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ARTICLE INFO ABSTRACT

Keywords: Duck plague virus (DPV) causes the highest mortality rate among aquatic birds; however, its antago nistic
Alpha herpesvirus mechanism against antiviral innate immune responses remains elusive. In this study, we systematically screened
US3 kinase and found that most DPV genes have inhibitory potential for duck cyclic guanosine monophosphate-adenosine
STING . monophosphate synthetase (cGAS)/stimulator of interferon (IFN) gene (STING) pathway-mediated antiviral
Phosphorylation

responses, with the DPV US3 kinase showing the strongest inhibitory activity. Co-immunoprecipitation and
immunoblotting assays demonstrated that DPV US3 interacted with STING and induced its degradation. Further
mutagenesis experiments revealed that DPV US3 kinase activity was essential for phosphorylating STING,
reducing STING dimerization, and inhibiting STING-mediated antiviral responses. Sequence alignment and
mutagenesis studies have demonstrated that DPV US3 phosphorylates STING at serine 86, near the Endoplasmic
reticulum (ER) retention sequence (RgaYRGSgg), disrupting its association with tank-binding kinase 1 (TBK1) and
inducing STING degradation. Finally, US3 knockout attenuated DPV replication by activating higher levels of IFN
and ISGs in vitro and in vivo. These results demonstrate that DPV promotes viral infection and pathogenicity by
inducing STING degradation through the encoded US3 kinase, providing new insights into the mechanism of DPV
immune evasion.

Immune evasion

Introduction et al., 2008; Yuan, et al., 2005). The disease has been reported in both
domestic and wild waterfowl across various countries, including the
Netherlands, the USA, China, France, Belgium, India, Thailand, England,

Canada, Hungary, Denmark, Austria, Vietnam, Germany, Bangladesh,

Duck plague virus (DPV) belongs to the Herpesviridae family and
Alpha herpesviridae subfamilies (Converse and Kidd, 2001; Roizmann,

et al., 1992), causing severe disease in aquatic birds, known as duck
plague (DP). DP is an acute or sometimes chronic, highly contagious
disease characterized by high morbidity (up to 100%) and mortality
rates (up to 95%) among ducks, swans, geese, and other waterfowl,
resulting in significant economic losses for the poultry industry (Qi,

Egypt, and Poland (Dhama, et al., 2017). DPV is the only herpesvirus
identified in aquatic birds and is associated with the highest mortality
rates within the Alpha herpesviridae subfamily. Infection with virulent
DPV strains causes systemic lesions in multiple tissues of ducks,
including the heart, liver, spleen, bursa, and brain (Chen, et al., 2017; Li,

* Corresponding author at: Engineering Research Center of Southwest Animal Disease Prevention and Control Technology for Ministry of Education of the People’s
Republic of China, International Joint Research Center for Animal Disease Prevention and Control of Sichuan Province, Key Laboratory of Animal Disease and Human
Health of Sichuan Province, Research Center of Avian Disease and Institute of Veterinary Medicine and Immunology, College of Veterinary Medicine, Sichuan

Agricultural University, Chengdu 611130, China.
E-mail address: chenganchun@vip.163.com (A. Cheng).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.psj.2025.105336
Received 31 March 2025; Accepted 25 May 2025
Available online 26 May 2025

0032-5791/© 2025 The Authors. Published by Elsevier Inc. on behalf of Poultry Science Association Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0001-6093-353X
https://orcid.org/0000-0001-6093-353X
mailto:chenganchun@vip.163.com
www.sciencedirect.com/science/journal/00325791
https://www.elsevier.com/locate/psj
https://doi.org/10.1016/j.psj.2025.105336
https://doi.org/10.1016/j.psj.2025.105336
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Tian et al.

etal., 2016; Qi, et al., 2009). Currently, as there are no specific antiviral
drugs available for DPV and vaccines cannot provide complete protec-
tive efficacy, understanding the interactions between the virus and its
host and elucidating the viral pathogenesis are the basis for preventing
disease outbreaks. In our previous research, DPV has been shown to
inhibit innate immune responses in various primary duck cell types
(Tian, et al., 2019), but the molecular mechanisms underlying this in-
hibition remain elusive.

