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ABSTRACT African swine fever virus (ASFV) is a highly pathogenic swine DNA virus with
high mortality that causes African swine fever (ASF) in domestic pigs and wild boars. For ef-
ficient viral infection, ASFV has developed complex strategies to evade key components of
antiviral innate immune responses. However, the immune escape mechanism of ASFV
remains unclear. Upon ASFV infection, cyclic GMP-AMP (29,39-cGAMP) synthase (cGAS), a cy-
tosolic DNA sensor, recognizes ASFV DNA and synthesizes the second messenger 29,39-
cGAMP, which triggers interferon (IFN) production to interfere with viral replication. In this
study, we demonstrated a novel immune evasion mechanism of ASFV EP364R and C129R,
which blocks cellular cyclic 29,39-cGAMP-mediated antiviral responses. ASFV EP364R and
C129R with nuclease homology inhibit IFN-mediated responses by specifically interacting
with 29,39-cGAMP and exerting their phosphodiesterase (PDE) activity to cleave 29,39-
cGAMP. Particularly notable is that ASFV EP364R had a region of homology with the stimu-
lator of interferon genes (STING) protein containing a 29,39-cGAMP-binding motif and point
mutations in the Y76S and N78A amino acids of EP364R that impaired interaction with
29,39-cGAMP and restored subsequent antiviral responses. These results highlight a critical
role for ASFV EP364R and C129R in the inhibition of IFN responses and could be used to
develop ASFV live attenuated vaccines.

IMPORTANCE African swine fever (ASF) is a highly contagious hemorrhagic disease in
domestic pigs and wild boars caused by African swine fever virus (ASFV). ASF is a deadly
epidemic disease in the global pig industry, but no drugs or vaccines are available.
Understanding the pathogenesis of ASFV is essential to developing an effective live atte-
nuated ASFV vaccine, and investigating the immune evasion mechanisms of ASFV is cru-
cial to improve the understanding of its pathogenesis. In this study, for the first time,
we identified the EP364R and C129R, uncharacterized proteins that inhibit type I inter-
feron signaling. ASFV EP364R and C129R specifically interacted with 29,39-cGAMP, the
mammalian second messenger, and exerted phosphodiesterase activity to cleave 29,39-
cGAMP. In this study, we discovered a novel mechanism by which ASFV inhibits IFN-
mediated antiviral responses, and our findings can guide the understanding of ASFV
pathogenesis and the development of live attenuated ASFV vaccines.
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African swine fever virus (ASFV) is a large double-stranded, cytoplasmic DNA arbovi-
rus belonging to the genus Asfivirus in the family Asfarviridae (1, 2). The genomic

size of ASFV is approximately 170 to 193 kbp, and the genome encodes 150 to 167 pro-
teins that play roles in virus structure formation, viral replication, and immune evasion.
However, many viral proteins have unknown functions (3–5). ASFV replicates mainly in
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the cytoplasm of monocyte- and macrophage-lineage cells (6), where replication pre-
dominates in the perinuclear cytoplasmic region, called the viral factory (7). African
swine fever has caused headlines with a surge in cases worldwide. This highly conta-
gious hemorrhagic viral disease in pigs has a mortality rate of nearly 100% and threat-
ens the global pork supply and food security (8, 9). However, no effective drugs or
vaccines are commercially available for this deadly disease (7).

When a DNA virus infects a permissive cell, viral DNA is released into the cell cyto-
plasm before viral protein synthesis. Although various cytosolic DNA sensors have
been identified, mainly cytosolic viral DNA is recognized by cyclic GMP-AMP (cGAMP)
synthase (cGAS), which allows the rearrangement of the cGAS catalytic pocket for the
subsequent binding of ATP and GTP as cGAS substrates for the synthesis of 29,39 cyclic
GMP-AMP (29,39-cGAMP) (10, 11). The synthesis of 29,39-cGAMP is a crucial first step in
initiating cGAS-mediated downstream signaling (12, 13). Synthesized 29,39-cGAMP acts
as a second messenger that can bind to the endoplasmic reticulum (ER) membrane
adaptor-stimulator of interferon gene (STING) (also called MITA, ERIS, and MPYS) and
induces conformational changes, activating STING (12). Activated STING then migrates
from the ER to the ER-Golgi intermediate compartment (ERGIC), and upon reaching
ERGIC and Golgi compartments, STING recruits TANK-binding kinase 1 (TBK1), which
phosphorylates the interferon regulatory factor 3 (IRF3). Phosphorylated IRF3 dimerizes
and enters the nucleus, leading to the induction of type I interferons (IFNs) and other
antiviral genes (14, 15). In contrast, STING activates the inhibitor of nuclear factor-kB
(IkB) kinase to release NF-kB, which translocates to the cell nucleus and activates the
transcription of proinflammatory cytokine-related genes (16, 17).

The type I IFN response is the first-line defense mechanism against invading viruses,
including ASFV (18). Therefore, viruses have evolved diverse antagonistic strategies to
evade the type I IFN response and facilitate rapid replication in host cells (19). The virulent
ASFV strain Armenia/07 has been shown to inhibit IFN-b production via the cGAS-STING
pathway (20), and ASFV has been shown to be sensitive to type I and II IFNs (21). Thus,
ASFV also employs various immune evasion mechanisms that regulate various steps in the
type I IFN signaling pathways. For instance, ASFV MGF505-7R degrades STING through the
autophagy lysosomal pathway (22) and inhibits IRF3 nuclear translocation via IRF3 interac-
tion (23). ASFV DP96R also interferes with the cGAS-STING-TBK1 axis (24). E120R was shown
to interact with IRF3 to inhibit the interaction between TBK1 and IRF3 (25). In contrast,
ASFV I215L (E2 ubiquitin-conjugating enzyme) impairs IFN-b via the K63-linked ubiquitina-
tion of TBK1 and NF-kB signaling (26, 27). Consequently, various ASFV proteins are
involved in immune-suppressive mechanisms along with diverse target molecules in type I
IFN and NF-kB signaling (28–32). However, the exact mechanism by which the ASFV pro-
tein targets cGAMP in type I IFN signaling is unknown.

In this study, we show for the first time that ASFV C129R and EP364R act as specific
negative regulators of cGAS-STING signaling by targeting 29,39-cGAMP through its nu-
clease activity. Our findings reveal a novel immune evasion mechanism of ASFV and
suggest that the C129R and EP364R genes can be used as new candidate genes for the
development of live attenuated ASFV vaccines.

RESULTS
EP364R and C129R inhibit 2',3'-cGAMP-induced IFN-b promoter activity. Viruses

have evolved various strategies to inhibit type I IFN signaling, allowing them to replicate
efficiently in the host. To investigate the potential role of ASFV proteins in modulating
cGAS-STING-mediated type I IFN signaling, we individually tested 158 ASFV viral proteins
by using a luciferase reporter gene assay system. Human embryonic kidney (HEK293T) cells
were transfected with IFN-b , TK-Renilla, and Flag-tagged STING plasmids, and each ASFV
plasmid was tagged with hemagglutinin (HA). To identify ASFV genes that target genes
upstream of STING, we selected 60 genes with little or no reduction in IFN-b promoter ac-
tivity induced by STING. Next, we performed a 29,39-cGAMP-induced IFN-b luciferase assay
using 293-Dual hSTING-A162 cells. EP364R and C129R significantly reduced 29,39-cGAMP-
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mediated IFN-b promoter activity (see Fig. S1A in the supplemental material). Thus, we
confirmed that ASFV EP364R and C129R inhibited the cGAS-mediated IFN-b promoter ac-
tivity and potentially reduced 29,39-cGAMP at the cellular level.

