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African Swine Fever Virus HLJ/18 CD2v Suppresses Type I
IFN Production and IFN-Stimulated Genes Expression through
Negatively Regulating cGMP-AMP Synthase—STING and IFN
Signaling Pathways

Li Huang,*"' Weiye Chen,*' Hongyang Liu,*' Mengdi Xue,*"' Siqi Dong,* Xiaohong Liu,*
Chunying Feng,* Shinuo Cao,** Guangqiang Ye,* Qiongqiong Zhou,* Zhaoxia Zhang,*"

Jun Zheng,*" Jiangnan Li,*" Dongming Zhao,* Zilong Wang,* Encheng Sun,* Hefeng Chen,*
Shuai Zhang,* Xue Wang,* Xianfeng Zhang,* Xijun He,* Yuntao Guan,* Zhigao Bu,* and
Changjiang Weng,*

African swine fever is a fatal infectious disease caused by African swine fever virus (ASFV). The high mortality caused by this
infectious disease is a significant challenge to the swine industry worldwide. ASFV virulence is related to its ability to antagonize
IFN response, yet the mechanism of antagonism is not understood. Recently, a less virulent recombinant virus has emerged that
has a EP402R gene deletion within the parental ASFV HLJ/18 (ASFV-AEP402R) strain. EP402R gene encodes CD2v. Hence we
hypothesized that ASFV uses CD2v protein to evade type I IFN-mediated innate immune response. We found that ASFV-
AEP402R infection induced higher type I IFN response and increased the expression of IFN-stimulated genes in porcine alveolar
macrophages when compared with parental ASFV HLJ/18. Consistent with these results, CD2v overexpression inhibited type I
IFN production and IFN-stimulated gene expression. Mechanistically, CD2v, by interacting with the transmembrane domain of
stimulator of IFN genes (STING), prevented the transport of STING to the Golgi apparatus, and thereby inhibited the cGMP-
AMP synthase—STING signaling pathway. Furthermore, ASFV CD2v disrupted IFNAR1-TYK?2 and IFNAR2-JAK1 interactions,
and thereby inhibited JAK-STAT activation by IFN-«. In vivo, specific pathogen-free pigs infected with the mutant ASFV-
AEP402R strain survived better than animals infected with the parental ASFV HLJ/18 strain. Consistent with this finding, IFN-3
protein levels in the peripheral blood of ASFV-AEP402R—challenged pigs were significantly higher than in the blood of ASFV
HLJ/18—challenged pigs. Taken together, our findings suggest a molecular mechanism in which CD2v inhibits cGMP-AMP

synthase—STING and IFN signaling pathways to evade the innate immune response rendering ASFV infection fatal in pigs. The

Journal of Immunology, 2023, 210: 1338-1350.

frican swine fever (ASF) is a severe animal infectious dis-
A ease caused by ASF virus (ASFV), and the morbidity and

mortality of pigs infected with virulent ASFV isolates are
as high as 100% (1). ASF has spread into many areas of the world,
which has been threatening the world’s pig factories with huge eco-
nomic and ecological consequences (2). ASFV is a large, enveloped
dsDNA virus. The genome of ASFV ranges in length from ~170 to
190 kb depending on the virus strains (3). Normally, the ASFV
genome contains between 151 and 167 open reading frames, which

encode >150 proteins (4). Besides the structural proteins dedicated
to viral entry, virus replication, and assembly, the ASFV genome
also encodes many nonessential proteins that play important roles in
evading host antiviral immune responses (5), including inhibition of
type I IFN production (6—10) and NLRP3-dependent inflammatory
response (9). Until now, about half of ASFV genes lacked any
known or predictable functions.

On DNA viral infection, cGMP-AMP (cGAMP) synthase (cGAS)
recognizes viral dSDNA and uses ATP and GTP to synthesize the
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second messenger cGAMP (11, 12). cGAMP binds to stimulator of
IFN genes (STING), which causes a conformational change of STING
and then translocates from the endoplasmic reticulum (ER) to the
Golgi apparatus (13, 14). Subsequently, STING recruits and phosphor-
ylates TBK1, and the active TBK1 phosphorylates IFN regulatory fac-
tor 3 (IRF3), leading to its translocation to the nucleus. IRF3 binds to
IFN promoter and initiates transcription of type I IFNs (15, 16). Type
I IFN binds to its receptors (IFNAR1/IFNAR2) and then recruits IFN
receptor—associated JAK1 and TYK2. The activated JAK1 and TYK2
phosphorylate STAT1 and STAT2, which leads them to transport into
the nucleus to promote IFN-stimulated gene (ISG) expression (17).

ASFV CD2yv, encoded by EP402R gene, is a late-expressed viral
glycoprotein during ASFV infection. It resembles the adhesion recep-
tor CD2, which is expressing on the surface of T lymphocyte and
NK cells (18). ASFV CD2v is located around viral factories during
ASFV infection, and it is required for the hemadsorption of RBCs
around ASFV-infected cells (19). ASFV CD2v can be cleaved in the
ER or Golgi compartments to produce N-terminal fragment with gly-
cosylation and C-terminal fragment with nonglycosylation (20). It has
been reported that ASFV CD2v interacts with actin-binding adaptor
protein SH3P7 and adaptor protein AP1 (21, 22). The functions of
ASFV CD2v are also involved in tissue tropism, cell—cell adhesion
(23), viral virulence immune evasion (18), viral replication (24), and
the pathogenesis of ASFV (25). ASFV CD2v can damage the func-
tion of lymphocytes, and the expression of CD2v has some connec-
tion with ASFV spreading in domestic swine. Recently, ASFV CD2v
was found to induce NF-kB—dependent IFN-3 and ISGs transcription
in swine PK15 cells. ASFV CD2v interacts with CD58 and induces
apoptosis of PBMCs and macrophages (26). However, to date, the
functions of CD2v in regulating type I IFN production and its down-
stream signaling have not been investigated yet.

In this study, we report that ASFV CD2v is an inhibitor in modulat-
ing type I IFN production and ISG expression by antagonizing cGAS-
STING and IFN signaling pathways. ASFV CD2v inhibits the STING
translocation to the Golgi apparatus through interaction with the trans-
membrane domain (TM) of STING. ASFV CD2v also inhibits ISG
production by disrupting the interactions of IFNARI-TYK2 and
IFNAR2-JAK1. Compared with ASFV HLJ/18, a recombinant ASFV
with deletion of EP402R gene from ASFV HLJ/18 (ASFV-AEP402R)
infection enhances host antiviral innate immune responses, resulting in
reducing the pathogenicity of ASFV. Our findings provide a new clue
to explain how ASFV CD2v is related to the pathogenicity of ASFV.

