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ABSTRACT African swine fever (ASF) is a highly contagious infectious disease of domes-
tic pigs and wild boars caused by African swine fever virus (ASFV), with a mortality rate
of up to 100%. In order to replicate efficiently in macrophages and monocytes, ASFV has
evolved multiple strategies to evade host antiviral responses. However, the underlying
molecular mechanisms by which ASFV-encoded proteins execute immune evasion are
not fully understood. In this study, we found that ASFV pH240R strongly inhibits transcrip-
tion, maturation, and secretion of interleukin-1b (IL-1b). Importantly, pH240R not only tar-
geted NF-kB signaling but also impaired NLRP3 inflammasome activation. In this mecha-
nism, pH240R interacted with NF-kappa-B essential modulator (NEMO), a component of
inhibitor of kappa B kinase (IKK) complex and subsequently reduced phosphorylation
of IkBa and p65. In addition, pH240R bonded to NLRP3 to inhibit NLRP3 inflamma-
some activation, resulting in reduced IL-1b production. As expected, infection with
H240R-deficient ASFV (ASFV-DH240R) induced more inflammatory cytokine expression
both in vitro and in vivo than its parental ASFV HLJ/18 strain. Consistently, H240R
deficiency reduced the viral pathogenicity in pigs compared with its parental
strain. These findings reveal that the H240R gene is an essential virulence factor,
and deletion of the H240R gene affects the pathogenicity of ASFV HLJ/18 by
enhancing antiviral inflammatory responses, which provides insights for ASFV
immune evasion mechanisms and development of attenuated live vaccines and
drugs for prevention and control of ASF.

IMPORTANCE African swine fever (ASF), caused by African swine fever virus (ASFV), is a
highly contagious and acute hemorrhagic viral disease of domestic pigs, with a high mor-
tality approaching 100%. ASFV has spread rapidly worldwide and caused huge economic
losses and ecological consequences. However, the pathogenesis and immune evasion
mechanisms of ASFV are not fully understood, which limits the development of safe and
effective ASF attenuated live vaccines. Therefore, investigations are urgently needed to
identify virulence factors that are responsible for escaping the host antiviral innate
immune responses and provide a new target for development of ASFV live-attenuated
vaccine. In this study, we determined that the H240R gene is an essential virulence
factor, and its depletion affects the pathogenicity of ASFV by enhancing NLRP3-medi-
ated inflammatory responses, which provides theoretical support for the development
of an ASFV attenuated live vaccine.
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African swine fever (ASF), caused by African swine fever virus (ASFV), is an acute
and lethal hemorrhagic infectious disease of domestic and wild boars, which can

cause hemorrhagic necrosis of multiple tissues in infected pigs, with a mortality rate
approaching 100% (1). ASF, first described in Kenya in 1921 and then spread to
Europe, South American, and Southeast Asia, has caused huge economic losses to the
global swine industry (2). The first ASF case was reported in 2018 in China. To date,
more than 190 outbreaks have been announced, and several ASFV isolates have been
isolated to assess their pathogenicity (3, 4). Unfortunately, since there are currently no
commercial vaccines or clinical anti-ASFV drugs for the disease, ASF continues to
spread in China, with devastating social-economic consequences for the pig industry
and domestic food security (5).

ASFV is a member of the Asfarviridae family, belonging to the nucleoplasmic large
DNA virus (NCLDV) group, and it is the only known DNA arbovirus (6). ASFV is a large,
enveloped, double-stranded DNA (dsDNA) virus containing a linear DNA genome of
170 to 190 kb with more than 150 open reading frames (ORFs) (7). More than 150 viral
proteins are expressed in ASFV-infected macrophages or other cell lines (8), which not
only execute functions involved in virus entry, replication, virion assembly, and egress
(9), but also regulate host antiviral innate immune responses (10).

The inflammatory responses caused by viral infection play an important role in host
antiviral defense, which is beneficial for the host to kill the infected cells and clear
invading viruses. The activation of inflammatory responses requires two separate sig-
nals: signal 1 is involved in detecting viral nucleic acid or protein through their Toll like
receptors (TLRs) to activate inhibitor of kappa B kinase (IKK)-mediated nuclear factor
kappa B (NF-kB) signaling, resulting in increased transcription of NOD-like receptor
thermal protein domain associated protein 3 (NLRP3), and pro-interleukin-1b (IL-1b),
and signal 2 is associated with activation of several inflammasomes (such as NLRP3,
NLR family CARD domain-containing protein 4 (NLRC4) and absent in melanoma 2
(AIM2)) to activate pro-caspase-1 (11). Active caspase-1 cleaves pro-IL-1b , pro-IL-18,
and gasdermin D (GSDMD), resulting in maturation of IL-1b , IL-18, and pyroptosis,
which leads to IL-1b and IL-18 secretion (12).

Previous studies have reported that pigs infected with a virulent ASFV strain pro-
mote the release of various inflammatory cytokines, such as IL-1a, IL-1b , IL-6, and tu-
mor necrosis factor-a (TNF-a), which induces an excessive “cytokine storm” (13). Song
et al. found that ASFV-encoded I226L, A151R, NP419L, and QP383R proteins can sup-
press NLRP3-mediated inflammatory responses (14). Our previous studies also showed
that pMGF505-7R interacts with the IKK complex to inhibit pro-IL-1b transcription and
binds to NLRP3 to inhibit the assembly of the NLRP3 inflammasome, thereby inhibiting
ASFV-mediated inflammatory responses (15). Borca et al. noticed through a yeast two-
hybrid assay that the ASFV pL83L interacts with IL-1b , suggesting that pL83L may play
an important role in regulating IL-1b function (16).

As a capsid protein, ASFV pH240R can be packaged into ASFV virion, where it inter-
acts with the major capsid protein p72 (17, 18). The infectious progeny virus titers of a
recombinant ASFV with deletion of the H240R gene (ASFV-DH240R) were reduced by
approximately 2.0 log units compared with its parental ASFV HLJ/18. Notably, pH240R
does affect ASFV assembly, which leads to generation of noninfectious particles in pri-
mary porcine alveolar macrophages (PAMs). However, ASFV-DH240R infection still
induces higher-level expression of inflammatory cytokines in PAMs than its parental
ASFV HLJ/18 (18). The underlying mechanisms by which ASFV pH240R regulates inflammatory
responses are still unknown.

In this study, we report that pH240R strongly inhibits the transcription of IL-1b by
targeting the IKK complex by interacting with IKK-gamma (NEMO). ASFV pH240R also
inhibits the maturation and secretion of IL-1b by inhibiting NLRP3 inflammasome for-
mation by interacting with NLRP3. Furthermore, H240R gene deficiency attenuated
ASFV pathogenicity in pigs. These findings suggest that H240R is one of the key
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virulence-related genes of ASFV and that deletion of the H240R gene may serve as a
strategy to develop attenuated live vaccines against ASFV.

RESULTS
ASFV pH240R inhibits NF-jB activation although it interacts with IKK complex.