EP364R and C129R negatively regulate antiviral immune responses. To further
investigate the critical role of ASFV EP364R and C129R on antiviral immune response
and virus replication, we transiently transfected Flag-tagged EP364R or C129R into por-
cine alveolar macrophages (PAMs), porcine kidney epithelial cells (PK-15), and monkey
kidney epithelial (MA-104) cells. Each cell was infected with two surrogate viruses,
green fluorescent protein-expressing adenovirus (ADV-GFP) or herpes simplex virus
(HSV-GFP), in order to replace ASFV. Both viruses are sensitive to interferons, as is ASFV
(33, 34). The efficiency of the transient transfection of plasmids in each cell line was
confirmed by immunoblotting or quantitative reverse transcription PCR (qRT-PCR) (Fig.
S2A to D). Notably, we found that virus replication in EP364R- or C129R-overexpressing
cells was significantly higher than that in control cells in the three cell lines (Fig. 1A to
D; Fig. S3A to D and S4A to D). Next, we measured the amounts of IFN-b and interleu-
kin 6 (IL-6) secreted from each virus-infected or poly(dA-dT)-transfected cell by using
enzyme-linked immunosorbent assay (ELISA). Consistent with the results of virus repli-
cation, our results demonstrated that EP364R- or C129R-overexpressing cells secreted
fewer cytokines than control cells did (Fig. 1E to H; Fig. S2E and F, S3E to H, and S4E to
H). These results suggest that EP364R and C129R negatively regulate the production of

FIG 1 EP364R and C129R negatively regulate antiviral immune responses. PAMs were transiently transfected with Flag-EP364R (A and B) or Flag-C129R (C
and D) plasmids with Flag control vector followed by ADV-GFP (MOI = 1) (A and C) infection and HSV-GFP (MOI = 1) (B and D) infection. Viral replication
was determined at 24 hpi by GFP expression levels using fluorescence microscopy and quantified at 12 and 24 hpi by a fluorescence modulator. Virus
titers of each sample were determined by plaque assay in A549 and Vero cells. Porcine IFN-b and IL-6 secretions in the cell culture supernatant, at 12 hpi
and 24 hpi, were determined by ELISA (E to H). Data represent at least two independent experiments, each with similar results, and the values are
expressed as means and SD for three biological replicates. Student's t test: *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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type I IFNs and proinflammatory cytokines and enhance DNA virus replication in por-
cine macrophages and epithelial cells.

EP364R and C129R inhibit the transcription of antiviral genes and cGAS-STING
pathway signaling. To further evaluate the IFN-antagonistic role of ASFV EP364R and
C129R, we analyzed the effects of both proteins on the transcription of interferon
genes (IFN-b and IFN-g), proinflammatory cytokine genes (IL-6, IL-1b , and tumor necro-
sis factor alpha [TNF-a]) and IFN-stimulated genes (MCP-1, MX-1, and ISG-15). For this
experiment, we infected EP364R- or C129R-overexpressing PAMs and PK-15 cells with
ADV-GFP and performed qPCR using specific primers (Table S1). The expression of
mRNA encoding IFN-b and IFN-g and other antiviral genes was significantly lower in
EP364R- and C129R-overexpressing PAMs (Fig. 2A and B) and PK-15 cells (Fig. S5A and
B) than in the control cells. To determine the effect of EP364R and C129R on the antivi-
ral signaling cascade, we investigated the DNA virus-mediated phosphorylation of
TBK1, IRF3, IkBa, P65, and STAT1 in PAM and PK-15 cells. EP364R- and C129R-overex-
pressing PAMs and PK-15 cells were infected with ADV-GFP, and phosphorylation of vi-
rus-related signaling molecules and NF-kB-related signaling molecules was assessed at
the indicated time points after infection. The phosphorylation levels of TBK1, IRF3,
IkBa, P65, and STAT1 were significantly lower in EP364R- and C129R-overexpressing

FIG 2 EP364R and C129R inhibit the transcription of antiviral genes and cGAS-STING pathway signaling. (A and B) PAMs were transfected with Flag-EP364R
or Flag-C129R plasmids along with Flag control plasmid. Cells were infected with ADV-GFP (MOI = 1) at 24 hpt; cells were harvested at the indicated time
points, and total RNA was extracted. Transcription of the indicated genes mRNA was analyzed by qRT-PCR. (C and D) Flag-EP364R or Flag-C129R and Flag
control plasmid-transfected PAMs were infected with ADV-GFP (MOI = 1) and cells harvested following the infection at indicated time points. EP364R or
C129R gene expression and total and phosphorylated TBK1, IRF3, IkBa, p65, and STAT1 were measured by immunoblotting. b-Actin was used as a loading
control indicator. All qPCR data are representative of at least two independent experiments, each with similar results, and the values are expressed as the
means and SD for two biological replicates. All the immunoblot data are representative of at least two independent experiments, each with similar results.
Student's t test: *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, not significant.
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PAMs (Fig. 2C and D) and PK-15 cells (Fig. S5C and D) than in the control cells. These
results suggest that EP364R and C129R negatively regulate the host type I IFN signal-
ing pathway and suppress antiviral gene transcription induced by viral infection.

EP364R and C129R target 2',3'-cGAMP. To identify the specific target of the cGAS-
STING signaling cascades regulated by ASFV EP364R and C129R, we performed a luciferase
promoter assay by coexpressing both genes with several IFN-related genes. We found that
both ASFV genes reduced poly(dA-dT)-, cGAS-, and 29,39-cGAMP-mediated activation of
the IFN-b promoter and NF-kB activities in a dose-dependent manner (Fig. 3A and B; Fig.
S6A and B). However, there were no detectable changes in STING-, TBK1-, and IKK« -medi-
ated promoter activity with the increased expression of ASFV EP364R or C129R. These
results suggested that ASFV EP364R and C129R target molecules immediately upstream of
STING (e.g., 29,39-cGAMP). In this study, we found that ASFV EP364R is a homolog to DNA
repair endonuclease XPF (ERCC4) (Fig. S1B), and is related to the principle of Holliday junc-
tion resolvase, Mus81, in eukaryotes (6). We also found similarities between ASFV C129R
and the exonuclease of Lysinibacillus xylanilyticus by using sequence alignment analysis
(Fig. S1C).

FIG 3 EP364R and C129R target intracellular 29,39-cGAMP for degradation. (A and B) HEK293T cells were transfected with Flag-EP364R or Flag-C129R
plasmids as indicated along with a firefly luciferase reporter plasmid encoding the IFN-b promoter, the TK-Renilla plasmid as a transfection control to
normalize firefly luciferase activity, and expression plasmids of STING, TBK1, and IKK« for 24 h. STING-overexpressing 293-Dual hSTING-A162 cells were used
for poly(dA-dT)-, cGAS-, and cGAMP-induced luciferase assays. 293-Dual hSTING-A162 cells were transfected by both Flag-EP364R and Flag-C129R plasmids
as indicated along with 3�Flag-cGAS expression plasmids or transfected 29,39-cGAMP or poly(dA-dT) for 12 h. After 36 h of transfection, luciferase activity
of each sample was measured. Results are expressed relative to those with Renilla luciferase alone (internal control). Data represent at least two
independent experiments, each with similar results. (C) 293-Dual hSTING-A162 cells were cotransfected with Flag-EP364R or Flag-C129R dose dependently
with 3�Flag-cGAS plasmid with vector as a transfection control. (D and E) PK-15 cells and PAMs were transfected with Flag-EP364R and Flag-C129R at
increasing doses with Flag control vector as a transfection control and then infected with ADV-GFP (MOI = 1) (D) and HSV-GFP (E) at 24 hpt. 293-Dual
hSTING-A162 cells were harvested 24 hpi, and PK-15 cells and PAMs were harvested 4 hpi; cells were analyzed for intracellular 29,39-cGAMP by 29,39-cGAMP
ELISA. Data in panels A and B are representative of three independent experiments, each with similar results, and all the values are expressed as means
and SD for two biological replicates. All the ELISA and GFP absorbance data are representative of at least two independent experiments, each with similar
results, and the values are expressed as means and SD for three biological replicates. Student's t test: **, P , 0.01; ***, P , 0.001; ns, not significant.
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Because several viruses, bacteria, and host nucleases for selective 29,39-cGAMP cleavage
have been identified (35–37), we investigated the possibility that ASFV EP364R and C129R
target the second messenger 29,39-cGAMP for cleavage. To confirm the possibility of ASFV
EP364R- and C129R-mediated cleavage of 29,39-cGAMP, we examined the intracellular
29,39-cGAMP levels by coexpressing ASFV EP364R or C129R with cGAS plasmids in 293-
Dual hSTING-A162 cells. Twenty-four hours after transfection, intracellular 29,39-cGAMP lev-
els were measured using 29,39-cGAMP ELISA. As shown in Fig. 3C, both ASFV EP364R and
C129R strongly reduced cGAS-mediated intracellular 29,39-cGAMP levels in a dose-depend-
ent manner. In addition, we transfected PK-15 cells and PAMs with increasing amounts of
ASFV EP364R or C129R followed by infection with ADV-GFP (multiplicity of infection
[MOI] = 1) or HSV-GFP (MOI = 1), respectively. Intracellular 29,39-cGAMP levels were meas-
ured after 4 h, and fluorescence was measured after 24 h: virus replication was significantly
increased in EP364R- and C129R-overexpressing cells, whereas 29,39-cGAMP was decreased
in cell lysates (Fig. 3D and E). These results strongly suggest that ASFV C129R and EP364R
can inhibit type I IFN signaling by targeting 29,39-cGAMP.