Materials and Methods

Ethics statement

This study was carried out following the Guide for the Care and Use of Lab-
oratory Animals of the Ministry of Science and Technology of the People’s
Republic of China. The protocols were approved by the Committee on the
Ethics of Animal Experiments of the Harbin Veterinary Research Institute of
the Chinese Academy of Agricultural Sciences and the Animal Ethics Com-
mittee of Heilongjiang Province, China.

Biosafety statement and facility

All experiments with live ASFV were conducted within the enhanced bio-
safety level 3 (P3+) and level 4 (P4) facilities in the Harbin Veterinary
Research Institute of the Chinese Academy of Agricultural Sciences
approved by the Ministry of Agriculture and Rural Affairs and China
National Accreditation Service for Conformity Assessment.

Reagents and Abs

The protein A/G-agarose used for coimmunoprecipitation (Co-IP) was pur-
chased from Santa Cruz Biotechnology (20397; Dallas, TX). The cGAMP
(SML1232), polyinosinic-polycytidylic acid [poly(I:C)] (31852-29-6), rabbit
anti-Flag (F7425), mouse anti-Flag (F1804), rabbit anti-hemagglutinin (anti-
HA; SAB4300603), and mouse anti-HA (H9658) Abs were purchased from
Sigma-Aldrich (St. Louis, MO). The following Abs were purchased from
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Cell Signaling Technology (Danvers, MA): anti-JAK1 (29261S), anti-TYK2
(14193S), anti-STAT! (14994S), anti-STAT2 (72604S), anti-STATI1-p
(9167S), and anti-STAT2-p (88410S) Abs. Anti-GFP (50430-2-AP) polyclone
Ab (pAb) was purchased from Proteintech (Wuhan, China). Mouse anti-CD2v
and anti-p54 pAbs were produced in mouse by immunization with recombi-
nant ASFV CD2v and p54. Mouse anti-STING and rabbit anti-STING pAbs
were produced in mouse and rabbit by immunization with recombinant pig
STING protein, respectively. Anti-mouse IgG (H+L) DyLight 800-Labeled
(042-07-18-06) was purchased from Sera Care (Milford, MA). The IRDye
800CW goat anti-rabbit IgG secondary Ab (926-32211) was purchased from
LI-COR (Lincoln, NE).

Plasmids and cells

The IFN-B reporter, IFN stimulus response element (ISRE) reporter, and thy-
midine kinase (TK)-Renilla reporter were presented from Prof. Hong Tang.
The ASFV HLJ/18 strain was isolated from a pig sample in a farm of north-
eastern China during the ASF outbreak in 2018 (27). The ASFV EP402R
cDNA was synthesized based on the genome of ASFV HLJ/18 isolate and
cloned into pCAGGS-Flag vector from GenScript (Nanjing, China). To con-
struct plasmids expressing Flag-tagged or HA-tagged cGAS, STING, TBK1,
IRF3, IFNARI, IFNAR2, JAKI, TYK2, STATI, STAT2, and IRF9, we
amplified the cDNAs corresponding to these swine genes by standard RT-
PCR using total RNA extracted from porcine alveolar macrophages (PAMs)
as templates and then cloned them into the pPCAGGS-Flag or pCAGGS-HA
vector, respectively. All constructs were validated by DNA sequencing. The
primers used in this study are listed in Table I. HEK293T and MA104 cell
lines were purchased from ATCC and cultured in DMEM, and PAMs iso-
lated from specific pathogen-free (SPF) piglets (without ASFV, porcine
reproductive and respiratory syndrome virus, pseudorabies virus, porcine cir-
covirus type 2 and other 28 pathogens) were cultured in RPMI 1640 supple-
mented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin at
37°C with 5% CO,.

Hemadsorption assay

In brief, PBMCs isolated from SPF piglets were seeded in 96-well plates
and then were infected with 0.1 ml/well 10-fold serially diluted supernatant
in quintuplicate. The quantity of ASFV was determined by identification of
characteristic rosette formation representing hemadsorption of erythrocytes
around ASFV-infected cells. At 7 d postinfection, the 50% hemadsorption
doses (HADsqs) were determined by the Reed—Muench method. All data are
shown as the means of three independent experiments.

Co-IP and immunoblot analysis

Co-IP and immunoblot analysis were performed as previously described (28).
In brief, for Co-IP, whole-cell extracts were lysed in lysis buffer (50 mM
Tris-HCI [pH 7.4], 150 mM NaCl, 5 mM MgCl,, | mM EDTA, 1% Triton
X-100, and 10% glycerol) containing 1 mM PMSF and a 1X protease inhibi-
tor mixture (Roche). Then, cell lysates were incubated with anti-Flag (M2)
agarose or with protein G Plus-Agarose immunoprecipitation reagent (Santa
Cruz Biotechnology) together with 1 pg of the corresponding Abs at 4°C
overnight on a roller. The precipitated beads were washed five times with cell
lysis buffer. For immunoblot analysis, equal amounts of cell lysates and
immunoprecipitants were resolved by 10-12% SDS-PAGE and were then
transferred to a polyvinylidene difluoride membrane (Millipore). After incuba-
tion with primary and secondary Abs, the membranes were visualized by
ECL (Thermo Fisher Scientific) or an Odyssey two-color infrared fluorescence
imaging system (LI-COR).

Confocal microscopy

MA104 cells transfected with the indicated plasmids were fixed for 20 min
in 4% paraformaldehyde in 1x PBS at pH 7.4. The fixed cells were permea-
bilized for 20 min with 0.3% Triton X-100 in 1X PBS and were then
blocked in 1x PBS with 10% BSA for 30 min. The cells were incubated
with the appropriate primary Abs and were then stained with Alexa Fluor
594—-labeled goat anti-mouse IgG and Alexa Fluor 488-labeled goat anti-
rabbit IgG. The subcellular localization of indicated proteins was visualized
using a Zeiss LSM-880 laser scanning fluorescence microscope (Carl Zeiss,
Oberkochen, Germany) under a 63X oil objective.