Previous studies reported that ASFV-DH240R infection induced higher levels of inflammatory
cytokines in PAMs than its parental virus (18), which suggests that ASFV pH240R may inhibit
the secretion of inflammatory cytokines. The production of inflammatory cytokines requires
activation of two separate signals: NF-kB signaling and assembly of multimolecular inflam-
masomes (11). To test the effect of pH240R on inflammatory cytokine production, we first
examined the effect of pH240R on NF-kB activity. Previous studies demonstrated that TLR4,
myeloid differentiation primary response 88 (MyD88), and the components of IkB kinase
(IKK) complex (IKKa, IKKb , and NEMO) play important roles in promoting NF-kB signaling
activation (19). Therefore, we first tested the effect of pH240R on the NF-kB signaling trig-
gered by these molecules. The results showed that ectopically expressed pH240R strongly
inhibited TLR4-, MyD88-, IKKa-, IKKb-, and NEMO-induced NF-kB promoter activation in a
dose-dependent manner (Fig. 1A to E), indicating that pH240R negatively regulates NF-kB
reporter activation. Consistent with this result, we found that overexpression of pH240R sig-
nificantly inhibited the degradation of IkB and the phosphorylation of IkB and p65 (Fig. 1F).

To test whether pH240R targets the IKK complex, we further explored the interaction

FIG 1 ASFV pH240R negatively regulates NF-kB signaling activation. (A to E) Luciferase activity of NF-kB promoter reporter in HEK293T cells overexpressed
with TLR4 (A), MyD88 (B), IKKa (C), IKKb (D), or NEMO (E). HEK293T cells were transfected with an NF-kB reporter, a thymidine kinase (TK) reporter, and
increasing amounts of a plasmid (0, 100, 200, 400 ng) encoding pH240R, along with a plasmid encoding Flag-TLR4 (A), MyD88 (B), IKKa (C), IKKb (D), or
NEMO (E). At 24 h posttransfection (hpt), the luciferase activities were measured with a dual-luciferase reporter assay system. The data were normalized to
the transfection efficiency by dividing the firefly luciferase activity by the Renilla luciferase activity. The expressions of Flag-tagged TLR4, MyD88, IKKa,
IKKb , and NEMO, HA-tagged pH240R, and GAPDH were detected by Western blotting. (F) Immunoblot analysis of the phosphorylation of IkB and p65 in
HEK293 T cells upon pH240R overexpression. HEK293T cells were mock-transfected or transfected with an empty vector or a plasmid expressing pH240R
and then mock-treated or treated with LPS for 6 h. The expressions of IkB, p65, pH240R, GAPDH, and phosphorylated IkB and p65 were detected by
Western blotting. All assays were independently repeated at least three times. The data are shown as the mean 6 SD; n = 3. ***, P , 0.001.
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between pH240R and the components of the IKK complex. Coimmunoprecipitation (co-IP)
assays were performed between overexpressed pH240R and IKKa, IKKb , or NEMO in
HEK293T cells. As shown in Fig. 2A, pH240R strongly coprecipitated with NEMO, but not with
IKKa and IKKb . Consistent with this result, pH240R also coprecipitated with endogenous
NEMO in PAMs and colocalized with endogenous NEMO upon ASFV infection (Fig. 2B and
C). These results indicate that pH240R interacts with the IKK complex component NEMO.
NEMO is composed of four functional domains: two coil-coiled domains (CC1 and CC2), a
leucine zipper region (LZ), and a zinc finger domain (ZF). To map the domain of NEMOwhich
is required for its interaction with pH240R, four deletion mutants of NEMO (1 to 196 amino
acids [aa], 1 to 302 aa, 197 to 419 aa, and 86 to 419 aa) were generated (20), and their inter-
actions with pH240R were evaluated (Fig. 2D). The results showed that pH240R interacts
with the CC1 domain (86 to 196 aa) of NEMO (Fig. 2E), which is required for IKKb binding.

It is well known that NEMO interacts with IKKa and IKKb to form the IKKa/IKKb/
NEMO complex and activate NF-kB signaling during lipopolysaccharide (LPS) stimula-
tion (21). To explore whether pH240R inhibits the formation of the IKK complex, co-IP
assays were performed to evaluate the effect of pH240R on IKKa-NEMO, IKKa-IKKb ,
IKKb-NEMO, and IKKa-IKKb-NEMO interactions. The results showed that overexpressed

FIG 2 ASFV pH240R interacts with NEMO. (A) Co-IP analysis of the interaction between overexpressed HA-pH240R and Flag-IKKa, -IKKb , or -NEMO in
HEK293T cells. HEK293T cells were transfected with a plasmid encoding HA-pH240R, along with a plasmid encoding Flag-IKKa, -IKKb , or -NEMO. At 24 hpt,
the cells were collected to perform co-IP with anti-Flag beads. The immunoprecipitants and the whole-cell lysates were detected by Western blotting with
the indicated antibodies. (B) Co-IP analysis of the interaction of pH240R and endogenous NEMO in PAMs upon ASFV infection. PAMs were infected with
ASFV (multiplicity of infection [MOI], 1) for 24 h, and then the cells were collected to perform co-IP with IgG or anti-NEMO antibody. The immunoprecipitants
and the whole-cell lysates were detected by Western blotting with the indicated antibodies. (C) The subcellular colocalization of pH240R and endogenous
NEMO upon ASFV infection in PAMs. PAMs were mock-infected or infected with ASFV (MOI, 1); the location of pH240R and NEMO was detected by
confocal microscopy at 24 hpi. Scale bars = 5 mm. (D) Schematic of full-length NEMO and its truncated mutants. (E) Co-IP analysis of the interaction
between Flag-pH240R and HA-tagged full-length NEMO or its deleted mutants in HEK293T cells. HEK293T cells were transfected with a plasmid expressing
Flag-pH240R alone or together with HA-NEMO or its deleted mutants. At 24 hpt, the cells were collected to perform the co-IP analysis with the indicated
antibodies.
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pH240R had no obvious effect on IKKa-NEMO and IKKa-IKKb interactions (Fig. 3A, B,
and D). However, pH240R obviously disrupted the IKKb-NEMO interaction in a dose-
dependent manner (Fig. 3C to F).

Taken together, these results suggest that ASFV pH240R targets the IKK complex
component NEMO to suppress the inflammatory response.

ASFV pH240R targets NLRP3 to inhibit IL-1b maturation. Our previous studies
demonstrated that ASFV infection induces IL-1b production through activation of
NLRP3 inflammasome, and ASFV pMGF505-7R negatively regulates IL-1b production
by inhibiting NLRP3 inflammasome activity (15). Based on our previous research
using iGluc reporter, we further investigated whether pH240R affects NLRP3 inflam-
masome activation. HEK293T cells were cotransfected with plasmids expressing the
components of the NLRP3 inflammasome, including NLRP3, apoptosis-associated
speck-like protein containing a CARD (ASC), and caspase-1, a plasmid expressing

