for 7 d,
and viral hemadsorption units were calculated. ASFV
cultivation and cell experiments were conducted in an
animal biosafety level 3 lab (ABSL-3).

Construction and transfection of plasmids
Gene synthesis was performed according to the se-
quence of MGF505-3R in ASFVSY18 (GenBank:
MH766894) using standard biology techniques, and
the fragment was inserted into a pCMV-N-HA
eukaryotic expression vector with EcoRI and NotI

digestion sites to generate HA-tagged expression plas-
mids. Plasmids for Flag-tagged cGAS, STING, TBK1,
IKKε, and IRF3; luciferase reporter plasmids IFN-β-
Luc, ISRE-Luc and NF-κB-Luc; and pRL-TK were de-
scribed in previous studies (Wang et al. 2018). All
constructed plasmids were confirmed by DNA se-
quencing. The recombinant plasmid DNA was ex-
tracted using the Plasmid Preparation Purification Kit
(Omega), and the purified plasmids were transfected
into HEK293T cells after incubation for 15 min in a
1:2 ratio of DNA to Lipofectamine™3000 transfection
reagent Kit (Thermo Fisher).

Antibodies and reagents
Anti-GAPDH antibodies, anti-β-actin antibodies, anti-
Flag agarose affinity gels, and mouse anti-Flag horserad-
ish peroxidase (HRP) were purchased from Sigma. Anti-
HA-HRP antibodies were purchased from Roche. The
phospho-TBK1 (Ser172) antibody, phospho-IRF3
(Ser396) antibody, phospho-IκBα (Ser32) antibody,
rabbit anti-IRF3 antibody, rabbit anti-TBK1 antibody,
and rabbit anti-IκBα antibody were obtained from Cell
Signaling Technology. Poly (dG:dC) (tlrl-pgcn) was pur-
chased from InvivoGen; 3-methyladenine, DMSO, and
NH4Cl were purchased from Sigma. A double-luciferase
reporter assay kit was purchased from Promega. Lipofec-
tamine™ 3000 was purchased from Thermo Fisher, and
jetPRIME® was purchased from Polyplus.

Fig. 7 Schematic representation of ASFV MGF505-3R targeting TBK1 to inhibit IFN-β activity. MGF505-3R negatively regulates the IFN-β signaling
axis by interacting with TBK1 and inhibiting the phosphorylation of TBK1 and IRF3, which may be achieved through the induction of autophagy.
In addition, MGF505-3R inhibits the phosphorylation of IκBα, leading to reduced expression of early production of proinflammatory cytokines.
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qRT–PCR Assay
Total RNA from HEK293T cells or PAMs transfected
with the indicated molecules stimulated with or without
poly (dG:dC) or ASFV was extracted using TRIzol
(Takara), and 1 μg of total RNA was reverse transcribed
by Moloney mouse leukemia virus (M-MLV) reverse
transcriptase (Promega) according to the manufacturer's
instructions. cDNA was subject to short-term storage at
-20 °C. SYBR Green fluorescent dye (Takara) was added
to the cDNA, and the mixture was assessed in a PCR
system (Applied Biosystems 7500). All specific primers
are shown in Table 1. The 2-ΔΔCT method was used to
analyze the relative mRNA expression levels of each
gene, and GAPDH served as the internal reference gene
for the samples. The qRT–PCRs were repeated with
three biological and three technical replications.

Dual-luciferase reporter assays
HEK293T cells were cultured overnight in 24-well plates
and subsequently cotransfected with luciferase reporter
plasmids, including IFN-β-Luc, ISRE-Luc, NF-κB-Luc
(100 ng), and pRL-TK plasmid (50 ng), and the indicated
dose of MGF505-3R (50 ng, 100 ng, 200 ng) for 24 h.
Cells were either left untreated or treated with poly (dG:
dC) for 12 h. Poly (dG:dC) was transfected with Lipofec-
tamine™3000 at 500 ng or 1.5 μg per well. Then, samples
were collected at the indicated times. Cells were lysed
on ice for 10 min using lysis solution according to the
manufacturer's instructions, and the cell lysates were
used for assaying firefly and Renilla activity. Firefly and
Renilla luciferase activity was measured using a dual-
luciferase reporter assay system (Promega), and the data
were normalized to the transfection efficiency by divid-
ing the firefly luciferase activity by the Renilla luciferase

activity. All reporter gene assays were repeated at least
thrice.