Luciferase reporter assay

Luciferase activities were measured with a Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturer’s instructions. The data
were normalized to the transfection efficiency by dividing the firefly lucifer-
ase activity by the Renilla luciferase activity.
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Table I.  Primers used for PCR in this study

ASFV CD2v INHIBITS TYPE I IFNs AND ISG PRODUCTION

Plasmids

Primers (5'-3")

pCAGGS-HA-cGAS
pCAGGS-HA-STING
pCAGGS-HA-TBK1
pCAGGS-Flag-IFNARI1
pCAGGS-Flag-IFNAR2
pCAGGS-Flag-JAK1
pCAGGS-Flag-Tyk2
pCAGGS-Flag-STATI
pCAGGS-Flag-STAT2
pCAGGS-Flag-IRF9
pCAGGS-Flag-EP402R
pCAGGS-Flag-EP402R-N
pCAGGS-Flag-EP402R-C
pCAGGS-HA-STING-D1

pCAGGS-HA-STING-D2

: 5'-CCGGAATTCGCAGACTCTTGTGTGCCCGC-3’
: 5'-CGGGGTACCAAAAATTCAACTCCAATTTATTC-3'

5'-CCGGAATTCATGCCCCACTCCAGCCTGCAT-3'
5'-CGGGGTACCTCAAGAGAAATCCGTGCGGAG-3’
5'-CCGGAATTCATGCAGAGCACTTCTAATCATCTTTGG-3’
5'-CGGGGTACCCTAAAGACAGTCAACATTGCGAAGGC-3’

: 5'-ATGCTCGGGCTTCTGGGTGC-3'

5'-TCACACGGCTGCCTGTCGCAGAA-3'
5'-ATGCTTTTGAGCCAGAATGTCTCCG-3'
5'-TCATCTCATGATATATCCATCCC-3'
5'-ATGGCTTTTTGTGCTAAAA-3’
5'-TTATTTTAAAAGTGCTT-3'
5'-ATGCCTCTGTGCCATTGGGGAGC-3’
5'-TCAGCAGACACTGAACACTGAG-3’
5'-ATGTCCCAGTGGTATGAGCT-3'
5'-TTAGTCAAGGTTCATAGTTCCAG-3'
5'-ATGGCGCAGTGGGAGATGC-3’
5'-CTAGTAGTCAGAAGGAATC-3’

: 5'-ATGGCTTCAGGCAGGGCTCG-3’

5'-TCAAAGCAGATAGGAGGAGCA-3'
5'-GAATTCGAGCTCATCGATGGTACCGGTACCATGATCATTCTGA-3'
5'-TTAATTAAGATCTGCTAGCTCGAGGGTACCGATAATCCGGTCC-3’
5'-GAATTCGAGCTCATCGATGGTACCATGATCATTCTGATTTTCCTGA-3'
5'-TTAATTAAGATCTGCTAGCTCGAGGGTACCCAGGAAGGTGATGA-3’
5'-GAATTCGAGCTCATCGATGGTACCTCCCTGCGCAAGAGAAAG-3’
5'-TTAATTAAGATCTGCTAGCTCGAGGATAATCCGGTCCACGTGGATCA-3’

1 5'-TTCGAGCTCATCGATGGTACCATGCCCTACTCCAGCCTGCATCCA-3'

5'-ATTAAGATCTGCTAGCTCGAGGAGTACGTTCTTGTGGCGCTGAT-3’
5'-TTCGAGCTCATCGATGGTACCATGCCCTACTCCAGCCTGCATCCA-3'
5'-ATTAAGATCTGCTAGCTCGAGCTCCCTTTCCTCCTGCCGAAGGTG-3'

F, forward; R, reverse.

Quantitative real-time PCR

To detect mRNA levels of IFN-B, we extracted total RNA using TRIzol
reagent (Invitrogen), and reverse transcription was performed with a Prime-
Script RT Reagent Kit (Takara). Reverse transcription products were amplified
using an Agilent-Strata gene Mx Real-Time qPCR (quantitative real-time PCR)
system with SYBR Premix Ex Taq II (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 by using QIlAamp DNA Mini Kit (Qiagen, Germany). ¢PCR
was carried out on a QuantStudio5 system (Applied Biosystems) according to
the World Organization for Animal Health-recommended procedure described
by King et al. (29). All the gPCR primers are listed in Table II.

Generation of ASFV-AEP402R recombinant virus

ASFV-AEP402R, a recombinant virus with deletion of EP402R gene, was
generated by homologous recombination in PAMs. Recombinant transfer
vector (p72-EGFP) containing a reporter gene cassette containing the EGFP
gene with the ASFV p72 late gene promoter, two DNA fragments mapping
~500 bp to the left and right of EP402R gene, were used. PAMs were trans-
fected with the linearized transfer vector using FUGENE HD following the
manufacturer’s protocol. Twenty-four hours after transfection, cells were
infected with ASFV HLJ/18 for another 24 h. A recombinant ASFV-AEP402R
was purified by fluorescent plaque five times and confirmed by sequencing.

RNA sequencing analysis

PAMs were infected with ASFV HLJ/18 or ASFV-AEP402R (multiplicity
of infection [MOI] = 1) for 24 h, and then the total RNA was extracted. A
total amount of 2 wg RNA per sample was used as input material for the
RNA sample preparations. Sequencing libraries were generated using NEBNext
Ultra RNA Library Prep Kit for Illumina (#£7530L; NEB) following the man-
ufacturer’s recommendations. The reference genomes and the annotation file
were downloaded from ENSEMBL database (http:/www.ensembl.org/index.
html). Bowtie2 v2.2.3 was used for building the genome index, and clean data
were then aligned to the reference genome using HISAT2 v2.1.0. Reads count
for each gene in each sample was counted by HTSeq v0.6.0, and fragments
per kilobase million mapped reads were then calculated to estimate the expres-
sion level of genes in each sample. Genes with ¢ = 0.05 and [log2_ratio| = 1
are identified as differentially expressed genes (DEGs). For the functional
enrichment of DEGs, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment of DEGs was performed by KOBAS online analyses

(http://kobas.cbi.pku.edu.cn/), in which the p value was adjusted by multiple
comparisons as q value. KEGG terms with q < 0.05 were considered to be sig-
nificantly enriched.