FIG 3 ASFV pH240R disrupts the interaction between IKKb and NEMO. (A) The effect of pH240R on the interaction of HA-IKKa and Flag-NEMO. HEK293T
cells were transfected with a plasmid encoding Flag-NEMO alone or together with a plasmid expressing HA-IKKa or a plasmid encoding HA-pH240R as
indicated. At 24 hpt, co-IP was performed to test the interaction between IKKa and NEMO with anti-Flag beads. The immunoprecipitants and the whole-
cell lysates were detected by Western blotting with the indicated antibodies. (B) The effect of pH240R on the interaction of HA-IKKa and Flag-IKKb .
HEK293T cells were transfected with a plasmid encoding Flag-IKKb alone or together with a plasmid expressing HA-IKKa or a plasmid encoding HA-
pH240R as indicated. At 24 hpt, co-IP was performed to test the interaction between IKKb and IKKa with anti-Flag beads. The immunoprecipitants and the
whole-cell lysates were detected by Western blotting with the indicated antibodies. (C) The effect of pH240R on the interaction of HA-IKKb and Flag-
NEMO. HEK293T cells were transfected with a plasmid encoding Flag-NEMO alone or together with a plasmid expressing HA-IKKb or increasing amounts of
a plasmid encoding HA-pH240R as indicated. At 24 hpt, co-IP was performed to test the interaction between IKKb and NEMO with anti-Flag beads. The
immunoprecipitants and the whole-cell lysates were detected by Western blotting with the indicated antibodies. (D) The relative band intensity analysis of
the HA-IKKa/Flag-NEMO, HA-IKKa/Flag-IKKb , and HA-IKKb/Flag-NEMO immunoblotting result from panels A to C created using ImageJ. (E) The effect of
pH240R on the interaction of endogenous NEMO, IKKa, and IKKb . CRL-2843 cells were transfected with an empty vector or increasing amounts of a
plasmid expressing Flag-pH240R for 24 h and then mock-treated or treated with LPS for another 12 h. The cells were then collected to perform co-IP with
IgG or anti-NEMO antibody. The immunoprecipitants and the whole-cell lysates were detected by Western blotting with the indicated antibodies. (F) The
relative band intensity analysis of the IKKb/NEMO and IKKa/NEMO immunoblotting result from panel E produced using ImageJ. All assays were
independently repeated at least three times. The data presented are the mean 6 SD. ns, not significant; **, P , 0.01, ***, P , 0.001.
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pH240R, along with an pro-interleukin (IL)-1b-gaussia luciferase (iGluc) reporter, and
then the luciferase activities were measured. The results showed that pH240R signifi-
cantly inhibited iGluc reporter activity triggered by the inflammasome activation
(Fig. 4A), indicating that pH240R suppresses NLRP3 inflammasome activity. To test
whether pH240R interacts with the components of the NLRP3 inflammasome, a co-IP
assay was performed between pH240R and NLRP3, ASC, or caspase-1 in HEK293T cells. As
shown in Fig. 4B and C, overexpressed pH240R coprecipitated with NLRP3, but not with
ASC or caspase-1. Consistent with this result, pH240R also coprecipitated with endoge-
nous NLRP3 in PAMs infected with ASFV (Fig. 4D). Furthermore, we found that both

FIG 4 ASFV pH240R inhibits inflammasome activation by interacting with NLRP3. (A) iGLuc activity in HEK293T cells using the iGLuc-based NLRP3 inflammasome
system. HEK293T cells were transfected with different doses of a plasmid expressing pH240R in the presence of the components of the iGLuc-based NLRP3
inflammasome system as indicated. At 24 hpt, the supernatants were collected to detect the luciferase activity. (B) Co-IP analysis of interaction between
overexpressed pH240R and NLRP3, ASC, or caspase-1 in HEK293T cells. HEK293T cells were transfected with a plasmid encoding pH240R, along with a plasmid
encoding HA-tagged NLRP3, ASC, or caspase-1. At 24 hpt, the cells were lysed and the lysates were coimmunoprecipitated with anti-Flag beads. The
immunoprecipitants and cell lysates were detected by immunoblotting with the indicated antibodies. (C) Co-IP analysis of the interaction between overexpressed
pH240R and NLRP3. HEK293T cells were mock-transfected or transfected with a plasmid expressing HA-NLRP3 or Flag-pH240R alone or both. At 24 hpt, the cells
were collected and the co-IP was performed to test the interaction between pH240R and NLRP3. (D) Co-IP analysis of the interaction between pH240R and NLRP3
in PAMs infected with ASFV. PAMs were infected with ASFV (MOI, 1) for 24 h, and then the cells were collected to perform co-IP with anti-pH240R antibody. The
immunoprecipitants and the whole-cell lysates were detected by Western blotting with anti-pH240R and anti-NLRP3 antibodies. (E) The subcellular localization of
overexpressed pH240R and NLRP3 in HEK293T cells. HEK293T cells were transfected with a plasmid expressing HA-NLRP3 or Flag-pH240R alone or both. At 24
hpt, the cells were fixed and stained with the indicated antibodies for immunofluorescence analysis. Scale bars = 5 mm. (F) The subcellular localization of pH240R
and NLRP3 in PAMs infected with ASFV. PAMs were mock infected or infected with ASFV (MOI, 1), and 24 h later, the cells were fixed and stained with the
indicated antibodies for immunofluorescence analysis. Scale bars = 5 mm. (G) Schematic representation of the full-length NLRP3 and its truncated mutants. (H) Co-
IP analysis of the interaction between HA-NLRP3 and Flag-pH240R or its deletion mutants in HEK293T cells. HEK293T cells were transfected with a plasmid
expressing Flag-pH240R alone or together with HA-NLRP3 or its deletion mutants. At 24 hpt, the cells were collected to perform co-IP with anti-Flag beads. The
immunoprecipitants and the whole-cell lysates were detected by Western blotting with the indicated antibodies. All assays were independently repeated at least
three times. The data presented are the mean 6 SD. ***, P , 0.001.
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NLRP3 and pH240R were enriched in the cytoplasm of HEK293T cells and PAMs (Fig. 4E
and F). These results indicate that pH240R interacts with NLRP3 in the cytoplasm of
PAMs following ASFV infection. NLRP3 contains three functionally distinct domains: nu-
cleotide-binding domain (NACHT), leucine-rich-repeat domain (LRR), and pyrin domain
(PYD). To map the NLRP3 domain required for its interaction with pH240R, four NLRP3
deletion mutants were constructed, and the related co-IP assay was performed. The
results showed that pH240R interacted with the NACHT and LRR domains of NLRP3, but
not with the PYD domain (Fig. 4G and H).

It is well known that formation of the NLRP3 inflammasome complex activates cas-
pase-1, resulting in IL-1b maturation and secretion. Since we found that pH240R binds
to NLRP3 and suppresses NLRP3 inflammasome activity, we further tested whether
pH240R inhibits NLRP3 inflammasome assembly. Both HEK293T and THP-1 cells were
overexpressed with different components of the NLRP3 inflammasome with or without
pH240R coexpression, and co-IP was then performed to examine the effect of pH240R
on the formation of the NLRP3 inflammasome complex. We found that in the absence
of pH240R coexpression, both ASC and caspase-1 could be strongly pulled down by
NLRP3, suggesting potent formation of the NLRP3-ASC-caspase-1 complex, while with

FIG 5 ASFV pH240R inhibits the formation of NLRP3 inflammasome. (A) The effect of pH240R on the formation of NLRP3 inflammasome in HEK293T cells.
HEK293T cells were transfected with a plasmid encoding Flag-NLRP3 alone or together with a plasmid expressing HA-ASC, HA-caspase-1, and HA-pH240R
as indicated. At 24 hpt, co-IP was performed with anti-Flag beads. (B) The effect of pH240R on the formation of NLRP3 inflammasome in THP-1 cells. THP-1
or THP-1-pH240R cells were lysed, and then co-IP was performed with IgG or anti-NLRP3 antibody. (C) The relative band intensity analysis of the ASC/
NLRP3 and caspase-1/NLRP3 immunoblotting result from panel B using ImageJ. (D) The effect of pH240R on the interaction of endogenous NLRP3 and
ASC. CRL-2843 cells were transfected with empty vector or increasing amounts of a plasmid expressing Flag-pH240R and then treated with nigericin
(5 mM). Then, 4 h later, the cells were collected to perform co-IP with IgG or anti-NLRP3 antibody. The immunoprecipitants and the whole-cell lysates were
detected by Western blotting with the indicated antibodies. (E) The relative band intensity analysis of the ASC/NLRP3 immunoblotting result from panel D
using ImageJ. All assays were independently repeated at least three times. The data presented are the mean 6 SD. *, P , 0.05; ***, P , 0.001.
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pH240R coexpression, the amount of ASC and caspase-1 pulled down by NLRP3 were
greatly decreased (Fig. 5A to C). In agreement with this result, pH240R inhibited the
interaction of endogenous NLRP3 and ASC in a dose-dependent manner in CRL-2843
cells (Fig. 5D and E). In addition, we also noticed that overexpression of pH240R inhib-
ited NLRP3-induced ASC oligomerization in HEK293T and THP-1 cells (Fig. 6A and B).
Consistent with this, pH240R strongly suppressed GFP-ASC speck formation in response
to NLRP3 overexpression (Fig. 6C and D) and nigericin stimulation (Fig. 6E and F), further
indicating that pH240R inhibits NLRP3 inflammasome assembly.