EP364R and C129R suppress extracellular 2',3'-cGAMP-induced responses. Next,
we investigated the effects of EP364R and C129R on 29,39-cGAMP secretion into the ex-
ogenous cellular environment and the activation of IFN gene transcription in bystander
PAMs. Zhou et al. (38) found that volume-regulated LRRC8/VRAC channels in cells are
critically involved in the host defense against HSV infection by transporting the 29,39-
cGAMP across the plasma membranes of mouse embryonic fibroblasts (MEFs). Based
on this evidence, we hypothesized that the ectopic expression of EP364R or C129R
could reduce the transport of 29,39-cGAMP into the extracellular spaces of PAMs. First,
we infected PAMs with HSV-GFP or ADV-GFP at different MOIs. After 4 h, the released
29,39-cGAMP was analyzed using ELISA. The highest MOI of each DNA virus showed an
elevation of the 29,39-cGAMP concentration in the cell supernatants (Fig. 4A). In con-
trast, supernatants of cells transfected with EP364R or C129R plasmid showed a dose-
dependent reduction of 29,39-cGAMP levels (Fig. 4B and C). To investigate whether
ASFV infection reduces cGAMP production, primary porcine alveolar macrophages
were mock infected or infected with three dilutions (1, 1021, and 1022) of 107.25 50%
hemadsorbing doses [HAD50] of ASFV for 5 h. Cells were transfected with poly(dA-dT)
for 5 h as a positive control, and intracellularly produced and extracellularly secreted
cGAMPs were detected by ELISA. As shown in Fig. 4D, cGAMP production and secretion
were dose-dependently decreased after ASFV infection, and poly(dA-dT) enhanced this
effect. The decrease in cGAMP levels produced by ASFV may be due to the ASFV
EP364R and C129R proteins, or other proteins may be involved in cGAMP degradation.
Consequently, the ASFV blocks IFN production by breaking down cGAMP at the cellular
level early in infection.

The transmission of secreted 29,39-cGAMP to adjacent cells induces type I IFNs (38, 39).
To further explain our finding, 293-Dual hSTING-A162 cells were cotransfected with
EP364R and cGAS or C129R and cGAS, and 29,39-cGAMP secretion after 24 h posttransfec-
tion (hpt) was assessed by ELISA (Fig. 4F). Cells transfected with an EP364R or C129R plas-
mid showed a reduction of extracellular 29,39-cGAMP levels in a dose-dependent manner.
Cell supernatants of EP364R- or C129R-expressing 293-Dual hSTING-A162 cells were then
transferred to PAMs; the transcription of IFN-b (Fig. 4G) and intracellular 29,39-cGAMP level
(Fig. 4H) were measured 24 h later. Our results showed a gradual dose-dependent inhibi-
tion of IFN-b mRNA transcription and intracellular 29,39-cGAMP levels in PAMs treated with
supernatants of EP364R- or C129R-expressing cells relative to that of cGAS alone. These
results suggest that expression of EP364R or C129R can reduce the amount of intracellular
29,39-cGAMP and its transport into the extracellular space of cells; consequently, extracellu-
lar 29,39-cGAMP-induced antiviral responses in bystander cells cannot be activated.

EP364R and C129R selectively cleave 2',3'-cGAMP by their phosphodiesterase
activity. Our results show that ASFV EP364R and C129R inhibit type I IFN signaling by
targeting 29,39-cGAMP. Most cyclic dinucleotides (CDNs), including c-di-GMP, c-di-AMP,
39,39-cGAMP, and 29,39-cGAMP, are cleaved by phosphodiesterases and nucleases
(35–37, 40–45). Therefore, we investigated the specific role of nuclease homologs of
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ASFV EP364R and C129R in the cleavage of 29,39-cGAMP containing canonical 39-59 and
noncanonical 29-59 phosphodiester linkages. We first examined ADV-GFP virus replica-
tion in the presence of 1-methyl-3-isobutylxanthine (IBMX), a universal phosphodies-
terase (PDE) inhibitor. In brief, EP364R- and C129R-expressing PK-15 cells were treated
with IBMX (200 nM), followed by ADV-GFP infection. Remarkably, IBMX treatment
reduced GFP fluorescence and virus titer (Fig. 5A) while restoring IFN-b and IL-6 levels
(Fig. 5B). These data indicate that ASFV EP364R and C129R have phosphodiesterase
activities. For further confirmation of the aforementioned PDE activity, increasing
amounts of EP364R and C129R were transfected into 293-Dual hSTING-A162 cells with

FIG 4 EP364R and C129R degrade 29,39-cGAMP and impair its transfer to bystander cells. (A) PAMs were infected with HSV-GFP (MOI = 0.5, 1, 3, and 5) and
ADV-GFP (MOI = 1, 2, and 4) for 4 h and 29,39-cGAMP level in the supernatant was analyzed using ELISA. (B and C) PAMs were cotransfected with Flag-
EP364R (B) or Flag-C129R (C) plasmids dose dependently. Cells were then infected with HSV-GFP (MOI = 5) and ADV-GFP (MOI = 4) for 4 h and assessed
the 29,39-cGAMP secretion by ELISA. (D) Primary porcine alveolar macrophages were either mock infected or infected with 10-fold-diluted 107.25 HAD50 of
ASFV-WT as indicated. Poly(dA-dT) was transfected as a positive control. At 5 hpi or 5 hpt, intracellular and extracellular cGAMP levels were measured. (E)
Graphical illustration of conditioned-medium transfer experiment. (F) 293-Dual hSTING-A162 cells were cotransfected with Flag-EP364R or Flag-C129R dose
dependently with 3�Flag-cGAS plasmid with Flag vector as a transfection control, and the 29,39-cGAMP secretion was determined at 24 hpt in the
supernatant by ELISA. (G and H) Another 5(F)-independent experiment cell supernatant was collected and immediately transferred to PAMs. After 24 h of
incubation, IFN-b transcription (G) and intracellular 29,39-cGAMP level (H) were measured compared to untreated control cells. In panel G, data are
representative of at least two independent experiments. ELISA and GFP absorbance data are representative of at least two independent experiments, each
with similar results, and the values are expressed as means and SD for three biological replicates. Student's t test: **, P , 0.01; ***, P , 0.001; ****,
P , 0.0001.
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cGAS and treated with 100 nM IBMX for 6 h before the analysis of 29,39-cGAMP levels.
As expected, there was a robust decrease in the 29,39-cGAMP concentration in the cell
line with increasing amounts of EP364R or C129R, whereas cells treated with IBMX
showed 29,39-cGAMP levels similar to those in untreated controls (Fig. 5C).
Furthermore, to confirm the cleavage of 29,39-cGAMP by ASFV EP364R and C129R, we
performed an in vitro cleavage assay using Flag-tagged immunoprecipitated proteins
and glutathione S-transferase (GST)-tagged purified proteins. Before the in vitro cleavage
assay, expression of Flag-tagged immunoprecipitated proteins was confirmed by immuno-
blotting (Fig. S6C) and that of GST-tagged purified protein was confirmed by

FIG 5 Phosphodiesterase activity of EP364R and C129R inhibits activation of STING by degrading 29,39-cGAMP. (A and B) PK-15 cells were transfected with
Flag-EP364R and Flag-C129R and treated with 200 nM IBMX at 6 hpt and infected with ADV-GFP (MOI = 1) at 24 hpt. Fluorescence microscopy and
fluorescence absorbance and virus replication (A) and IFN-b secretion and IL-6 secretion (B) were measured at indicated time points. (C) 293-Dual hSTING-
A162 cells were cotransfected with 3�Flag-cGAS plasmid and indicated plasmids dose dependently, and 6 h before cells were harvested, they were treated
with 100 nM IBMX. Cells were harvested 24 hpt, and the intracellular 29,39-cGAMP level was measured. (D) In vitro 29,39-cGAMP degradation assay. Purified
GST-EP364R or GST-C129R proteins plus 2.5 mM 29,39-cGAMP with or without 1 mM IBMX were incubated for 22 h at 37°C in a reaction mixture. Then 29,39-
cGAMP level in each sample was quantified by 29,39-cGAMP ELISA. (E and F) GST-purified EP364R and C129R protein interaction with biotin-cGAMP or Cy5-
cGAMP. (E) Here, 2 mg of ASFV proteins was incubated with 10 mM biotin-cGAMP or 10 mM biotin in a reaction buffer for 2 h at 30°C with the presence of
1 mM IBMX. Biotinylated cGAMP was pulled down by streptavidin magnetic beads followed by immunoblotting with anti-GST antibody. (F) ASFV GST-
purified protein with vector was incubated with Cy5-cGAMP and subjected to Cy5 pulldown using anti-Cy5 antibody followed by immunoblotting with
anti-GST antibody. All the data are representative of at least two independent experiments, each with similar results, and the values are expressed as
means and SD for three biological replicates. All the immunoblot data are representative of at least two independent experiments, each with similar
results. Student's t test: *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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immunoblotting and Coomassie brilliant blue staining (Fig. S7A). GST-tagged EP364R and
C129R did not reverse the dose-dependent 29,39-cGAMP degradation abilities of EP364R
and C129R (Fig. S6D). We performed an in vitro cleavage assay using 29,39-cGAMP: the
29,39-cGAMP levels in the EP364R or C129R samples were significantly lower than those in
the control sample, but cleavage was restored in the IBMX-treated samples (Fig. 5D and
Fig. S6C).