Western blotting
HEK293T cells were cultured overnight in 6- or 24-well
plates followed by cotransfection of the indicated plas-
mids into the cells for 24 h. Samples were collected at
the indicated times. Cells were lysed with RIPA buffer,
and total cellular proteins were added proportionally to
5× SDS buffer and boiled for 10 min. Proteins were sep-
arated by electrophoresis on 10% SDS-polyacrylamide
gels and then transferred to NC membranes (Merck
Millipore). The membranes were blocked with 5% skim
milk for 1 h at room temperature and incubated with
the indicated antibodies overnight at 4 °C. After washing
with TBST (1% Tween 20), the membranes were incu-
bated with secondary antibodies for 1 h at room
temperature. After washing with TBST, the protein
bands were observed and imaged with an Amey Imager
600RGB. Quantification of the protein signal was per-
formed using ImageJ software.

Coimmunoprecipitation (Co-IP)
The indicated molecules plasmids were cotransfected
with HEK-293T cells for 24 h. Cells were collected, and
total proteins were released in NP-40 lysate containing
20 mM Tris-HCl, 150 mM NaCl, 1% NP-40, and 1 mM
EDTA with protease inhibitor cocktail. Each sample was
added to 1 ml of NP-40 lysate along with 30 μl of anti-
Flag agarose affinity gel and incubated overnight at 4 °C.
After three washes of agarose beads with 1 ml of NP-40
buffer, the immunoprecipitated complexes were sub-
jected to Western blotting analysis.

siMGF505-3R-mediated knockdown
Referring to the published ASFV MGF505-3R mRNA se-
quence in GenBank, we selected 255-, 259- and 281-bp
sequences with the help of online small interfering RNA
(siRNA) primer design software (http://jura.wi.mit.edu/
bioc/siRNA/home.php) and designed and submitted
three pairs of siRNAs for synthesis. Specific primer se-
quences (MGF505-3R-255, MGF505-3R-259, MGF505-
3R-281) and one pair of negative control siRNA primer
sequences (MGF505-3R-NC) were designed. The siRNA
corresponding to the MGF505-3R target sequence or a
nontargeting control was purchased from Sigma-
Aldrich. The siRNAs are listed in Table 2. PAMs were
cultured overnight in 6-well plates, and MGF505-3R-
259-siRNA or NC-siRNA (1.5 μg) was transfected with
jetPRIME® for 24 h. The cells were uninfected or in-
fected with ASFV for 12 h or 24 h at a multiplicity of in-
fection (MOI) of 1. Samples were collected at the
indicated times. IFN-β production in the cells was
assessed by q-PCR and western blotting. IL-1β secretion

Table 1 The primer sequences for qRT-PCR

Primers Sequence (5′→3′)

Hu IFN-β1-Forward CAGCAATTTTCAGTGTCAGCAAGCT

Hu IFN-β1-Reverse TCATCCTGTCCTTGAGGCAGTAT

Hu IFIT2-Forward AAGCACCTCAAAGGGCAAAAC

Hu IFIT2-Reverse TCGGCCCATGTGATAGTAGAC

Hu GAPDH-Forward AAAATCAAGTGGGGCGATGCT

Hu GAPDH-Reverse GGGCAGAGATGATGACCCTTT

Sus IFN-β-Forward GCTAACAAGTGCATCCTCCAAA

Sus IFN-β-Reverse AGCACATCATAGCTCATGGAAAGA

Sus ISG15-Forward GATCGGTGTGCCTGCCTTC

Sus ISG15-Reverse CGTTGCTGCGACCCTTGT

Sus ISG56-Forward AAATGAATGAAGCCCTGGAGTATT

Sus ISG56-Reverse AGGGATCAAGTCCCACAGATTTT

MGF505-3R-Forward ACTGTTAGGACTGCACTGGC

MGF505-3R-Reverse TGCCAGTTCGAACAGCATCT
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into cell supernatants was assessed by ELISA (MEIM
IAN).

Statistical analysis
Data are expressed as the mean ± SD. Student's t test or
one-way ANOVA was used for all statistical analyses,
with at least three independent trials. All statistical ana-
lyses were performed using GraphPad Prism 8 software.
*P<0.05, **P<0.01, and ***P<0.001 were defined as statis-
tically significant.
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