Taken together, these findings suggest that pH240R interacts with NLRP3 to inhibit
NLRP3 inflammasome assembly and activation, resulting in reduced IL-1b production.

Deletion of the H240R gene enhances secretion of inflammatory cytokines. To
determine the role of the H240R gene during ASFV infection, a recombinant ASFV lack-
ing the H240R gene (ASFV-DH240R) was generated from the highly pathogenic ASFV

FIG 6 ASFV pH240R inhibits the oligomerization of ASC. (A) Effect of pH240R on the oligomerization of ASC in HEK293T cells. HEK293T cells were transfected with
a plasmid encoding HA-ASC alone or together with a plasmid expressing HA-NLRP3 and a plasmid encoding Flag-pH240R as indicated. The cell lysates were
prepared to detect the expression of ASC, NLRP3, and pH240R by Western blotting, and the pellets were washed with PBS three times and cross-linked using
fresh dextran sulfate sodium (DSS) for detecting the oligomerization of ASC by Western blotting. (B) Effect of pH240R on the oligomerization of ASC in THP-1 cells
treated with or without LPS. THP-1 cells and THP-1-pH240R cells were mock-treated or treated with LPS for 6 h, and then the oligomerization of ASC, the
cleavage of caspace-1, and the expression of ASC, NLRP3, and pH240R were detected by Western blotting. (C) Effect of pH240R on the ASC specks in CRL-2843
cells with NLRP3 coexpression. CRL-2843 cells were transfected with a plasmid expressing GFP-ASC alone or together with plasmids expressing HA-NLRP3 and
Flag-pH240R for 24 h. The cells were then fixed and probed with mouse anti-Flag MAb, rabbit anti-HA MAb, and DAPI (49,6-diamidino-2-phenylindole) and then
observed by confocal microscopy. (D) The number of ASC specks was quantified in three independent visual fields. (E) Effect of pH240R on the ASC specks in
CRL-2843 cells with nigericin stimulation. CRL-2843 cells were transfected with a plasmid encoding GFP-ASC alone or together with a plasmid encoding Flag-
pH240R. At 24 hpt, cells were stimulated with nigericin (5 mM) for another 4 h. The cells were then fixed and probed with rabbit anti-Flag MAb and DAPI and
observed by confocal microscopy. (H) The number of ASC specks was quantified in three independent visual fields. All assays were independently repeated at
least three times. The data are shown as the mean 6 SD; **, P , 0.01; ***, P , 0.001.
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HLJ/18 strain by homologous recombination. The H240R gene was replaced by a cas-
sette containing the fluorescent gene EGFP under the control of the ASFV B646L gene
promoter (named p72) (Fig. 7A). The recombinant ASFV-DH240R was obtained after 10
rounds of plaque purification in PAMs based on green fluorescent protein (GFP)
expression. To evaluate the accuracy of the genetic modification, the genomic DNA
was isolated for PCR amplification of the modified fragment (Fig. 7B) and sequencing,
and the results showed that only the H240R gene was successfully replaced by p72-
EGFP cassette, and the other DNA sequences in the genome were not affected. GFP
expressed successfully under the control of the B646L gene promoter, and deletion of
the H240R gene maintains the hemadsorption characteristics of ASFV (Fig. 7C). The

FIG 7 ASFV-DH240R induces higher levels of mRNA transcription and secretion of inflammatory cytokines. (A) Schematic representation of the
experimental design for generation of ASFV-DH240R. The H240R gene segment was replaced with the p72-EGFP reporter gene cassette. (B)
Verification of the H240R gene deletion in ASFV-DH240R. The H240R gene was examined using PCR in both ASFV-WT (lane 1) and ASFV-DH240R (lane
3) using primers H240R-F/R, and the p72-EGFP gene was examined using PCR in both ASFV-WT (lane 5) and ASFV-DH240R (lane 6) using primers
72EGFP-F/R. Agarose gel (1%) showing the result of the PCR to amplify of the genomic segment containing the targeted gene. (C) Hemadsorption
characteristics of ASFV-DH240R. PAMs were infected with ASFV-WT or ASFV-DH240R. At 24 hpi, the cells were observed by microscope. (D) Growth
kinetics of ASFV-DH240R and ASFV-WT in PAMs. PAMs were infected with ASFV-DH240R or ASFV-WT (MOI, 0.01), and samples were taken from three
independent experiments at the indicated time points and titrated. (E to I) Analysis of inflammatory cytokine expression and secretion in PAMs
infected with ASFV-WT or ASFV-DH240R; PAMs were infected with ASFV or ASFV-DH240R at the same number of genome copies (108 for 0, 6, 12, and
24 h. The mRNA levels of Il-1b) (E), Il-6 (F), and Tnf-a (G) in PAMs were detected by qPCR, and the secreted IL-1b (H) and IL-6 (I) in cell supernatants
were detected by ELISA. (J) The genomic copy numbers of ASFV were detected by qPCR. (K) Immunoblot analysis of the degradation and
phosphorylation of IkB and p65 in PAMs upon ASFV-WT or ASFV-DH240R infection. PAMs were mock-infected or infected with ASFV-WT or ASFV-
DH240R and then mock-treated or treated with LPS for 6 h. The expression of IkB, p65, pH240R, and GAPDH and the phosphorylation of IkB and
p65 were detected by Western blotting. All assays were independently repeated at least three times. The data are shown as the mean 6 SD; n = 3.
**, P , 0.01; ***, P , 0.001.
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growth characteristics of ASFV-DH240R in vitro were evaluated in PAMs. As shown in
Fig. 7D, the 50% hemadsorption dose (HAD50) of ASFV-DH240R is significantly reduced
by approximately 2.0 log units compared with that of its parental ASFV HLJ/18 at 3
days postinoculation (dpi).

To detect whether deletion of the H240R gene affects ASFV-induced inflammatory
cytokine production, PAMs were infected with same amount of ASFV HLJ/18 or ASFV-
DH240R (108 genome copies) for 0, 6, 12, and 24 h, and then the levels of expression
and secretion of certain inflammatory cytokines were analyzed. Consistent with previ-
ous results, we found that ASFV-DH240R infection strongly enhanced the mRNA levels
of Il-1b , Il-6, and Tnf-a (Fig. 7E to G) and the secretion of IL-1b and IL-6 (Fig. 7H and 7I)
compared with its parental virus, while the genomic copy number of the ASFV-wild
type (WT) and ASFV-DH240R were almost the same at 0, 6, 12, and 24 h postinocula-
tion (hpi) (Fig. 7J), suggesting that loss of H240R greatly compromises ASFV’s ability to
block the inflammatory responses. To confirm the potential mechanism, we further
explored the effect of ASFV-DH240R infection on NF-kB signaling, and we found that
compared with the parental virus ASFV-WT, ASFV-DH240R strongly promoted the
phosphorylation of IkB and p65 upon LPS stimulation (Fig. 7K), demonstrating the
higher NF-kB signaling activation.