Importantly, to investigate the critical interaction between ASFV EP364R or C129R and
29,39-cGAMP, we prepared Flag-tagged immunoprecipitated or GST-tagged purified EP364R
or C129R and synthesized biotin- or Cy5-labeled 29,39-cGAMP. To select the optimal IBMX
dosage, we first performed a binding assay with Flag-tagged immunoprecipitated EP364R
and biotin-labeled 29,39-cGAMP by using different doses of IBMX (0.25 mM, 0.5 mM, and
1 mM). We found a progressive binding affinity as the inhibitor concentration increased (Fig.
S6E). To further confirm the binding between ASFV EP364R or C129R and 29,39-cGAMP, we
performed an in vitro binding assay using GST-purified EP364R or C129R and 29,39-cGAMP la-
beled with biotin or Cy5 (Fig. 5E and F) and Flag-tagged immunoprecipitated EP364R or
C129R and 29,39-cGAMP labeled with biotin in the presence of 1 mM IBMX (Fig. S6F). We
observed a clear interaction between ASFV EP364R or C129R and 29,39-cGAMP in the pres-
ence of IBMX. These results suggest that ASFV EP364R or C129R interacts with 29,39-cGAMP,
and its subsequent cleavage counteracts the cGAS-STING signaling and the generation of
type I IFNs.

EP364R competes with STING to hijack 2',3'-cGAMP for cleavage. Thus far, our
results indicate that ASFV EP364R and C129R each bind to and cleave 29,39-cGAMP.
Studies have identified specific amino acid residues within STING that interact with
29,39-cGAMP (11, 46, 47). Therefore, to identify the specific amino acids of ASFV EP364R
and C129R that can interact with 29,39-cGAMP, we first compared the amino acid
sequences of EP364R and C129R and the 29,39-cGAMP-interacting motif of STING by
using the alignment program. Surprisingly, we found a similar 29,39-cGAMP-interacting
motif of STING in the EP364R sequence (Fig. 6A). Based on the literature, we hypothe-
sized that amino acids tyrosine-76 and asparagine-78 of EP364R could interact with
29,39-cGAMP for cleavage.

To verify this hypothesis, we constructed Flag- and GST-tagged EP364R mutant (EP364R-
MT) plasmids harboring a tyrosine-to-serine mutation at position 76 (Y76S) and an aspara-
gine-to-alanine substitution at position 78 (N78A). First, we balanced the protein expression
of wild-type EP364 (EP364R-WT) and EP364R-MT in HEK293T and PK-15 cells (Fig. S7B) and
investigated the effect of EP364R-MT on virus replication and IFN production compared
with that of EP364R-WT in PK-15 cells. As expected, EP364R-MT lost its ability to inhibit IFN
signaling in a manner that decreased viral GFP expression (Fig. 6B and C) and virus replica-
tion (Fig. 6D) and increased secretion of IFN-b and IL-6 (Fig. 6E and F). Next, we evaluated
cGAS- and 29,39-cGAMP-mediated IFN-b luciferase activity using the EP364R-WT and
EP364R-MT plasmids. As shown in Fig. 6G, EP364R-MT could not reduce IFN-b luciferase ac-
tivity. Similarly, EP364R-MT did not reduce intracellular and extracellular 29,39-cGAMP levels
(Fig. 6H) and did not show 29,39-cGAMP cleavage (Fig. 6I and Fig. S7C). We also tested the
interaction between GST-tagged EP364R-MT (Fig. 6J) and Flag-tagged (Fig. S7E) protein and
biotinylated 29,39-cGAMP; EP364R-MT did not interact with 29,39-cGAMP.

Based on these results, we hypothesized that ASFV EP364R and STING compete for
binding to 29,39-cGAMP. To confirm this hypothesis, we performed an in vitro competition
assay using GST-tagged purified EP364R, streptavidin (Strep)-tagged immunoprecipitated
STING and biotin- or Cy5-labeled 29,39-cGAMP. First, we confirmed the binding between
immunoprecipitated STING and the biotin- or Cy5-labeled 29,39-cGAMP (Fig. 6K and Fig.
S7D), and we found that the interaction between 29,39-cGAMP and STING was reduced in a
dose-dependent manner by the EP364R protein (Fig. 6L and Fig. S7F), suggesting that
ASFV EP364R inhibits the binding between STING and 29,39-cGAMP. These findings indicate
that ASFV EP364R has a binding motif similar to STING that interacts with 29,39-cGAMP and
inhibits STING activation by hijacking 29,39-cGAMP.

EP364R and C129R produce intermediate by-products of 2',3'-cGAMP cleavage.
Finally, to confirm the exact cleavage of 29,39-cGAMP, we performed ultra-high-
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performance liquid chromatography (UHPLC) analysis. HEK293T cells were cotrans-
fected with the cGAS plasmid along with each control, ASFV EP364R-WT, EP364R-MT,
and C129R plasmids; next, nucleotides were extracted from the cells. For UHPLC analy-
sis, 29,39-cGAMP, GMP, and AMP were used as standards. We found the 29,39-cGAMP
peaks in cells transfected with cGAS alone and those with the EP364R-MT plasmid, but
by-products other than GMP or AMP were observed in cells transfected with the
EP364R-WT or C129R plasmid (Fig. 7A). We assumed that the by-products were gener-
ated by the marked cleavage of 29,39-cGAMP.

EP364R and C129R inhibit STING activation in 2',3'-cGAMP treated cells.
Additionally, as previously described, we performed a STING aggregation analysis to

FIG 6 EP364R competes with STING and hijacks 29,39-cGAMP. (A) ASFV EP364R and human, porcine, and mouse STING sequence analysis. (B to F) PK-15
cells were transfected with plasmids as indicated and infected with ADV-GFP. Viral replication was determined at 24 hpi by GFP expression levels using
fluorescence microscopy (B) and quantified at 12 hpi and 24 hpi by fluorescence modulator (C). (D) A plaque assay in A549 cells determined the virus titers
of each sample. (E and F) Porcine IFN-b and IL-6 secretion in cell culture supernatant was determined by ELISA. (G) 293-Dual hSTING-A162 cells were
cotransfected with 3�Flag-cGAS and the indicated plasmids. At 24 hpt, IFN-b luciferase activity was measured. Another set of transfected cells were
stimulated with 29,39-cGAMP ligand at 24 hpt. At 36 hpt, IFN-b luciferase activity was measured. (H) Intracellular and extracellular 29,39-cGAMP level was
measured from the collected cell lysate and the supernatant from the cGAS luciferase assay. (I) In vitro 29,39-cGAMP degradation assay. GST-purified
proteins EP364R-WT and EP364R-MT were incubated with 2.5 mM 29,39-cGAMP with or without 1 mM IBMX for 22 h at 37°C in reaction buffer followed by
29,39-cGAMP ELISA. (J) In vitro 29,39-cGAMP binding assay. GST-purified ASFV EP364R-WT or EP364R-MT proteins (2 mg) were incubated with 10 mM biotin-
cGAMP or 10 mM biotin in reaction buffer for 2 h at 30°C with 1 mM IBMX and subjected to biotin pulldown by streptavidin magnetic beads followed by
immunoblotting with anti-GST antibody. (K) In vitro STING–29,39-cGAMP binding assay. Immunoprecipitated Strep-STING protein (2 mg) was incubated with
10 mM biotin–29,39-cGAMP or with biotin in reaction buffer for 2 h at 30°C. Samples were subjected to streptavidin pulldown followed by immunoblotting
with anti-Strep antibody. (L) In vitro 29,39-cGAMP binding competition assay. Increasing amounts of GST-purified EP364R-WT protein (0.25 mg, 0.5 mg, 1 mg,
and 2 mg) and GST vector protein as a control (1.75 mg, 1.5 mg, and 1 mg) with a constant amount of Strep-STING protein (1 mg) were incubated with
10 mM biotin–29,39-cGAMP in reaction buffer for 2 h at 30°C with 1 mM IBMX. The incubated protein mixture was immunoprecipitated by streptavidin
followed by immunoblotting with anti-GST and anti-Strep antibodies. All the data are representative of at least two independent experiments, each with
similar results, and the values are expressed as the means and SD for three biological replicates. All the immunoblot data are representative of at least two
independent experiments, each with similar results. Student's t test: *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns, not significant.
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investigate the effect of 29,39-cGAMP cleavage by ASFV EP364R or C129R on STING acti-
vation using the semidenaturing detergent agarose gel electrophoresis (SDD-AGE)
assay (48). After transfection of 293-Dual hSTING-A162 cells with two different doses of
ASFV EP364R-WT, EP364R-MT, and ASFV C129R plasmids, cells were stimulated with
the 29,39-cGAMP ligand, and STING aggregation was analyzed by immunoblotting with
an anti-hSTING antibody. STING expression and aggregation were inhibited by both
genes in a dose-dependent manner, whereas EP364R-MT did not affect the STING acti-
vation (Fig. 7B). These results suggest that the cleavage of 29,39-cGAMP by ASFV
EP364R or C129R inhibits STING activation. In summary, 29,39-cGAMP is targeted and
degraded by ASFV EP364R or C129R to inhibit STING activation and the cGAS-STING
pathway (Fig. 7C).