Table II.  Primers used for qPCR in this study
Gene Name Primer Sequence (5'-3")
Human-B-actin h-B-actin-F  CCTTCCTGGGCATGGAGTCCTG
h-B-actin-R ~ GGAGCAATGATCTTGATCTTC
Human-IFN-a h-TFN-a-F TTTCTCCTGCCTGAAGGACAG
h-TFN-a-R GCTCATGATTTCTGCTCTGACA
Human-IFN-3 h-IFN-B-F  ATGACCAACAAGTGTCTCCTCC
h-IFN-B-R GCTCATGGAAAGAGCTGTAGTG
Human-CCL5 h-CCL5-F CCCCATATTCCTCGGACACC
h-CCL5-R GCTGTCCCTCTCTCTTTGGC
Human-CXCL10 h-CXCL10-F TGCCATTCTGATTTGCTGCC
h-CXCL10-R TGATGGCCTTCGATTCTGGA
Human-Mx1 h-Mx1-F CTCCGACACGAGTTCCACAA
h-Mx1-R GGCTCTTCCAGTGCCTTGAT
Human-ISG54 h-ISG54-F AAGCACCTCAAAGGGCAAAAC
h-ISG54-R TCGGCCCATGTGATAGTAGAC
Human-ISG15 h-ISG15-F CGCAGATCACCCAGAAGATCG
h-ISG15-R TTCGTCGCATTTGTCCACCA
Swine-TFN-B sq-IFN-B-F  AGCACTGGCTGGAATGAAACCG
sq-IFN-B-R CTCCAGGTCATCCATCTGCCCA
Swine-IFN-a sq-IFN-a-F CTGCTGCCTGGAATGAGAGCC
sq-IFN-a-R TGACACAGGCTTCCAGGTCCC
Swine-B-actin sq-B-actin-F  TGAGAACAGCTGCATCCACTT
sq-B-actin-R  CGAAGGCAGCTCGGAGTT
Swine-ISG15 sq-ISG15-F GGTGCAAAGCTTCAGAGACC
sq-ISG15-R GTCAGCCAGACCTCATAGGC
Swine-ISG56 sq-ISG56-F TCAGAGGTGAGAAGGCTGGT
sq-ISG56-R GCTTCCTGCAAGTGTCCTTC
Swine-Mx1 sq-Mx1-F AGCGCAGTGACACCAGCGAC
sq-Mx1-R GCCCGGTTCAGCCTGGGAAC
Swine-OAS2 sq-OAS2-F CACAGCTCAGGGATTTCAGA
sq-OAS2-R TCCAACGACAGGGTTTGTAA
ASFV-B646L ASFV-B646L-F CTGCTCATGGTATCAATCTTATCGA

ASFV-B646L-R
Probe

GATACCACAAGATCAGCCGT
CCACGGGAGGAATACCAACCCAGTG
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red indicates high enrichment, and blue indicates low enrichment. The sizes of the dots represent the percentage of each row (Gene Ontology [GO] category).
(C-F) PAMs were infected with ASFV HLJ/18 or ASFV-AEP402R at an MOI of 1 for 6, 12, and 24 h. The cells were collected to detect the mRNA levels
of IFN-a (C), IFN-B (D), ISG56 (E), and ASFV genomic DNA (F) by qPCR. (G) PAMs were mock infected or infected with ASFV HLJ/18 or ASFV-
AEP402R at an MOI of 1 for 12 h, and then the cells were treated with cGAMP for another 12 h. The mRNA level of IFN- was then analyzed by qPCR.
Data are representative of three independent experiments with three biological replicates (mean + SD). *p < 0.05, 0.001 < **p < 0.01, ***p < 0.001 (one-

way ANOVA).

The virulence of ASFV-AEP402R in SPF pigs

Twelve 8-wk-old SPF piglets were randomly divided into two groups (six
piglets inoculated ASFV-AEP402R 10° HADs/piglet, six piglets inoculated
ASFV HLJ/18 10°> HADsy/piglet). The piglets were monitored daily for clin-
ical signs before feeding, including anorexia, lethargy, fever, and emaciation.
The blood was collected at 0, 1, 4, 7, 10, 16 and 21 d postinoculation (dpi)
for detecting virus load, and serum samples were collected at 0, 1, 4, and 7 dpi
for detecting secretion of IFN-@3, respectively.

ELISA

The concentrations of IFN- protein levels in serum were measured by com-
mercial ELISA kits specifically detecting IFN-f3 (Biorbyt, UK) according to
the manufacturer’s instructions.

Statistical analysis

All statistical analyses were performed using one-way ANOVA via the
SPSS 16.0 software package (version 16.0; SPSS, Chicago, IL). Data were
expressed as the mean + SD. A p value <0.05 was considered statistically
significant.

Results
ASFV-AEPA402R infection enhances type I IFN production

Previous studies showed that the inhibition of IFN production and
its downstream signaling is related to the pathogenicity of ASFV
(30). Recently, EP402R was reported to be involved in ASFV path-
ogenicity (31); however, the effect of EP402R on type I IFN pro-
duction is not fully understood. To study the effect of EP402R on
innate immune responses, we generated a recombinant ASFV-
AEP402R by deletion of EP402R gene using homologous recombi-
nation. Full-length genomic comparison between ASFV-AEP402R
and it parental ASFV HLJ/18 demonstrated a deletion of 1083 nt and
the insertion of an 801-nt construct corresponding to the p72-GFP
cassette sequence. GFP was expressed successfully under the control
of the B646L gene promoter. The PBMCs infected with ASFV-
AEP402R lost hemadsorption property (Supplemental Fig. 1A).
ASFV-AEP402R displayed a growth kinetic similar to that of its
parental virus ASFV HLJ/18 (Supplemental Fig. 1B), suggesting that
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FIGURE 2. ASFV CD2v inhibits type I IFN production induced by cGAS-STING. (A) HEK293T-STING cells were transfected with a Luciferase reporter
and a Renilla-TK reporter, together with increasing amounts (0, 100, 200, and 400 ng) of a plasmid expressing Flag-CD2v for 12 h, and then the cells were
treated with cGAMP for another 12 h. Luciferase activities were then analyzed. The expressions of all proteins were analyzed by Western blotting with
GAPDH as an internal control. (B—E) HEK293T cells were transfected with two plasmids expressing HA-cGAS and HA-STING, respectively, together with
increasing amounts (0, 100, 200, and 400 ng) of a plasmid expressing Flag-CD2v for 24 h. The mRNA levels of IFN-a (B), IFN-B (C), CCL5 (D), and
CXCL10 (E) in the HEK293T cells were analyzed by qPCR. The expressions of all proteins were analyzed by Western blotting with GAPDH as an
internal control. (F-1) HEK293T cells were transfected with an IFN-a— (F), IFN-B— (G), ISG56- (H), or ISRE-Luc (l) reporter and a Renilla-TK reporter,
two plasmids expressing HA-cGAS and HA-STING, respectively, together with increasing amounts (0, 100, 200, and 400 ng) of a plasmid expressing Flag-
CD2v for 24 h. Luciferase activities were then analyzed. The expressions of all proteins were analyzed by Western blotting with GAPDH as an internal con-
trol. Data are representative of three independent experiments with three biological replicates (mean = SD). 0.001 < **p < 0.01, ***p < 0.001 (one-way
ANOVA).

deletion of EP402R gene in ASFV HLJ/18 does not significantly AEP402R using the RNA sequencing (RNA-seq) technique.
affect the ability of the virus replication in PAMs (Tables I, II). Compared with ASFV HLIJ/18, a total of 3046 DEGs (with fold