Deletion of the H240R gene increases inflammatory cytokine production and
reduces the pathogenicity of ASFV HLJ/18 in vivo. To test whether the H240R gene
is related to the pathogenicity of ASFV HLJ/18 (ASFV-WT), specific-pathogen-free (SPF)
large Landrace piglets were challenged with ASFV HLJ/18 or ASFV-DH240R. As shown
in Fig. 8A, the pigs in the ASFV-WT-inoculated group developed fever at 3 dpi, and the
body temperature continued to rise to 41°C until death. In comparison, all the pigs in
the 103 HAD50 ASFV-DH240R-inoculated group had normal body temperature; three
pigs in the 105 HAD50 ASFV-DH240R-inoculated group developed fever at 6 dpi, and
then two of them returned to normal. We also evaluated the clinical scores of the
infected pigs and found that all the pigs challenged with 103 HAD50 ASFV-WT devel-
oped signs of disease such as mental depression and loss of appetite on the 6th day

FIG 8 Deletion of the H240R gene reduces ASFV pathogenicity in pigs. (A to C) The rectal temperature measurements (A), clinical score (B), and survival
rates (C) of ASFV-WT- and ASFV-DH240R-challenged pigs. The different groups of pigs were unchallenged (control, n = 4), challenged with 103 HAD50 of
parental ASFV-WT (n = 6), 103 HAD50 of ASFV-DH240R (n = 6), or 105 HAD50 of ASFV-DH240R (n = 6). The rectal temperature measurements (A), clinical
scores (B), and survival rates (C) were recorded daily until day 21 postchallenge. (D) ASFV DNA copy numbers in blood samples from ASFV-WT- and ASFV-
DH240R-challenged pigs. The blood samples were collected at 0, 1, 4, 7, 11, 16, and 21 dpi from unchallenged or ASFV-WT-challenged (103 HAD50) or
ASFV-DH240R-challenged (103 and 105 HAD50) pigs to detect the viral DNA copy number by qPCR. (E) ASFV DNA copy number in different tissues from
ASFV-WT- and ASFV-DH240R-challenged pigs. At 21 dpi, the surviving pigs were euthanized, and tissues including the heart, liver, lung, kidney, spleen,
tonsil, thymus, and six lymph nodes (inguinal lymph node, submaxillary lymph node, bronchial lymph node, mesenteric lymph node, mediastinal lymph
node, and gastrohepatic lymph node) were collected from all pigs for viral DNA quantification by qPCR. For pigs that died before 21 dpi, the indicated
tissue samples were collected at the time of death.
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after challenge until death, while only two pigs in the 105 HAD50 ASFV-DH240R-inocu-
lated group showed reduced feed intake and gloomy spirit on the 12th and 17th days
after challenge; one died at 18 dpi, and the other one survived with normal tempera-
ture (Fig. 8B). In total, only one pig inoculated with 105 HAD50 ASFV-DH240R died, and
all the remaining 11 pigs challenged with 103 HAD50 or 105 HAD50 ASFV-DH240R sur-
vived for the duration of the 21-day observation period, while all of the pigs chal-
lenged with 103 HAD50 ASFV-WT died within 10 dpi (Fig. 8C).

Serum samples collected at 0, 1, 4, and 7 dpi and tissue samples including the heart,
lung, spleen, tonsil, thymus, and five lymph nodes (intestinal lymph node, inguinal lymph
node, submaxillary lymph node, bronchial lymph node, and gastrohepatic lymph node)
collected from the dead pigs and surviving pigs before euthanasia were analyzed for viral
DNA quantification by quantitative PCR (qPCR). As shown in Fig. 8D, the viral DNA copies
in the blood samples of the 103 HAD50-ASFV-DH240R group and 105 HAD50-ASFV-DH240R-
inoculated group were about 5 and 3 log units lower at 4 dpi than that in ASFV-WT inocu-
lated group, and about 4 and 3 log units lower at 7 dpi. The viral DNA copy numbers in
the organ and tissue samples in the ASFV-DH240R-inoculated group were 4 to 5 log units
lower than that in ASFV-WT-inoculated group (Fig. 8E).

To observe the tissue damage caused by ASFV infection, the organs and tissues includ-
ing the heart, lung, spleen, tonsil, thymus, and five lymph nodes of all pigs infected with
ASFV-WT or ASFV-DH240R or those that received mock injection were scored grossly. The
gross scores were significantly lower for pigs infected with ASFV-DH240R than for those
infected with ASFV-WT (Fig. 9A). ASFV-DH240R infection caused mild pathological injury in
pigs compared with ASFV-WT. The spleens of pigs infected with ASFV-WT showed swelling
and congestion; the mediastinal lymph nodes were darkened, which might be due to con-
gestion. The tonsils showed remarkable congestion. In contrast, the spleens, mediastinal

FIG 9 Deletion of the H240R gene attenuates ASFV pathological damage in pigs. (A) Gross scores of the tissues including the heart,
liver, lung, kidney, spleen, tonsil, thymus, and six lymph nodes (inguinal lymph node, submaxillary lymph node, bronchial lymph
node, mesenteric lymph node, mediastinal lymph node, and gastrohepatic lymph node) of pigs mock-challenged or challenged with
103 HAD50 of parental ASFV-WT (n = 6), 103 HAD50 of ASFV-DH240R (n = 6), or 105 HAD50 of ASFV-DH240R (n = 6) were recorded and
analyzed. (B) Tissue lesions noted in the spleen, mediastinal lymph node, and tonsils of pigs inoculated with ASFV-WT (103 HAD50) or
ASFV-DH240R (103 HAD50 or 105 HAD50). (C) Hematoxylin and eosin-stained images of heart, liver, kidney, thymus, bronchial lymph
nodes, and mesenteric lymph nodes from pigs mock-challenged or challenged with ASFV-WT (103 HAD50) or ASFV-DH240R (103

HAD50). Scale bars = 200 mm. The sites of inflammation are magnified in the panes on the right. Scale bars = 50 mm.
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lymph nodes, and tonsils of pigs that survived ASFV-DH240R infection showed mild patho-
logical changes (Fig. 9B). In pigs infected with ASFV-WT, massive local bleeding and mild
muscle cell degeneration were observed in the heart sections; multiple areas of congestion
and bleeding and a small amount of inflammatory cell infiltration can be seen in the inter-
lobular connective tissue in the liver section; hepatocyte degeneration and partial necrosis
were also observed. In the renal sections, protein tube type, local hyaline degeneration of
proximal convoluted tubular epithelial cells, nuclear pyknosis and necrosis of renal tubular
epithelial cells could be observed. Extensive lymphocytopenia, nuclear pyknosis, disintegra-
tion, and necrosis were observed in the thymus sections. In the bronchial lymph nodes
and mesenteric lymph nodes, massive hemorrhage, significant necrosis and reduction of
lymphocytes, extensive and massive hemorrhage of medulla, deposition of hemosiderin,
and reduction of cortical lymphocytes were also observed. In comparison, we found less
pathological damage in the heart, liver, kidney, thymus, bronchial lymph nodes, and mes-
enteric lymph nodes in pigs infected with ASFV-DH240R (Fig. 9C).

Taken together, these results indicate that ASFV-DH240R is much less virulent and its
infection causes much less pathological damage to organs and tissues of affected pigs
than ASFV-WT, suggesting a critical role of pH240R in ASFV virulence and pathogenicity.