FIG 7 EP364R and C129R produce intermediate by-products of cGAMP degradation. (A) HEK293T cells were cotransfected with Flag-EP364R or Flag-C129R
plasmids with 3�Flag-cGAS plasmids for 24 h. Nucleotides of the harvested cell pellet were extracted, and 29,39-cGAMP levels were analyzed along with
29,39-cGAMP, AMP, and GMP standards using UHPLC. Data are representative of two independent experiments, each with similar results. (B) STING
polymerization inhibition SDD-AGE assay. 293-Dual hSTING-A162 cells were cotransfected with plasmids as indicated. At 24 hpt, 8 mg 29,39-cGAMP ligand
was transfected, and 12 h later, cells were harvested and lysate prepared for the SDD-AGE assay. STING polymerization was detected by immunoblotting
with anti-hSTING antibodies. (C) Summary of the immune escape mechanism of ASFV EP364R and C129R proteins.
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DISCUSSION

cGAS, interferon gamma-inducible protein 16 (IFI16), absent in melanoma 2 (AIM2),
probable ATP-dependent RNA helicase DDX41, and RNA PolIII-mediated innate immu-
nity are the first lines of defense against DNA viruses (49). The cytosolic DNA sensor
cGAS is activated by cytosolic viral DNA and elicits the production of 29,39-cGAMP.
Synthesized 29,39-cGAMP interacts with ER-resident STING and triggers downstream
signaling of type I IFNs through TBK1 and IKK, inducing the activation of IRF3 and
releasing cytokines, including type I IFNs, the first line of defense against viral infec-
tions (50–55).

Cyclic dinucleotides, whose primary role is cellular signal transduction, are indispen-
sable messenger molecules in various organisms (49, 56, 57). CDNs, originally identified
as second messengers in bacteria, play a significant role in virulence, motility, metabo-
lism, and survival (58). CDNs containing 39-59 internucleotide linkages, namely, canoni-
cal c-di-AMP (cAMP-AMP), c-di-GMP (cGMP-GMP), and c-AMP-GMP (39,39-cGAMP), are
ubiquitous in bacteria, whereas those in mammalian cells (unlike bacterial CDNs with
two 39-59 bonds) yield 29,39-cGAMP, the first reported metazoan messenger molecule
produced by cGAS in response to pathogenic DNA (12, 59–62). 29,39-cGAMP in mam-
malian cells is highly stable, and cGAS-triggered horizontal transfer of cGAMP across
cellular gap junction channels confers rapid antiviral immunity to neighboring cells
(63). Particularly notable is that tumor cells transfer cGAMP through gap junctions and
activate STING and type I IFNs, which supports tumor growth and chemoresistance
(64, 65). In addition, 29,39-cGAMP can be packaged into viral particles and transferred
to cells such as macrophages, activating innate immunity and antiviral responses (58,
66). Consequently, 29,39-cGAMP transmission between cells is an efficient mechanism
for STING activation, now recognized as a critical target of autophagy and inflamma-
some formation in response to infection by DNA viruses (50, 67, 68).

In this study, we revealed a novel molecular mechanism of ASFV EP364R and C129R
that inhibits cellular 29,39-cGAMP-mediated antiviral responses. First, we showed that over-
expression of both genes increased viral replication, as exhibited by ADV-GFP and HSV-
GFP, by inhibiting the virus induced type I IFN signaling cascade and IFN production.
Second, based on the results of the sequence homology, the IFN-b luciferase reporter
assay and immunoprecipitation assay, ASFV EP364R and C129R target 29,39-cGAMP and
were confirmed to counteract IFN production. 29,39-cGAMP interacts with ASFV C129R and
EP364R, and elevated intracellular and extracellular 29,39-cGAMP due to viral infection or
overexpression of cGAS is degraded by both ASFV genes with phosphodiesterase activity.
However, the universal phosphodiesterase inhibitor IBMX inhibited the specific functions
of both genes. Third, sequence analysis of EP364R and STING showed that EP364R contains
a 29,39-cGAMP binding motif, allowing it to compete with STING for 29,39-cGAMP and that
tyrosine-76 and asparagine-78 of EP364R are required for 29,39-cGAMP interaction. Finally,
ASFV EP364R and C129R impaired STING activation and self-aggregation upon 29,39-
cGAMP stimulation. Hence, our findings suggest that ASFV EP364R and C129R downregu-
late type I IFNs through 29,39-cGAMP degradation via their phosphodiesterase activity.

DNA viruses have evolved many strategies to evade host type I IFN responses, pre-
dominantly the cGAS-STING axis, and facilitate the successful infection of host cells
(19). For the first time, we have shown that the ASFV dose-dependently decreases
cGAMP production and secretion at the cellular level in porcine primary alveolar mac-
rophages. STING activation and phosphorylation during ASFV virulent strain Armenia/
07 virus infection are completely inhibited than STING phosphorylation during attenu-
ated NH/P68 virus infection, demonstrating that ASFV mainly targets STING and
upstream of STING to suppress IFN production (20). Therefore, direct cGAMP clearance
or inhibition of cGAMP production by inhibiting cGAS is the main target of ASFV
immune evasion. These two ASFV genes may play a major role in the degradation of
cGAMP during the ASFV viral infection. Similar to ASFV EP364R and C129R in this study,
some viral enzymes that degrade CDNs block the binding of 29,39-cGAMP to STING
through 29,39-cGAMP degradation (69). Eaglesham et al. performed a biochemical
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screening of 24 mammalian viruses (35) and identified poxvirus nuclease (poxin) as a
novel category of a 29,39-cGAMP-degrading enzyme that inhibits the STING-dependent
type I IFN production (44). Also, studies have confirmed that the 29-59 PDE activity of
nonstructural 2 protein (NS2) of mouse hepatitis virus (MHV) and VP3 protein of rotavi-
rus (RVA) cleave 29-59-oligoadenylate synthetases to increase virus replication in mac-
rophages (70, 71). Additionally, phosphodiesterases of bacterial origin have also been
shown to evade the innate immune system by degrading 29,39-cGAMP. For example,
the Vibrio cholerae EAL domain of PDE (VcEAL) degrades the second messengers c-di-
GMP and 29,39-cGAMP, and Mycobacterium tuberculosis CdnP degrades 29,39-cGAMP
(36, 43). Particularly notable is that ectonucleotide pyrophosphatase/phosphodiester-
ase 1 (ENPP1; also named PC-1), an intracellular enzyme with nucleotide pyrophospha-
tase and phosphodiesterase enzymatic activities, is a 29,39-cGAMP-degrading enzyme
with high specificity in mammalian tissues and plasma (72, 73). At the beginning of
this study, we found that the ASFV EP364R gene sequence is similar to that of the DNA
repair endonuclease XPF (ERCC4)/MUS81 of eukaryotes (6) and that ASFV C129R is ho-
mologous to the DNA polymerase/39-59 exonuclease PolX of Lysinibacillus xylanilyticus
(NCBI reference sequence WP_100542864.1) (Fig. S1B and C). Because nucleases are
phosphodiesterases that cleave one of the two connecting phosphodiester bonds at
the middle (endonuclease) or 39 or 59 end (exonuclease) of a nucleic acid chain (74),
and 29,39-cGAMP phosphodiesterase is a highly conserved enzyme that catalyzes the
hydrolysis of the 39-59 CDNs (75), we hypothesized that both ASFV genes exert phos-
phodiesterase activity to cleave 29,39-cGAMP and proved this hypothesis.