To compare the differences of gene expression during ASFV change > 2, p < 0.05) were detected in ASFV-AEP402R—infected
HLJ/18 and ASFV-AEP402R infection, we investigated DEGs in PAMs (Supplemental Fig. 2A). Interestingly, deletion of EP402R
PAMs at 24 h postinfection (hpi) with ASFV HLJ/18 and ASFV- from ASFV induced higher type I IFN and ISG production than wild
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FIGURE 3. ASFV CD2v inhibits type I IFN production by targeting STING. (A—C) HEK293T cells were transfected with an IFN-B8 Luc reporter and a Renilla-TK
reporter, a plasmid expressing HA-STING (A), HA-TBK1 (B), or HA-IRF3-5D (C), together with an empty vector or different amounts (0, 100, 200, and 400 ng) of a plas-
mid expressing Flag-CD2v for 24 h; the cells were collected for detection of the luciferase activity. The expression levels of HA-STING, HA-TBK1, HA-IRF3-5D, Flag-
CD2v, and GAPDH were detected by Western blotting. (D—F) HEK293T cells were transfected with a plasmid expressing HA-STING (D), HA-TBK1 (E), or HA-IRF3-
5D (F), together with an empty vector or increasing amounts of a plasmid expressing Flag-CD2v. The cells were collected at 24 hpt, and the mRNA levels of IFN-3 were
analyzed by qPCR. The expressions of HA-STING, HA-TBK 1, HA-IRF3-5D, Flag-CD2v, and GAPDH were detected by Western blotting. Data are representative of three
independent experiments with three biological replicates (mean + SD). p > 0.05, 0.001 < **p < 0.01, **#p < 0.001 (one-way ANOVA). ns, not significant.

type (WT) ASFV (Fig. 1A). To identify the biological pathways of
DEGs, we annotated the assembled unigenes against the KEGG data-
base and assigned them to 87 different KEGG pathways, including
several [FN-related signaling pathways, such as TLR, retinoic acid-
inducible gene 1-like receptor, cytosolic DNA-sensing, and JAK-
STAT signaling pathways (Fig. 1B).

To confirm that ASFV-AEP402R infection induces more type I IFN
production and ISG expression in PAMs than those infected with
ASFV HLJ/18, we infected PAMs with ASFV-HLIJ/18 or ASFV-
AEP402R at an MOI of 1 for 6, 12, and 24 h, respectively, and then
the cells were collected to detect the mRNA levels of IFN-a, IFN-B,
ISG56, and ASFV genomic DNA copy number using gPCR. As shown
in Fig. 1IC-E, ASFV-AEP402R infection induced higher mRNA levels
of IFN-a, IFN-B, and ISG56 than ASFV HLJ/18 infection. The geno-
mic copy numbers of ASFV-AEP402R and ASFV HLJ/18 were almost
the same at 6, 12, and 24 hpi (Fig. 1F). To further detect the role of
ASFV-AEP402R on IFN-B production, we infected PAMs with ASFV
HLJ/18 or ASFV-AEP402R and then treated them with cGAMP. The
results showed that ASFV HLJ/18 inhibited the mRNA level of IFN-(3,
but not ASFV-AEP402R (Fig. 1G, Table II). Taken together, these
results indicate that EP402R-encoded protein (CD2v) of ASFV HLJ/18
may negatively regulate type I IFN production.

To analyze whether CD2v of other ASFV strains plays a similar
role in inhibiting type I IFN and ISG production during infection, we

examined multiple-sequence alignment among 12 EP402R genes from
genotype I and genotype II ASFV using BLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). The data showed that the amino acid sequences of
CD2v from genotype II ASFV, including ASFV HLJ/18, were 100%
homologous, indicating that CD2v is highly conserved in genotype II
ASFV. However, it had greater variability between ASFV-HLJ/18
CD2v and CD2v from genotype I ASFV (Supplemental Fig. 2B).
Therefore, we speculated that it is universal for CD2v from genotype 11
ASFV in inhibiting type I IFN and ISG production.

ASFV CD2v suppresses the cGAS-STING signaling pathway

On ASFV infection, cGAS can sense cytosolic viral DNA and trigger
type I IFN-mediated antiviral immune responses (32, 33). To further
identify the inhibitory effect of CD2v on type I IFN production, we
transfected HEK293T-STING cells with stable expressing STING with
IFN-B luciferase and TK, together with different doses of a plasmid
expressing CD2v, and then treated with cGAMP or poly(I:C); the results
showed that CD2v inhibited cGAMP-induced, but not poly(Il:C)—
induced, IFN-3 promoter activity in a dose-dependent manner (Fig. 2A,
Supplemental Fig. 3A). To verify the results, we transfected HEK293T
cells with plasmids expressing cGAS and STING, together with increas-
ing doses of a plasmid expressing Flag-CD2v, and then collected the
cells for detection of the mRNA levels of IFN-«, IFN-B, CXCL10, and
CCLS5 by gPCR. The results showed that ectopically expressed CD2v
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FIGURE 4. ASFV CD2v interacts with STING. (A) Co-IP analysis of the interaction between CD2v and STING in HEK293T cells. (B) Co-IP analysis of the
interaction between endogenous CD2v and STING in PAMs that were mock infected or infected with ASFV. (C) Schematic of full-length STING and its deleted
mutants. (D) HEK293T cells were transfected with a plasmid expressing Flag-CD2v, along with plasmids expressing HA-STING-WT, HA-STING-TM, HA-
STING-TM+CBD, HA-STING-CBD, and HA-STING-CBD +cytoplasmic-terminal tail, respectively. The cells were collected at 24 hpi, and the interaction of
STING and CD2v or its deleted mutants were analyzed by Co-IP and Western blotting. (E) Schematic of full-length CD2v and its deleted mutants. (F) HEK293T
cells were transfected with a plasmid expressing HA-STING alone or together with plasmids expressing Flag-CD2v-WT and its deleted mutants, including Flag-
CD2v-AN, Flag-CD2v-AC, and Flag-CD2v-C, respectively. The interaction of STING and CD2v and its deleted mutants were analyzed by Co-IP and Western
blotting. (G) HEK293T cells were transfected with an IFN-B Luc reporter and a Renilla-TK reporter, along with plasmids expressing HA-cGAS and HA-STING,
along with increasing amounts of a plasmid expressing Flag-CD2v or its deleted mutants. The cells were collected to detect the luciferase activity or test the
expression of these indicated proteins by Western blotting. (H) The subcellular localization of CD2v and STING in MA104 cells expressing GFP or GFP-CD2v
and then mock treated or treated with diABZI. Twelve hours later, the localization of CD2v (green) and STING (cyan) was detected by immunofluorescence
microscopy. Scale bars, 5 wm. (I) The fluorescence intensity of the images was analyzed using the Zeiss processing system. Data are representative of three inde-
pendent experiments with three biological replicates (mean + SD). 0.001 < *#*p < 0.01, ***p < 0.001 (one-way ANOVA). ns, not significant.

significantly decreased the mRNA levels of IFN-a, IFN-f3, CCLS, and
CXCLI10 induced by cGAS and STING (Fig. 2B-E). In agreement
with the results, CD2v also inhibited IFN-o, IFN-B, ISG56, and ISRE
promoter activities induced by cGAS and STING (Fig. 2F-I), whereas
O6IR had no effect on IFN-B promoter activity (Supplemental
Fig. 3B). Taken together, these results indicate that ASFV CD2v can
significantly inhibit cGAS-STING-induced type I IFN production.