To further compare the inflammatory responses of pigs in response to ASFV-WT
and ASFV-DH240R challenges, we analyzed the levels of inflammatory cytokines in the
affected pigs. The mRNA levels of TNF-a in the immune tissues, including spleen, ton-
sil, and mediastinal lymph node, were detected by qPCR, and the results showed that
the mRNA levels of TNF-a in these tissues from pigs challenged with 103 HAD50 ASFV-
DH240R were significantly higher than those from pigs challenged with 103 HAD50

ASFV-WT (Fig. 10A). Meanwhile, the secretion levels of IL-1b and TNF-a in peripheral
serum of pigs challenged with 103 HAD50 ASFV-WT, 103 HAD50 ASFV-DH240R, and 105

HAD50 ASFV-DH240R were monitored at 0, 1, 4, and 7 dpi using enzyme-linked immu-
nosorbent assay (ELISA). The results showed that the secretion of IL-1b and TNF-a in
the ASFV-DH240R-inoculated groups was significantly higher than that in the ASFV-
WT-inoculated group at both 4 dpi and 7 dpi (Fig. 10B and C). The serum antibodies
against the viral proteins p30 and p54 gradually increased from 4 dpi and peaked at

FIG 10 ASFV-DH240R infection induces higher inflammatory cytokine production in pigs than its parental ASFV HLJ/18. (A to C) Analysis of inflammatory
cytokines in tissues and serum from ASFV-WT- and ASFV-DH240R-challenged pigs. Pigs were inoculated with PBS (control [ctrl], n = 4) or challenged
intramuscularly with ASFV-DH240R (n = 6, 103 and 105 HAD50) or parental ASFV-WT (n = 6, 103 HAD50). At 21 dpi, the surviving pigs were euthanized, and
tissues including spleen, tonsil, and mediastinal lymph node were collected from all pigs to detect the Tnf-a mRNA level by qPCR (A). The protein levels of
IL-1b (B) and TNF-a (C) in the serum from ASFV-WT- and ASFV-DH240R-challenged pigs were measured by ELISA. (D to E) Analysis of antibody in serum
from ASFV-WT- and ASFV-DH240R-challenged pigs. At 0, 1, 4, 7, 11, 16, and 21 dpi, the antibodies against p30 (D) and p54 (E) in the serum samples from
ASFV-WT- and ASFV-DH240R-challenged pigs were measured by ELISA. The data presented are the mean 6 SD. *, P , 0.05; **, P , 0.01.
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11 dpi and 14 dpi in the 105-HAD50 ASFV-DH240R- and 103-HAD50 ASFV-DH240R-inocu-
lated groups, while these antibodies in the ASFV-WT-challenged pigs were very low
(Fig. 10D and E). These results indicate stronger inflammatory responses in pigs chal-
lenged with ASFV-DH240R than with ASFV-WT, suggesting an essential role of pH240R
in the ASFV infection-induced inflammatory responses.

DISCUSSION

Pattern recognition receptors (PRRs) and inflammasomes are key parts of the antiviral
innate immune system as they help the host detect conserved pathogen-associated mo-
lecular patterns (PAMPs) and remove the invading pathogens. The signaling pathways acti-
vated by PRRs induce expression of proinflammatory cytokines, which boost the overall
immune responses by recruiting immune cells to the site of infection, and mobilize adapt-
ive immunity. Inflammasomes contribute to antiviral responses through the maturation of
IL-1b and IL-18 and induction of pyroptotic cell death. The activity of the innate immune
system along with the adaptive immune response normally leads to successful virus elimi-
nation. Although antiviral innate immune responses provide a powerful first line of
defense, ASFV has evolved multiple strategies to counteract host antiviral innate immune
responses (22).

Upon DNA virus infection, TLRs in host cells recognize viral genomic nuclear acids
to induce production of the inflammatory cytokines, such as IL-1b and IL-18 (23). In
signal 1, the IKK-NF-kB axis is a critical step for inflammatory responses. In the resting
state, IkBa binds to the NF-kB p50/p65 heterodimer to form an inactive complex.
Some viral infections can activate the IKK complex, which phosphorylates IkBa and
causes its degradation by the K48-linked ubiquitin-proteasome pathway. Then, the NF-
kB p50/p65 heterodimers become activated, enter the nucleus, and induce production
of IFN-I and proinflammatory cytokines (such as pro-IL-1b and pro-IL-18) (24, 25). In
signal 2, activation of AIM2 or NLRP3 inflammasomes facilitates pro-caspase 1 activity,
leading to maturation and secretion of inflammatory cytokines (23). Several DNA
viruses have been reported to induce inflammatory responses by activating AIM2 and
NLRP3 inflammasomes during infection (26, 27). Previous studies revealed that ASFV
infection can induce IL-1b production through activation of the TLR/MyD88 pathway
and the NLRP3 inflammasome in PAMs (15), and ASFV-encoded inhibitor of apoptosis
(IAP)-like protein/pA224L can induce the activation of NF-kB (28).

To replicate efficiently, ASFV has evolved multiple strategies to antagonize host inflamma-
tory responses by interfering with the activation of both the NF-kB signaling and the NLRP3
inflammasome. For example, ASFV pI215L and pF317L are found to inhibit NF-kB activation
to evade host immune responses (29, 30). Transient expression of ASFV pI215L impairs NF-
kB and AP-1 transcription factors that act upstream or at the step of IKKb , leading to
reduced p65 nuclear translocation upon cytokine stimulation (30). pF317L interacts with
IKKb and suppresses its phosphorylation, which reduces phosphorylation and ubiquitination
of IkBa and results in decreased expression of various proinflammatory cytokines (29). ASFV
pMGF505-7R interacts with IKKa to inhibit NF-kB activation, resulting in decreased pro-IL-1b
transcription and production. Meanwhile, pMGF505-7R binds to NLRP3 and inhibits NLRP3
inflammasome assembly, resulting in decreased IL-1b maturation and secretion (15). In this
study, we found that ASFV pH240R inhibits NF-kB signaling by interacting with NEMO, which
is consistent with the results just published (31). Previous studies showed the combination of
NEMO with IKKb through its CC1 domain (32). We found that ASFV pH240R interacted with
the CC1 domain of NEMO to inhibit the interaction between IKKb and NEMO, thereby inhibi-
ting NF-kB activation and IL-1b transcription. Therefore, the NF-kB signaling and the IKK
complex have been important targets attacked by ASFV to compromise the host innate
immune responses and facilitate its replication.

NLRP3 is an important PRR in the cytoplasm, and it consists of a C-terminal LRR do-
main that has autoinhibitory functions and signal recognition capabilities, a central
NACHT domain that has ATPase activity and mediates self-oligomerization, and an
amino-terminal PYD domain that recruits ASC. In response to stimuli, NLRP3 undergoes
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self-oligomerization via the NACHT domain and then recruits ASC via the PYD domain
and induces formation of ASC specks (33). In this study, we found that pH240R inter-
acts with both the NACHT and LRR domains of NLRP3 to suppress the NLRP3 inflamma-
some assembly and ASC oligomerization and ultimately inhibits IL-1b maturation and
secretion. Zhou et al. showed that the interaction of pH240R and the PRR domain
inhibits the oligomerization of NLRP3 (31). However, we speculate that the interaction
of pH240R and the NACHT domain may inhibit the oligomerization of NLRP3, and the
interaction of pH240R and the LRR domain may prevent NLRP3 from sensing stimuli,
thereby inhibiting NLRP3-inflammasome activation. Further studies are required to
understand the underlying mechanism.