Eleven classes of phosphodiesterase (PDE1 to PDE11) cleave the 39-59 phosphodies-
ter bond in cAMP and cGMP (76). IBMX is a widely used nonspecific PDE inhibitor that
inhibits only phosphodiesterases that cleave the 39-59 phosphodiester bond and not
the 29-59 phosphodiester bonds. IBMX inhibits PDE1, PDE2, PDE3, PDE4, PDE5, PDE7,
and PDE11, whereas PDE8A, PDE8B, and PDE9 are insensitive to IBMX (77). In general,
IBMX inhibits PDEs and induces cellular cAMP and cGMP levels (78), which activates
cyclic-nucleotide-regulated protein kinases (79). In our study, we used IBMX because
we found that ASFV EP364R and C129R are homologs of 39-59 nucleases that can act as
phosphodiesterase enzymes. Although ASFV EP364R and C129R can be PDE8A, PDE8B,
or PDE9, Fig. 5 shows that both proteins lose their inhibitory activity after treatment
with IBMX, which disrupts phosphodiesterase activity. Therefore, ASFV EP364R and
C129R act as phosphodiesterase enzymes that target the 39-59 phosphodiester bond
and not the 29-59 phosphodiester bond of 29,39-cGAMP for cleavage. Consequently, we
demonstrated for the first time that ASFV C129R and EP364R play an essential role in
the cleavage of 29,39-cGAMP by 39-59 phosphodiesterase activity and inhibit subse-
quent 29,39-cGAMP-mediated type I interferon signaling.

STING is an adaptor protein that recruits and activates IKK« and TBK1, which
sequentially activates the transcription factors NF-kB and IRF3, leading to the produc-
tion of interferons and other cytokines. Recently, a C-terminal domain (CTD) fragment
comprising residues 139 to 379 of human STING (hSTING), the sequence bound by di-
GMP in bacteria, was shown to bind with natural and synthetic 29,39-cGAMP (11).
Specifically, S161Y, Y240S, and N242A mutations in hSTING impair direct interaction
with 29,39-cGAMP (46), and cells expressing the R232A or R232H mutant of hSTING
showed defects in the secretion of IFN-b in response to 29,39-cGAMP and DNA (11). In
addition, in the crystal structure analysis, amino acids R232, R238, V239, and Y167 of
hSTING were predicted to be binding sites for 29,39-cGAMP (11). Notably, we found
that ASFV EP364R has a region of homology with the human and porcine STING pro-
tein containing a 29,39-cGAMP-binding motif, and among known prospective sites, we
validated the interaction between ASFV EP364R and 29,39-cGAMP by replacing two
amino acids (Y76S and N78A) in the EP364R gene. The mutant lost the ability to form a
complex with 29,39-cGAMP, failing to the inhibit secretion of IFN-b and IL-6 (Fig. 6).
Our results suggest that tyrosine-76 and asparagine-78 in EP364R are responsible for
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their interaction with and degradation of 29,39-cGAMP and are critical for the downreg-
ulation of interferon signaling.

ASFV has adapted several proteins to control interferons and inflammatory responses.
In this study, we found that two different ASFV genes had a similar function: the degrada-
tion of cGAMP. This functional redundancy raises the question of whether either of these
two genes may have been lost during evolution. Conversely, these two genes are not
redundant when considering the function of ASFV EP364R, which may play an essential
role in repairing DNA damage and maintaining genomic stability because of its sequence
homology to ERCC4 with the major Holliday junction resolvase, Mus81, from eukaryotes
(6). Notably, ASFV C129R has not been identified. However, the conserved status of the
EP364R N and C termini is lower than that of C129R among many different ASFV isolates. It
is possible that EP364R mutations could impede phosphodiesterase activity; therefore, the
functional redundancy of these two genes could be maintained as a strategy to avoid dele-
terious mutations of the ASFV EP364R gene.

On the other hand, multiple viral proteins targeting the same molecules/innate
immune pathways and providing functional redundancy are commonly observed and
have been extensively reported for large DNA viruses such as ASFV and VACV.
Degradation of TBK1 by ASFV I215L (26) and ASFV MGF 360-11L (32) and NF-kB inhibi-
tion by A238L, the homolog of IkB (80), and I215L (27) are a few examples of ASFV pro-
tein functional redundancy. In contrast, ASFV I215L is involved in the virus replication
cycle (81) and host protein synthesis (82), and MGF 360-11L degrades IRF7 (32), which
are nonredundant functions of ASFV proteins. In vaccinia virus (VACV), C4 and C16 pro-
teins bind to lupus Ku autoantigen protein p70 (Ku70) to antagonize DNA-PK by bind-
ing to Ku and blocking Ku binding to DNA, reducing the production of cytokines and
chemokines (83). The value of coding genes with redundant functions is thought to
confer increased immunomodulatory potential due to the cumulative effect of these
proteins not only on one pathway but also on other cross talk pathways. Therefore,
similar to VACV, ASFV appears to have evolved strategies to redundantly drive IFN and
NF-kB signaling. Because of the coding capacity of ASFV and the importance of IFN
and NF-kB in the antiviral response, other viral immunosuppressive proteins will prob-
ably be identified.

In summary, our study demonstrated that ASFV EP364R and C129R are negative
regulators of the type I IFN signaling cascade for viral replication. To inhibit type I IFN
signaling, ASFV EP364R and C129R interact directly with 29,39-cGAMP and mediate its
cleavage, which impairs the STING self-aggregation, a key event for cGAS-STING path-
way activation. These findings have important implications for the understanding of
molecular mechanisms used by the ASFV EP364R and C129R to counteract the type I
IFN responses and the knowledge of immune evasion strategies used by ASFV to
evade host immunity. Furthermore, our study provides a rational approach for virus
attenuation and ASFV vaccine development.

MATERIALS ANDMETHODS
Cells and antibodies. HEK293T cells (ATCC CRL11268), 293-Dual hSTING-A162 cells (InvivoGen;

293d-a162), PK-15 cells (ATCC CCL-33), A549 cells (ATCC CCL-185), Vero cells (ATCC CCL-81), and MA104
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (Cytiva) and PAMs (ATCC CRL2843) in
RPMI medium (Cytiva). Cells were supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1% anti-
biotic/antimycotic (Gibco) and incubated in a humidified 5% CO2 incubator at 37°C. Antibodies used for
the immunoblot and immunoprecipitation analysis are as follows: anti-Flag (Cell Signaling; 8146), anti-
GST (Santa Cruz; sc-138), anti-Cy5 (Cell Signaling; sc-166896), anti-IRF3 (Abcam; ab25950), anti-phospho-
IRF3 (Ser396) (Cell Signaling; 4947), anti-p65 (Cell Signaling; 4764S), anti-phospho-p65 (Cell Signaling;
3031S), anti-TBK1 (Cell Signaling; 3504S), anti-phospho-TBK1 (Cell Signaling; 5483S), anti-phospho-IkBa
(Cell Signaling; 2859S), anti-IkBa (Cell Signaling; 9242S), anti-STING (Cell Signaling; 3337S), and anti-
b-actin (Santa Cruz; SC 47778).

Plasmids. Plasmids with full-length ASFV C129R and EP364R genes were cloned into a Flag-tagged
pIRES vector and a pEGB vector with a GST tag. To generate a Y76S N78A point mutant of EP364R-MT, a
mutation cloning kit was used (Thermo Fisher; 00940669). Generation of the IFN-b promoter and lucifer-
ase reporter plasmids is described elsewhere (84). The cGAS pIRES-3�Flag-tagged plasmid was kindly
donated by Jae U. Jung (Department of Cancer Biology, Lerner Research Institute, Cleveland Clinic).
Flag-tagged TBK1 and IKK« plasmids were generated by amplifying template DNA using PCR and cloned
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into the pIRES vector. Flag-, Strep-, and GST-tagged STING plasmid constructs were obtained by amplify-
ing template DNA by PCR and cloned into pIRES, pEXPR, and pEBG vectors, respectively. The integrity of
all sequences was verified by sequencing analysis.