ASFV CD2v inhibits type I IFN production by targeting STING

To elucidate the underlying molecular mechanism by which ASFV
CD2v negatively regulates the cGAS-STING signaling pathway, we
first assessed the effect of ASFV CD2v on IFN-f3 promoter activa-
tion induced by the key molecules in the cGAS-STING signaling
pathway in HEK293T cells. As shown in Fig. 3A—-C, overexpressed

ASFV CD2v significantly reduced the IFN- promoter activity
induced by STING in a dose-dependent manner, but not by TBK1
and IRF3-5D, a constitutively active IRF3 variant (34). Consistent
with these results, the mRNA levels of IFN-B were also attenuated
by ASFV CD2v in the HEK293T cells induced by STING (Fig. 3D).
However, the mRNA levels of IFN-$ mediated by TBK1 (Fig. 3E)
and IRF3-5D (Fig. 3F) were not impaired by ASFV CD2v. These
results suggest that ASFV CD2v may target STING to inhibit type I
IFN production.

ASFV CD2v inhibits STING translocation to Golgi apparatus
through interacting with the TM of STING

To detect the interaction between CD2v and key molecules involved
in the cGAS-STING pathway, we transfected HEK293T cells with
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FIGURE 5. Deletion of EP402R from ASFV HLJ/18 promotes JAK-STAT activation in IFN signaling. (A—D) PAMs were infected with 0.1 or 1 MOI of
ASFV HLJ/18 or ASFV-AEP402R, and then the cells were treated with IFN-a. The mRNA levels of ISG15 (A), MX1 (B), ISG56 (C), and OAS2 (D) were
detected by qPCR. (E) PAMs were mock infected or infected with 1 MOI of ASFV HLJ/18 or ASFV-AEP402R, and then the cells were mock treated or
treated with IFN-a.. The expressions of STAT1, STAT1-p, STAT2, STAT2-p, CD2v, p54, and GAPDH were detected by Western blotting. (F) The ratio of
the intensity value of the STAT1-p/STAT1 and STAT2-p/STAT2 immunoblotting result from (E) was quantified by ImagelJ. Data are representative of three
independent experiments with three biological replicates (mean + SD). *p < 0.05, 0.001 < **p < 0.01, ***p < 0.001 (one-way ANOVA).

a plasmid expressing CD2v alone or together with a plasmid
expressing cGAS, STING, TBK1, or IRF3. Co-IP was performed at
24 h post transfection, and the results showed that CD2v interacted
with STING, but not with other proteins (Supplemental Fig. 4A,
4B). The interaction between overexpressed CD2v and STING was
further confirmed in HEK293T cells (Fig. 4A). Consistent with
these results, endogenous CD2v also interacted with endogenous
STING in PAMs during ASFV infection (Fig. 4B). STING is an
ER membrane protein that contains four TMs followed by a cyto-
plasmic ligand-binding and signaling domain. To map which
domain of STING is required for the interaction with CD2v, we
constructed four different plasmids encoding Flag-tagged STING
mutants (STING-TM, STING-TM+CDN-binding domain (CBD),
STING-CBD, STING-ATM) (Fig. 4C, Table I). The results of
Co-IP showed that CD2v interacted with STING-TM and STING-
TM+CBD, but not STING-CBD or STING-ATM, suggesting that
the TM domain of STING is required for the interaction between
CD2v and STING (Fig. 4D). On ASFV infection, CD2v is cleaved
into an N-terminal fragment with glycosylation and a C-terminal
fragment without glycosylation. To map which fragment of CD2v
was necessary to interact with STING, we constructed three deleted
mutants of CD2v (CD2v-N, CD2v-AN, CD2v-C) (Fig. 4E). The
results revealed that the C terminus of CD2v was indispensable for
interacting with STING (Fig. 4F). Consistent with these results, the
C terminus of CD2v inhibited IFN-3 promoter activity induced by
cGAS-STING (Fig. 4G).

It has been reported that the translocation of STING from ER to
Golgi apparatus is necessary for STING activation (13, 35), and the
trans-Golgi network is impaired in ASFV-infected cells (36). To
explore whether CD2v affects the translocation of STING in the
Golgi apparatus, we treated the cells with diamidobenzimidazole

(diABZI), a STING agonist that belongs to a family of small-
molecule amidobenzimidazoles (ABZIs) (37), and we detected the
localization of CD2v and STING by confocal microscopy experi-
ment. As shown in Fig. 4H and 41, STING colocated with activator
protein 1, which is a Golgi apparatus marker on diABZI stimulation.
However, an overexpressed full-length and C-terminal fragment, but
not N-terminal fragment, of CD2v disrupted the location of STING
on Golgi apparatus on diABZI stimulation. These results suggest
that the C terminus of CD2v can inhibit the translocation of STING
to the Golgi apparatus.

ASFV CD2v inhibits ISG expression

The results of RNA-seq showed that ASFV-AEP402R infection
enhanced the expression of ISGs, including ISG15, Mx2, and sev-
eral IFN-induced protein with tetratricopeptide repeats molecules.
To confirm these results, we infected PAMs with ASFV HLJ/18 or
ASFV-AEP402R and then treated them with IFN-«; the results
showed that ASFV-AEP402R infection induced higher mRNA lev-
els of ISG56, 1ISG15, Mx1, and OAS2 with IFN-a treatment than
that of ASFV HLJ/18 infection (Fig. SA-D). Consistent with these
results, the phosphorylation of STAT1 and STAT2 on IFN-« stimu-
lation was blocked by ASFV HLJ/18, but not ASFV-AEP402R,
infection (Fig. S5E, 5F). The earlier results showed that CD2v may
negatively regulate the type I IFN signaling pathway. To verify the
speculation, an increasing amount of a plasmid expressing CD2v,
along with pRL-TK, we transfected ISRE, ISG56, and ISG54 reporter
into HEK293T cells, and then the cells were treated with IFN-a for
12 h. The results showed that CD2v inhibited the activities of ISRE,
ISG56, and 1SG54 promoter induced by IFN-a in a dose-dependent
manner (Fig. 6A—C), whereas O61R had no effect on the activity of
ISRE promoter induced by IFN-a (Fig. 6D). Consistent with these
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Flag-O61R (D). At 24 h post transfection, the cells were treated with IFN-a. Luciferase activities were then analyzed. The expressions of all proteins were
analyzed by Western blotting with GAPDH as an internal control. (E-G) HEK293T cells were transfected with different amounts (0, 100, 200, and 400 ng)
of a plasmid expressing Flag-CD2v for 24 h, and then the cells were treated with IFN-« for 12 h. The mRNA levels of Mx1 (E), ISG54 (F), and ISG15 (G)
in the HEK293T cells were analyzed by qPCR. The expressions of all proteins were analyzed by Western blotting with GAPDH as an internal control. Data
are representative of three independent experiments with three biological replicates (mean + SD). ™p > 0.05, 0.001 < **p < 0.01, ***p < 0.001 (one-way