Recently, it was reported that ASFV-DH240R virions are mostly aberrant, with a decrease of
about 30-fold in the infectious virus-to-particle ratio compared with ASFV-WT (18). Consistent
with the study, we also found that ASFV without the H240R gene induces higher mRNA and
secretion levels of Il-1b , Il-6, and Tnf-a in PAMs than does ASFV-WT, despite the same num-
bers of genome copies of ASFV-DH240R and ASFV-WT used and detected. These observations
indicate that H240R as an important anti-inflammatory factor during ASFV infection.

It has been reported that the ASFV genes that function to antagonize host innate im-
munity play important roles in determining viral virulence (34, 35). To detect whether the
H240R gene is a key virulence gene, the pathogenicity of ASFV-DH240R was evaluated in
SPF pigs. Consistent with our expectations, deletion of the H240R gene significantly
reduces the pathogenicity of ASFV HLJ/18. Only two pigs inoculated with 105 HAD50 ASFV-
DH240R developed signs including lethargy and reduced feed intake. However, only one
pig died, and the other one did not have a fever or high viral load in the tissues, which
indicates that the clinical symptoms in tissue samples from pigs in the ASFV-DH240R chal-
lenge groups were significantly lower than those from the ASFV-WT challenge group, while
ASFV-DH240R induced more TNF-a and IL-1b than ASFV-WT in peripheral blood. Deletion
of the H240R gene reduced the viral load of ASFV in pigs, which may be due to several rea-
sons. On one hand, deletion of the H240R gene reduces ASFV-DH240R infectivity due to
the production of noninfectious virions (18). On the other hand, increased secretion of
TNF-a and IL-1b induced by ASFV-DH240R may inhibit ASFV-DH240R replication in pigs,
as it is reported that inflammatory cytokines can inhibit virus replication (36). In addition,
more inflammatory cytokines induced by ASFV-DH240R may activate stronger cellular im-
munity. Of note, ASFV-DH240R also induced high levels of antibodies against p30 and p54,
which indicates that combined deletion of the H240R gene and other virulence-related
genes may serve as a new strategy to develop attenuated live vaccines against ASFV.

Taken together, our findings reveal a novel mechanism by which ASFV pH240R
evades host antiviral inflammatory responses. H240R gene is a key ASFV virulence-
related gene, and its deletion significantly attenuates the virulence of ASFV HLJ/18,
which provides a candidate gene to develop attenuated live vaccines against ASFV.

MATERIALS ANDMETHODS
Safety protocols. All experiments involving ASFV HLJ/18 or ASFV-DH240R infection were conducted

within the enhanced biosafety level 3 (P31) and level 4 (P4) facilities in the Harbin Veterinary Research
Institute (HVRI) of the Chinese Academy of Agricultural Sciences (CAAS) approved by the Ministry of
Agriculture and Rural Affairs.

Cells and viruses. HEK293T cells and MA104 cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% fetal bovine serum (FBS). CRL-2843 cells were purchased from ATCC and cul-
tured in complete growth RPMI 1640 medium containing 10% FBS and 2 mM L-glutamine. PAMs were
isolated from the lung lavage fluid of 4-week-old healthy specific-pathogen-free (SPF) piglets (without
ASFV, classical swine fever virus, porcine reproductive and respiratory syndrome virus, pseudorabies vi-
rus, and 26 other pathogens) and were cultured in RPMI 1640 medium supplemented with 10% FBS, 100
U/mL penicillin, and 100 mg/mL streptomycin at 37°C with 5% CO2. The ASFV HLJ/18 strain was isolated
from a pig sample in an ASF outbreak farm in northern China (3).

Plasmids. To construct plasmids expressing Flag-tagged or hemagglutinin (HA)-tagged proteins in
the NF-kB and NLRP3 signaling pathways, the cDNAs corresponding to these swine genes were ampli-
fied by standard reverse transcription-PCR (RT-PCR) using total RNA extracted from PAMs as templates
and were then cloned into the pCAGGS-Flag or pCAGGS-HA vector, respectively. All constructs were vali-
dated by DNA sequencing. The primers used in this study are listed in Table 1.
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Reagents and antibodies. The following antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA): anti-Flag (D6W5B, 14793), anti-HA (C29F4, 3724). Alexa Fluor 633-labeled goat anti-
rabbit IgG, and Alexa Fluor 488-labeled goat anti-mouse IgG were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Anti-mouse IgG (H1L) DyLight 800-labeled (042-07-18-06) was pur-
chased from Sera Care (Milford, MA, USA). The IRDye 800CW goat anti-rabbit IgG (H1L) (925-32211)
was purchased from LI-COR (Lincoln, NE, USA). IPKine horseradish peroxidase (HRP) goat anti-mouse
IgG HCS (A25112) was purchased from Abbkine (Wuhan, China). Mouse anti-IL-1b monoclonal anti-
bodies (MAb) and mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) polyclonal anti-
bodies (pAb) were purchased from Thermo Fisher Scientific. Rabbit anti-swine NLRP3 pAb, anti-swine
caspase-1 p20 pAb, and anti-swine ASC pAb were prepared by immunizing the rabbits as previously
described (15). The full-length cDNA of the H240R gene was cloned into the pET-21a vector for the
pET-21a-H240R construct. The plasmid was then transformed into BL21(DE3) to express recombinant
pH240R. Mice were immunized with the purified recombinant pH240R to generate anti-pH240R poly-
clonal antibody.

iGLuc-based inflammasome reconstruction system. The iGLuc-based inflammasome reconstruction
system was constructed based on Gaussia luciferase with high sensitivity and specificity as previously described
(14). Briefly, HEK293T cells plated in 48-well plates were transiently transfected with a total amount of 500 ng of
DNA per well using 1mL of X-treme GENE HP DNA transfection reagent (Roche, Basel, Switzerland). The 500 ng
of DNA contained the iGLuc-based NLRP3 inflammasome system (100 ng iGLuc, 10 ng pCAGGS-HA-caspase-1,
10 ng pCAGGS-HA-ASC, and 12.5 ng pCAGGS-HA-NLRP3) and a plasmid expressing a tested protein or an
empty vector. After 24 h, the supernatants were collected for GLuc readout.

Confocal microscopy. CRL-2843 cells were transfected with plasmids expressing HA-tagged and
Flag-tagged proteins for 24 h. These cells were then fixed with 4% paraformaldehyde (PFA) and perme-
abilized with 0.1% Triton X-100. After blocking with 10% FBS, cells were incubated with the indicated
anti-Flag and anti-HA antibodies for 1 h, or PAMs were infected with ASFV HLJ/18 or ASFV-DH240R for
12 h and then stained with anti-ASC or anti-pH240R antibodies. After washing with 1� cold phosphate-
buffered saline (PBS; pH 7.4) three times, the cells were incubated with the indicated secondary antibod-
ies. Samples were visualized with an SP2 confocal system (Leica Microsystems, Wetzlar, Germany).

ASC speck and oligomerization. CRL-2843 cells were transfected with plasmids encoding GFP-ASC and
pH240R. At 24 h posttransfection (hpt), the cells were stimulated with nigericin (5 mM) for an extra 1 h before
harvest. HEK293T cells were transfected with different combinations of plasmids encoding GFP-ASC, NLRP3,
and pH240R for 24 h before harvest. After harvest, the cells were washed in PBS with 1% fetal calf serum (FCS)
and fixed in 2% PFA for 30 min at 4°C and then observed for the ASC specks with a Leica SP2 confocal system.