Virus infection and plasmid transfection. ADV-GFP and HSV-GFP were propagated in PK-15 cells
and Vero cells, respectively, and titrated by plaque assay. Before virus infection, the culture medium was
exchanged with DMEM containing 1% FBS, and the virus was inoculated into target cells at an MOI.
Following 2 h of incubation at 37°C, the extracellular viruses were removed and replaced with DMEM
containing 10% FBS. At the indicated times, cells were scraped with supernatants and centrifuged at
3,000 rpm for 3 min. The supernatant of each sample was separated from the cell pellet for ELISA. The
cell pellet was resuspended in 300 mL of phosphate-buffered saline (PBS), and the fluorescence of each
sample was checked using a fluorometer (GloMax detection system; Promega). Plasmids were trans-
fected into PK-15 cells, PAMs, and MA104 cells with Lipofectamine 2000 (Invitrogen) and HEK293T and
into 293-Dual hSTING-A162 cells with polyethylenimine (PEI; Polysciences Inc.; 23966) according to the
manufacturer’s protocol.

ASFV infection and cGAMP degradation assay.Wild-type ASF virus (ASFV-WT) was isolated from the
spleen of an infected wild boar by the National Institute of Wildlife Disease Control and Prevention (NIWDC)
in Korea. This ASFV-WT strain was confirmed to be identical to the ASFV-Georgia 2007 (genotype II) by next-
generation sequencing (NGS) (Celemics, South Korea). Primary porcine alveolar macrophages were provided
by the National Institute of wildlife Disease Control and Prevention (NIWDC). Primary porcine cells were main-
tained in RPMI media and subcultured to 12-well plates. The cells were transfected with 4 mg poly(dA-dT),
and at the same time, the cells were dose-dependently infected with ASFV-WT. After 2 h, the medium was
changed, and the cells were incubated for a further 3 h. Then, cell supernatants and cell lysates were col-
lected, and intracellular and extracellular cGAMP was measured by ELISA.

Virus titer determination. ADV-GFP- and HSV-GFP-infected cells and cell culture supernatants were
collected at the indicated time points, and virus titers were measured by plaque assay using A549 and
Cercopithecus aethiops epithelial kidney (Vero) cells, respectively. A monolayer of A549 and Vero cells
was seeded in 12-well plates, and after 12 h of incubation, the cells were infected with serially diluted
supernatants containing the virus, in 1% DMEM, for 2 h. After 2 h incubation, inoculums were removed
and replaced with DMEM containing 0.1% agarose (Sigma-Aldrich). Plates were then incubated at 37°C
for another 36 h and examined for plaque formation under �200 magnification. Virus titers were calcu-
lated using the number of PFU and the dilution factor.

ELISA. ELISA was performed to detect secreted interferons and proinflammatory cytokines in cell
culture supernatants. Human IL-6 (BD OptEIA; 5552220), human interferon-b (CUSABIO; CSB-E09889h),
porcine IL-6 (R&D Systems; p6000B), and porcine IFN-b (CUSABIO; CSB-E09890p) kits were used for anal-
ysis according to the manufacturer’s protocols.

Quantification of 2',3'-cGAMP by ELISA. C129R and EP364R plasmids were transfected into PK-15
cells and PAMs and infected with ADV-GFP or HSV-GFP, respectively. In another experiment, 293-Dual
hSTING-A162 cells were cotransfected with C129R and EP364R plasmids with 3�Flag-cGAS plasmid. PK-
15 and 293-Dual hSTING-A162 cell lysates and cell supernatants were collected and subjected to ELISA
for the determination of both the intracellular and extracellular 29,39-cGAMP level. A 29,39-cGAMP ELISA
(Cayman Chemical; 501700) commercial kit was used for analysis according to the manufacturer’s
instructions.

Quantitative real-time PCR. C129R-Flag and EP364R-Flag or Flag vector as control plasmid transi-
ently transfected PK-15 or PAMs were grown in 6-well tissue culture plates (1 � 106 cells/well) and incu-
bated at 37°C. The cells were infected with ADV-GFP (MOI = 1.0) and harvested at 0 h postinfection (hpi),
12 hpi, and 24 hpi. The total RNA from the cells was isolated using the Macherey-Nagel NucleoSpin RNA
kit (790955.250), and cDNA was synthesized using reverse transcriptase (Toyobo). The different levels of
cDNA were quantified by real-time PCR (RT-PCR) using a Smart Gene SYBR green Q-PCR master mix
(SG.SYBR.500) kit according to the manufacturer’s instructions. The sequences of the primers used in
qPCR are listed in Table S1.

Protein immunoprecipitation. HEK293T cells were transfected with Flag-tagged C129R, EP364R-
WT, and EP364R-MT pIRES plasmids or GST-tagged C129R, EP364R-WT, and EP364R-MT pEGB plasmids
and harvested at 36 hpt. The whole-cell lysates (WCL) were obtained after lysis with a protease inhibitor
cocktail and phosphatase inhibitor cocktail (Sigma) containing radioimmunoprecipitation assay (RIPA)
lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 0.5% sodium deoxycholate, 1% IGEPAL, 1 mM NaF, 1 mM
Na3VO4) and sonication with a sonicator (Sonics). The WCL was precleared with Sepharose 6B (GE
Healthcare Life Science) at 4°C for 2 h. Proteins with Flag tags were precipitated using anti-Flag (M2)
antibody following A/G Plus agarose (Santa Cruz Biotechnology; sc-2003) pulldown, and proteins with
GST tags were precipitated with glutathione Sepharose 4B (Cytiva Sweden AB; 17075601) pulldown.
Unbound proteins were washed away with lysis buffer, the fused target proteins were recovered by elu-
tion with 100 mM glycine buffer solution, pH 2 to 2.5 (Santa Cruz Biotechnology; sc-295018), and the
eluted fraction was neutralized with 500 mM NH4HCO3.

Glutathione purification. Glutathione protein was purified using the MagneGST protein purification
system (Promega; V8600) with minor modifications. Briefly, GST-tagged C129R, EP364R-WT, and EP364R-
MT pEGB plasmids were transfected to HEK293T cells and cells were harvested at 36 hpt. Then cells were
lysed immediately with MagneGST cell lysis reagent with RNase, protease inhibitor cocktail, and phos-
phatase inhibitor cocktail. Next, the cell lysate was incubated with MagneGST beads at 4°C for 2 h on a
rotor. Beads were separated with a magnetic separator and washed with wash buffer, followed by elu-
tion of beads by elution buffer. Afterward, the purified eluted proteins were identified by SDS-PAGE gel
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electrophoresis using anti-GST antibodies, and the efficiency of protein purification was evaluated by
Coomassie brilliant blue staining.

In vitro 2',3'-cGAMP binding assay. An in vitro binding assay was performed with minor modifica-
tions as described in a previous report (85). Briefly, 2 mg of Flag-tagged immunoprecipitated proteins or
GST-purified proteins was incubated either with 10 mM 29,39-cGAMP-biotinylated beads (AAT Bioquest;
20316) or Cy5-conjugated 29,39-cGAMP (AAT Bioquest; 20318) in 10� reaction buffer containing 100 mM
Tris, 500 mM KCl, 10 mM dithiothreitol (DTT), and 200 mM EDTA (pH 8) for 2 h at 37°C in the presence of
the universal PDE inhibitor 1 mM IBMX (Cayman Chemical; 13347). After the incubation, the sample vol-
ume was brought up to 700 mL with RIPA buffer. To pull down the 29,39-cGAMP-biotinylated beads,
100 mL streptavidin magnetic beads (Dynabeads M-280 streptavidin; Thermo Fisher Scientific; 11205D)
were added. To pull down the Cy5-conjugated 29,39-cGAMP, anti-Cy5 (Santa Cruz Biotechnology; sc-
166896) monoclonal antibody was added. Then, samples were incubated for 12 h at 4°C in a rotor. For
Cy5 pulldown, samples were incubated with A/G Plus agarose beads and incubated 4 h in a rotor. Beads
with unbound proteins were washed with lysis buffer and incubated with 50 mL glycine elution buffer
(Santa Cruz Biotechnology; sc-295018) at 100 mM and pH 2.5 for 10 min. Later, ammonium bicarbonate
(500 mM) 10 mL was added for neutralization. The elution fractions were boiled in sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (2�), and the samples were analyzed
by immunoblot analysis with the indicated antibodies.