ANOVA). ns, not significant.

results, CD2v also inhibited the mRNA level of MxI1, ISG54, and
ISG15 induced by IFN-a in a dose-dependent manner (Fig. 6E-G).

ASFV CD2v disrupts the interactions of IFNARI-TYK?2 and
IFNAR2-JAK1

To clarify the role of ASFV CD2v on ISG production, we examined
the interaction between CD2v and IFNARI1, IFNAR2, JAK1, TYK?2,
STATI, STAT2, and IRF9. The results showed that CD2v interacted
with IFNAR1 and IFNAR2, but not with other proteins in the JAK-
STAT signaling pathway (Supplemental Fig. 4C). To confirm these
results, we cotransfected HEK293T cells with a plasmid expressing
GFP-CD2v together with a plasmid expressing Flag-IFNARI1 or
Flag-IFNAR?2. The results showed that CD2v was coimmunoprecipi-
tated with both IFNAR1 and IFNAR2 (Fig. 7A, 7B). Consistent
with these results, CD2v interacted with endogenous IFNAR1 and
IFNAR2 on ASFV infection (Fig. 7C). It has been reported that
once type I IFNs bind to IFNAR1 and IFNAR2, IFNARI1 and
IFNAR2 recruit TYK2 and JAK1, respectively. We found that over-
expressed CD2v disrupts the interaction of IFNAR1-TYK?2 (Fig. 7D)
and IFNAR2-JAK1 (Fig. 7E). In addition, overexpressed CD2v also
inhibited the phosphorylation of STAT1 and STAT2 and the follow-
ing translocation of STATI1 and STAT2 into the nucleus on IFN-a
stimulation (Fig. 7F—H). All these results indicate that CD2v inhibits
the recruitment of TYK2 and JAKI by IFNAR1 and IFNAR2
through interacting with IFNAR1 and IFNAR2, which leads to
reduced phosphorylation and translocation of STAT1 and STAT2.

ASFV-AEP402R has lower pathogenicity and induces more IFN-f in pigs

To detect the role of EP402R gene in pathogenicity of ASFV HLJ/
18, we challenged SPF pigs with ASFV HLJ/18 or ASFV-AEP402R.

Body temperature was detected every day, and survival ratio was
monitored postinoculation. As shown in Fig. 8A, the pigs in the
ASFV HLJ/18-inoculated group developed fever at 3 dpi, and the
pigs in ASFV-AEP402R~inoculated group developed fever at 5 dpi.
We evaluated the clinical scores of the infected pigs, and the results
showed that the clinical scores of the pigs infected with ASFV-
AEP402R were significantly lower than those with ASFV HLJ/18
(Fig. 8B). All of the pigs challenged with ASFV HLJ/18 died within
10 dpi, whereas the survival rate in the ASFV-AEP402R—challenged
group was 40% (Fig. 8C). Blood samples were collected at 1, 4, 7,
10, 16, and 21 dpi for viral DNA quantification by qPCR. As shown
in Fig. 8D, the average viral DNA copies in blood from the ASFV-
AEP402R—inoculated group were 3—4 logs lower at 4, 7, and 10 dpi
than that in the ASFV HLJ/18—inoculated group.

To evaluate the antiviral response of pigs to ASFV challenge, we
monitored the IFN-B protein levels in peripheral blood at 0, 1, 4,
and 7 dpi using ELISA. The results showed that the IFN-3 levels in
peripheral blood from the ASFV HLJ/18— and ASFV-AEP402R—
inoculated pigs were almost the same at 4 dpi, and the IFN-B levels
from ASFV-AEP402R~inoculated pigs were significantly higher than
that from ASFV HLJ/18-inoculated pigs at 7 dpi (Fig. 8E).

In summary, on ASFV infection, CD2v interacts with STING to
attenuate its localization on Golgi, resulting in inhibition of type I
IFNs production. In addition, CD2v interacts with [FNARI and
IFNAR?2 to destruct the interactions between IFNARI and TYK2
and IFNAR2 and JAKI to inhibit ISG expression (Fig. 9). Com-
pared with its parental ASFV HLJ/18, ASFV-AEP402R infection
enhances the production of type I IFN and ISG expression in PAMs
and reduces the pathogenicity of ASFV HLJ/18 with enhanced type
I IFN production in the ASFV-AEP402R—infected pigs.
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FIGURE 7. ASFV CD2v inhibits the interaction of IFNARI-TYK2 and IFNAR2-JAKI. (A and B) HEK293T cells were transfected with a plasmid
expressing GFP-CD2v or an empty vector, along with a plasmid expressing Flag-IFNARI1 or Flag-IFNAR2. The interactions between CD2v and IFNARI
and CD2v and IFNAR?2 were analyzed by Co-IP and Western blotting. (C) PAMs were mock infected or infected with ASFV (MOI = 1) for 24 h, and then
the cells were collected for Co-IP analysis of the interaction between CD2v and endogenous IFNAR1 and IFNAR2. (D and E) MA104 cells were transfected
with a plasmid expressing GFP-CD2v or an empty vector. The interaction between IFNAR1 and TYK2 or between IFNAR2 and JAK1 was analyzed by Co-
IP and Western blotting. (F) MA104 cells were transfected with an empty vector or a plasmid expressing Flag-CD2v. The cells were treated with IFN-a for
0, 15, and 30 min, and then the expressions of STAT1, STAT1-p, STAT2, STAT2-p, CD2v, and GAPDH were detected by Western blotting. (G and H)
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are representative of three independent experiments with three biological replicates.