Generation of H240R gene-deleted ASFV (ASFV-DH240R). A recombinant ASFV without the
H240R gene (ASFV-DH240R) was generated by homologous recombination in PAMs first infected with
ASFV HLJ/18 and then transfected with a recombination transfer vector as described previously (37).
Recombinant transfer vectors (p72-EGFP) containing the flanking genomic regions of the targeted genes
that mapped approximately 866 bp to the left and 498 bp to the right of the deleted parts, and the re-
porter gene cassette containing the reporter gene EGFP fused with the ASFV p72 late gene promoter
was used as shown in Fig. 7. ASFV-DH240R was identified by PCR and confirmed by sequencing.

50% Hemadsorption dose (HAD50) assay. The HAD50 assay was performed as previously described
(3). Briefly, peripheral blood mononuclear cells (PBMC) were seeded in 96-well plates and then infected
with 0.1 mL/well of 10-fold serially diluted supernatant in quintuplicate. The quantity of ASFV was deter-
mined by identification of the characteristic rosette formation representing hemadsorption of erythrocytes
around infected cells. At 7 days postinfection (dpi), the HAD50 was determined using the Reed-Muench
method. All data are shown as the means of three independent experiments.

Coimmunoprecipitation (co-IP) and immunoblot analysis. For co-IP, the cells were collected and
lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 1% Triton X-100,

TABLE 1 Primers used for PCR in this study

Plasmids Primers(59–39)
pCAGGS-Flag-Myd88 and pCAGGS-HA-Myd88 F: ATGGCTGCAGGAGGCTCCGGAGC

R: TCAGGGCAGGGATAGGGCC
pCAGGS-Flag-IKKa and pCAGGS-HA-IKKa F: ATGGAGCGGCCCCCGGGGCT

R: TCATCCTGTTAACCAACTCCA
pCAGGS-Flag-IKKb and pCAGGS-HA-IKKb F: ATGAGTTCCAGTA TGTGGTATAT

R: CTATTCTACAAGTAACAGGTATTC
pCAGGS-Flag-NEMO and pCAGGS-HA-NEMO F: ATGAGCAGGACCCCCTGGAA

R: CTACTCGATACACTCCATGA
pCAGGS-HA-NEMO-N1 F: ATGAGCAGGACCCCCTGGAA

R: ATTAAGATCTGCTAGCTCGAG
pCAGGS-HA-NEMO-N2 F: ATGAGCAGGACCCCCTGGAA

R: ATTAAGATCTGCTAGCTCGAG
pCAGGS-HA-NEMO-N3 F: GTGCAGGTGGACCAGCTGCGCCTGCAG

R: CTACTCGATACACTCCATGA
pCAGGS-HA-NEMO-N4 F: CAGCGGGAGGAGAAGGAGTTTCTCAT

R: CTACTCGATACACTCCATGA
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and 10% glycerol) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1� protease inhibitor
cocktail (Roche, Basel, Switzerland). Then, cell supernatants were incubated with anti-Flag (M2) agarose
or with protein G plus agarose immunoprecipitation reagent (Santa Cruz Biotechnology, Santa Cruz,
USA) together with 1 mg of the corresponding antibodies at 4°C overnight on a roller. The pellets were
washed five times with cell lysis buffer. For Western blot analysis, the cell lysates and immunoprecipi-
tants were resolved by 10 to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Darmstadt,
Germany). After incubation with the indicated primary and secondary antibodies, the membranes were
visualized by enhanced chemiluminescence (ECL) (Thermo Fisher Scientific, MA, USA) or an Odyssey
two-color infrared fluorescence imaging system (LI-COR).

Luciferase reporter gene assay. Luciferase activities were measured with a dual-luciferase reporter
assay system (Promega, Wisconsin, USA) according to the manufacturer’s instructions. The data were normal-
ized to the transfection efficiency by dividing the firefly luciferase activity by the Renilla luciferase activity.

Quantitative real-time PCR (qPCR). To detect the mRNA levels of Il-1b , Il-6, and Tnf-a, total RNA was
extracted using TRIzol reagent (Invitrogen, California, USA), and reverse transcription was performed with a
PrimeScript RT reagent kit (TaKaRa, Osaka, Japan). Reverse transcription products were amplified using an
Agilent-Strata gene Mx real-time qPCR system with SYBR premix Ex Taq II system (TaKaRa) according to the
manufacturer’s instructions. Data were normalized to the level of b-actin expression in each individual
sample. For ASFV genomic DNA detection, ASFV genomic DNA was extracted using a QIAamp DNA minikit
(Qiagen, Dusseldorf, Germany). qPCR was carried out on a QuantStudio5 system (Applied Biosystems,
Waltham, USA) according to The Office of International Education (OIE)-recommended procedure. All the
qPCR primers are listed in Table 2.

Enzyme-linked immunosorbent assay (ELISA). The protein concentrations of IL-1b and IL-6 in cell
culture supernatants and serum from animals were measured by enzyme-linked immunosorbent assay
kits according to the manufacturer’s instructions (R&D, Minnesota, USA).

Pathogenicity of ASFV-DH240R in domestic pigs. A total of 22 8-week-old healthy SPF piglets were
randomly assigned into four groups (6 piglets inoculated with ASFV-DH240R, 103 HAD50/piglet; 6 piglets ino-
culated with ASFV-DH240R, 105 HAD50/piglet; 6 piglets inoculated with ASFV-WT, 103 HAD50/piglet; 4 piglets
inoculated with PBS). The piglets were monitored daily for clinical signs prior to feeding, including anorexia,
lethargy, fever, and emaciation (38). The blood samples were collected at 0, 1, 4, 7, 11, 16, and 21 dpi to
detect virus load, IL-1b , IL-6, anti-p30, and anti-p54 antibodies. ASFV-infected piglets were euthanized in the
moribund stage. At 21 dpi, all surviving piglets were euthanized. The tissue samples from heart, liver, lung,
spleen, kidney, tonsil, thymus, and six lymph nodes (mesenteric lymph node, mediastinal lymph node, ingui-
nal lymph node, submaxillary lymph node, bronchial lymph node, and gastrohepatic lymph node) were col-
lected to measure ASFV genomic DNA copy numbers, while spleen, mediastinal lymph node, and tonsil were
collected to detect Tnf-a mRNA.

Generation of a THP-1-pH240R stable cell line. The ASFV H240R gene was cloned into the pLVX-ISRE-
Puro vector (Clontech). The THP-1 cells were infected with the lentiviral particles expressing pH240R in the presence
of 8 mg/mL Polybrene. At 3 days postinfection, the cells were treated with 1 mg/mL puromycin for 2 weeks. ASFV-
pH240R overexpression efficiency was assessed byWestern blotting, and the cell line was named THP-1-pH240R.

Statistical analysis. All statistical analyses were performed using one-way analysis of variance (ANOVA)
with the SPSS 16.0 software package (version 16.0, SPSS, Inc., Chicago, IL, USA). Data were expressed as the
mean6 standard deviation (SD). A P value of,0.05 was considered statistically significant.

Ethics statement. All animal experiments were performed according to animal protocols approved
by the Subcommittee on Research Animal Care at the HVRI and carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the Ministry of Science
and Technology of the People’s Republic of China.
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TABLE 2 Primers used for qPCR in this study

Gene name Sequence (59–39)
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sq-IL-6 F: CTGCTTCTGGTGATGGCTACTG

R: GGCATCACCTTTGGCATCTT
sq-IL-1b F: CCCAAAAGTTACCCGAAGAGG

R: TCTGCTTGAGAGGTGCTGATG
ASFV B646L F: CTGCTCATGGTATCAATCTTATCGA

R: GATACCACAAGATCAGCCGT
Probe: CCACGGGAGGAATACCAACCCAGTG
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