In vitro 2',3'-cGAMP degradation assay. An in vitro degradation assay was performed as described
previously with minor modifications (35). Degradation of 29,39-cGAMP was assessed by incubation of
Flag-tagged immunoprecipitated protein or recombinant GST-purified protein in the presence of 29,39-
cGAMP in a reaction buffer composed of 50 mM HEPES-KOH (pH 7.5), 35 mM KCl, and 1 mM DTT.
Approximately 2 mg of total protein was normalized according to the molecular weight of each protein
and incubated in a 10 mL reaction buffer with 2.5 mM 29,39-cGAMP with or without IBMX for 20 h at
37°C. Then the 29,39-cGAMP amount of each sample was measured by 29,39-cGAMP ELISA.

Immunoblot analysis. Harvested cells were lysed with RIPA lysis buffer. Cell lysates or samples pre-
pared with immunoprecipitated beads were separated by SDS-PAGE and transferred onto a polyvinylidene
difluoride (PVDF) membrane using a Trans-Blot semidry transfer cell (Bio-Rad, Seoul, South Korea). Then, the
membrane was blocked for 1 h in 5% bovine serum albumin (BSA) and incubated overnight at 4°C with the
primary antibody. The next day, membranes were washed with Tris-buffered saline with Tween 20 (TBST) or
phosphate-buffered saline with Tween 20 (PBST), and the membrane was incubated with horseradish perox-
idase (HRP)-conjugated secondary antibody for 2 h at room temperature. The membrane was washed again
3 times with TBST or PBST, and finally, the reaction was visualized using an enhanced chemiluminescence
(ECL) detection system (GE Healthcare, Little Chalfont, United Kingdom) using a Las-3000 Mini Lumino image
analyzer.

Luciferase reporter assay. HEK293T cells and 293-Dual hSTING-A162 cells were cultured in 12-well tissue
culture plates (3.5 � 105 cells/well) and incubated at 37°C for 12 h with a 5% CO2 atmosphere overnight. We
used the human STING-overexpressing HEK293T cell line 293-Dual hSTING-A162 to check poly(dA-dT), cGAS-
and 29,39-cGAMP-induced IFN-b luciferase activity, whereas HEK293T cells were used to check STING-, TBK1-,
and IKK« -induced IFN-b and NF-kB luciferase reporters and poly(dA-dT), cGAS- and 29,39-cGAMP-induced
NF-kB luciferase activity. HEK293T cells were transfected with IFN-b and NF-kB expressing luminescence,
TK-Renilla luciferase reporter plasmid (an internal control for the normalization of the transfection efficiency)
with Flag-tagged C129R and EP364R-WT or EP364R-MT plasmid dose dependently. Plasmids encoding cGAS,
STING, TBK1, and IKK« were transfected to HEK293T cells, and 293-Dual hSTING-A162 cells were transfected
with a cGAS-encoding plasmid. poly(dA-dT) (InvivoGen) and 29,39-cGAMP ligands (InvivoGen) were transfected
with Lipofectamine 2000 (Invitrogen) and Lipofectamine RNAiMAX (Invitrogen), respectively. At 24 h posttrans-
fection, luciferase activity was measured using a dual-luciferase reporter assay system (Promega; E1980) follow-
ing the manufacturer’s protocol.

2',3'-cGAMP secretion and conditioned-medium transfer experiment. PAMs were infected with
HSV-GFP (MOI = 0.5, 1, 3, and 5) and ADV-GFP (MOI = 1, 2, and 4) for 4 h, and collected supernatants
were assessed for the 29,39-cGAMP secretion using ELISA. Next, PAMs were cotransfected with either
Flag-tagged EP364R or C129R dose dependently and then infected with HSV-GFP (MOI = 5) and ADV-
GFP (MOI = 4) for 4 h, and 29,39-cGAMP secretion was assessed by ELISA. Then, 293-Dual hSTING-A162
cells were cotransfected with Flag-EP364R or Flag-C129R dose dependently with cGAS plasmid with a
Flag vector as the transfection control. At 24 hpt, the cell supernatant was collected, and media were
transferred to a monolayer of PAMs and incubated for 24 h. Finally, IFN-b transcription and intracellular
29,39-cGAMP level in PAMs were measured compared to untreated control cells by ELISA. The remaining
supernatant of 293-Dual hSTING-A162 cells was used to assess the secretion of 29,39-cGAMP by ELISA.

Phosphodiesterase activity assay. PK-15 cells were transfected with Flag-EP364R and Flag-C129R, and
then cells were infected with ADV-GFP (MOI = 1) and treated with 200 nM IBMX at 6 hpt. GFP microscopy
and GFP absorbance, virus replication, IFN-b secretion, and IL-6 secretion were measured at 12 h and 24 h.
Next, 293-Dual hSTING-A162 cells were cotransfected with Flag-cGAS plasmid with Flag-C129R or EP364R
plasmids dose dependently, and 6 h before cells were harvested, they were treated with 100 nM IBMX. Then,
cells and supernatants were harvested 24 hpt to check intracellular and extracellular 29,39-cGAMP levels.
Finally, an in vitro 29,39-cGAMP degradation assay determined the degradation of 29,39-cGAMP with or with-
out IBMX. Immunoprecipitated and purified GST-tagged EP364R and C129R proteins plus 2.5 mM 29,39-
cGAMP with 1 mM IBMX were incubated 22 h at 37°C in the reaction buffer followed by 29,39-cGAMP ELISA
to quantify the remaining 29,39-cGAMP level in incubated samples.

HPLC analysis. ASFV genes expressing Flag-tagged C129R, EP364R-WT, and EP364R-MT or Flag control
plasmids were transfected with 3�Flag cGAS plasmid into HEK293T cells. Then, cells were harvested at 36
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hpt. Cellular nucleotide extraction was performed as previously described (86). Harvested cells were resus-
pended in 300 mL of ice-cold extraction solvent containing acetonitrile-methanol-water (40/40/20 [vol/vol/
vol]). The extraction process was initiated after 15 min of incubation at 4°C. The cell suspension was then
heated to 95°C for 10 min. The cell suspension was cooled and centrifuged at 20,000 � g for 5 min, and the
insoluble fraction was separated from the extracted nucleotides. The remaining cell pellet was extracted
twice with 200mL of extraction solvent at 4°C without a heating step. The solvent of the combined superna-
tants (700 mL) was then evaporated until dry in a vacuum evaporator (Modul 3180C; Hanil Research and
Development). The dried fraction was resuspended in 200mL of ultrapure water with vigorous vortexing and
then analyzed by reversed-phase-coupled HPLC-tandem mass spectrometry (MS/MS).

HPLC analysis was performed following the protocol described previously (36). Extracted nucleotides
were analyzed via LC-MS/MS on a QTRAP 6500 low-mass BL210251506 instrument using an electrospray
ionization probe and a Shimadzu Prominence UFLC XR UHPLC system. A reverse-phase C18 column
(2.1 mm by 50 mm, 3.5-mm particles, 125-Å pores) was used. The mobile phases consisted of 0.1% formic
acid (A) in water and 0.1% formic acid (B) in acetonitrile at a flow rate of 0.3 mL/min. The run was com-
posed of a linear gradient of 0 to 100% B over 12 min, 100% B for 3 min, and then 0% B for 4 min. MS
was conducted in negative-ion multiple reaction monitoring (MRM) mode. For 29,39-cGAMP, the [M-H]
precursor ion of m/z 673.1 and production of m/z 344.1 (quantifier) and 328.1 (qualifier) for GMP m/z
362.0/211 and AMP m/z 345.9/211.0 were used.

SDD-AGE assay. 293-Dual hSTING-A162 cells were transfected with Flag-tagged C129R, EP364R, and
its mutant dose dependently with 3�Flag-tagged cGAS plasmids. Twenty-four hours later, 8 mg of syn-
thesized 29,39-cGAMP ligand was transfected with RNAiMAX, and then cells were harvested at 12 hpt.
Then, cells were washed with PBS and resuspended with lysis buffer. Cell fractions were separated by
centrifugation, and the supernatant was mixed with SDS-AGE buffer and separated by 1.5% SDD-AGE as
previously described (48).

Statistical analysis. Graphs and all statistical analyses were performed using GraphPad Prism software
version 6 for Windows. Data are presented as the means and standard deviations (SD) and represent at least
two independent experiments. An unpaired t test was performed to compare the control and treatment
groups at each time point. P values of,0.05,,0.01,,0.001 or,0.0001 were regarded as significant.
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