Discussion

It has been reported that deletion of EP402R gene from several
ASFV strains attenuated their pathogenicity (25, 31, 38, 39). In the
study, the transcriptome of PAMs infected with ASFV-AEP402R
and ASFV HLJ/18 was analyzed using RNA-seq. The KEGG analy-
sis results showed that the innate immune process was differently
regulated in PAMs on ASFV HLJ/18 and ASFV-AEP402R infec-
tion. Compared with its parental ASFV HLJ/18, ASFV-AEP402R
infection induced higher levels of type I IFN production and ISG
expression in PAMs. Subsequently, we confirmed that overex-
pressed ASFV HLJ/18 CD2v inhibits type I IFN production and
ISG expression and suppresses cGAS-STING and IFN signaling
pathways. Interestingly, we also found that deletion of EP402R
gene from ASFV HLJ/18 increased the mRNA and protein level of
IFN-B and reduced the pathogenicity of ASFV in vivo, revealing
the underlying mechanisms by which ASFV EP402R antagonizes
IFN production and ISG expression, which is closely related to
ASFYV pathogenicity.

The cGAS-STING signaling pathway can be activated to execute
antiviral function on DNA virus infection (40). Previous studies
demonstrate that DNA viruses have evolved various mechanisms to
antagonize the cGAS-STING-induced antiviral innate immune

responses for their efficient infection and avoiding being cleared
(41). ASFV is a large, dsDNA virus, and it can replicate success-
fully in macrophages and monocytes (42). To replicate in these
immune cells, ASFV has developed counteracting measures against
host antiviral innate immune responses (43), including NF-kB,
c¢GAS-STING, and IFN signaling pathways. Several ASFV proteins
have been identified as inhibitors in the NF-kB signaling pathway.
For example, the MGF360-12L inhibits type I IFN production by
inhibiting the NF-kB signaling pathway (7). As a functional viral
TLR3 homolog, the pI329L suppresses type I IFN production by
targeting the TRIF (44, 45). In addition, several ASFV proteins
were observed to modulate different steps in the cGAS-STING
signaling pathway. For example, pMGF505-7R/pA528R inhibits
the cGAS-STING signaling pathway by degrading STING and
inhibiting the translocation of IRF3-5D into the nucleus (9, 46).
ASFV pEI120R suppresses the phosphorylation of IRF3 and the
production of type I IFN by binding to IRF3 and blocking the
recruitment of IRF3 to TBK1 (47). ASFV pI215L recruits RNF138
to degrade RNF128 to inhibit K63 phosphorylation of TBK1 medi-
ated by RNF128 (33). The ASFV pA276R inhibits IFN-$ induction
via both the TLR3 and the cytosolic pathways by targeting IRF3,
but not IRF7 or NF-«kB (5).
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FIGURE 8. ASFV-AEP402R infection increases IFN production, resulting in reduction of the pathogenicity of ASFV. (A—C) Body temperatures (A), clini-
cal score (B), and survival rates (C) of pigs i.m. infected with 10> HADsj of either ASFV-AEP402R or parental ASFV HLJ/18. (D) gPCR analysis of ASFV
genomic DNA copy number in blood samples obtained from pigs at 0, 1, 4, 7, 10, 16, and 21 d after infection with 10° HADsj of either ASFV-AEP402R or
its parental ASFV HLJ/18. (E) Detection of IFN-f in blood samples obtained from pigs at 0, 1, 4, and 7 d after infection with either ASFV HLJ/18 or
ASFV-AEP402R using ELISA. "p > 0.05, *p < 0.05, 0.001 < **p < 0.01 (two-way ANOVA). ns, not significant.

Furthermore, several ASFV proteins were found to suppress the
IFN signaling pathway. The pMGF505-7R/pA528R is able to nega-
tively regulate the IFN signaling pathway (48). However, several
members of MGF360 and MGF505/530 were also reported to
inhibit the induction of type I IFNs with unknown mechanisms (10).
In our previous study, we screened the candidate ASFV-encoded
proteins involved in inhibiting type I IFN production via antagoniz-
ing the cGAS-STING signaling pathway, and CD2v was identified
as one of the inhibitors. In this study, we found that overexpressed
CD2v inhibited the activities of the IFN-B, ISRE, NF-kB, and
ISG56 promoters and the mRNA levels of the IFN-B and ISG56
induced by cGAS-STING. Further study showed that ectopic
expression of CD2v significantly inhibited STING-mediated, but not
TBK1- and IRF3/5D-mediated, activation of the IFN-3 promoter.

ASFV CD2v is an ASFV-encoded glycoprotein containing a sig-
nal peptide, a TM, and two Ig-like domains. Previous studies have
described CD2v as an immunomodulatory factor in inhibition of
mitogen-induced proliferation of lymphocytes in vitro (21). On
ASFV infection, CD2v is cleaved into the N-terminal fragment with
glycosylation and C-terminal fragments without glycosylation (20).
Both of the forms coexist with the full-length protein in ASFV-
infected cells. However, only the band of full length of ~89 kDa
was detected in CD2v-overexpressed or ASFV-infected cells. The
reason for these results might be because of the low sensitivity of
the CD2v Ab, or the mAb we used only specifically recognizes epit-
opes of full-length CD2v. In this study, we found that the C-termi-
nal fragment is required for the inhibition activity of the IFN-3
promoter induced by cGAS-STING, whereas the C-terminal frag-
ment is necessary for the interaction between CD2v and STING,
suggesting that the glycosylation of CD2v may be independent of
its function in cGAS-STING signaling. However, it was reported
that CD2v of the ASFV Congo K-49 strain activates NF-kB, which

induces IFN signaling and apoptosis in swine lymphocytes/macro-
phages. We compared the sequence of CD2v of Congo K-49 and
HLJ/18 and found that the sequence homology is only 50%. CD2v
of HLJ/18 has 489 aa, and CD2v of Congo K-49 has only 459 aa
(26). Therefore, it is not difficult to understand that CD2v of differ-
ent strains have different functions on type I IFN production.

Type I IFNs bind onto IFNARI and IFNAR2 on the cell
membrane, and then the receptors recruit TYK2 and JAKI1 to
active JAK-STAT in the IFN signaling pathway, resulting in
ISG expression. It has been reported that ASFV MGF360-9L
interacts with STAT1 and STAT2 and degrades STATI and
STAT2 through apoptosis and ubiquitin-proteasome pathways to
inhibit ISG expression (49). In this study, we found that CD2v
competes with TYK2 and JAKI1 to interact with IFNARI1 and
IFNAR?2, which leads to inhibited ISG production. These results
reveal a new underlying mechanism by which ASFV EP402R
antagonizes type I IFN production.

In summary, we report that ASFV CD2v regulates the patho-
genicity of ASFV HLJ/18 by inhibiting both type I IFN produc-
tion and the IFN signaling pathway. Mechanistically, CD2v not
only inhibits STING localization on Golgi apparatus through
interacting with the TM domain of STING but also inhibits ISG
production by disrupting the interactions of IFNAR1-TYK2 and
IFNAR2-JAKI.
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