DPV is an enveloped, double-stranded DNA virus composed of four
components: unique long (UL), unique short (US), internal repeated
sequence (IRS), and terminal repeated sequence (TRS) (You, et al.,
2017). The virus encodes a serine/threonine protein kinase (US3) from
the US sequence, homologous to the HSV-1 US3 protein, which has been
implicated in cell-to-cell spread and virion nuclear egress (Deng, et al.,
2020). The US3 kinase in Alpha herpeviridae subfamily members
contain minimal consensus phosphorylation sequence (R)n-X-
(S/T)-Y-Y, where n>2, X may be absent or be Arg, Ala, Val, Pro, or Ser,
and Y can be any amino acid except proline or an acidic residue (Benetti
and Roizman, 2004; Leader, 1993; Leader, et al., 1991; Purves, et al.,
1986). Many phosphorylated substrates have been identified for HSV-1,
BoHV-1, and other alphaherpesviruses (Jansens, et al., 2017; Kato, et al.,
2014; Rao, et al., 2011; Xiong, et al., 2015; Zhang, et al., 2019), the
phosphorylation function of DPV US3 kinase also plays a significant role
in the process of DPV infection. DPV US3 targets pUL31 and regulates
the localization of pUL31/pUL34 to promote nucleocapsids egress
through its kinase activity (Deng, et al., 2023). DPV US3 regulates the
phosphorylation of UL47 and promotes the cytoplasmic localization of
UL47 at the late stage of infection (Deng, et al., 2022). Targeted inhi-
bition of US3 kinase activity with BX795, a kinase inhibitor, inhibited
DPV infection in DEF (Tian, et al., 2023). However, whether DPV US3
kinase targets host molecules and the effect on viral pathogenicity is
currently unknown.

Innate immune responses are conserved defense mechanisms against
viral invasion. Upon viral infection, the host cell promptly initiates
antiviral responses after pattern recognition receptors (PRRs) detect
virus-derived pathogen-associated molecular patterns (PAMPs). cGAS
(cyclic GMP-AMP synthase) is a key cytosolic DNA sensor that detects
microbial DNA and induces type I IFN production (Chen, et al., 2016).
cGAS synthesizes cGAMP, a second messenger that binds to the adaptor
protein STING and induces a conformational change in the STING dimer
(Ishikawa and Barber, 2011; Wu, et al., 2013). It recruits TBK1 and
activates the transcription factor IFN regulatory factor 3 (IRF3) or IRF7,
further stimulating type I IFN production and the synthesis of antiviral
proteins for effective defense against pathogens. STING is an ER adaptor,
and ER retention/retrieval sequences are critical for maintaining STING
dimerization integrity (Ishikawa and Barber, 2008; Sun, et al., 2009). ER
exit and STING translocation are pivotal for activating the cGAS/STING
signaling pathway (Dobbs, et al., 2015; Zhang, et al., 2020).

To complete invasion and infection of host cells, viruses must over-
come the host’s antiviral response. Previous studies have shown that
many proteins of herpesviruses target the cGAS/STING pathway to
inhibit innate immunity. HSV-1 UL24 inhibit the DNA sensing pathway
by targeting IRF3 (Xu, et al., 2017). HSV-1 VP22 interacts with cGAS
and inhibits the enzymatic activity of cGAS, reducing the production of
IFN-p mediated by cGAS/ STING (Huang, et al., 2018). PRV UL21 in-
hibits the innate immunity by triggering cGAS degradation through
autophagy (Ma, et al., 2023) HSV-1 VP1/2 abrogates NF-kB activation in
the cGAS/STING signaling pathway by deubiquitinating the K63 linkage
of STING, blocking type I interferon expression and promoting brain
infection (Bodda, et al., 2020). To achieve immune escape from the host,
a single viral protein often targets multiple host proteins to evade the
antiviral response. HSV-1 UL46 directly associates with STING and TBK1
to block DNA-sensing signaling and inhibit antiviral responses
(Deschamps and Kalamvoki, 2017; You, et al., 2019). HSV-1 US3 in-
hibits the cGAS/STING signaling pathway by targeting IRF3 (Tian, et al.,
2018). Recent studies have shown that US3 of DPV can inhibit IFNf
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production by targeting DulRF7 (Liu, et al., 2022a), it is unclear whether
and how DPV US3 kinase targets other adaptors to evade the duck
c¢GAS/STING signaling pathway.

In this study, we investigated the role of DPV US3 kinase in inhibiting
duck cGAS/STING signaling pathway-mediated antiviral innate immu-
nity. Mechanistically, we demonstrated that DPV US3 interacts with
STING and phosphorylates STING at ER-locating sequence, disrupts
STING dimerization and promotes its degradation, inhibits TBK1-
mediated STING phosphorylation and its molecular interactions.
thereby suppressing the innate immune response. Importantly, we
demonstrated the contribution of DPV US3 in antagonizing STING
signaling in vivo. Our findings revealed an important mechanism by
which DPV US3 antagonizes host innate immunity.

Materials and methods
Ethical statement

All animal experiments were conducted in accordance with
approved guidelines. Twenty-day-old Peking ducklings were purchased
from a DPV-free farm where DPV vaccination was not implemented. All
ducks were housed in an animal facility at Sichuan Agricultural Uni-
versity, China. This study was approved by the Committee of Experi-
mental Operational Guidelines and Animal Welfare of Sichuan
Agricultural University (approval number SYXK 2019-187).

Viruses and cells

The DPV CHyv strain was stored in the laboratory. The recombinant
DPV-CHv-GFP, recombinant DPV-CHv-dUS3 (in which the US3 gene
was deleted), and recombinant DPV-CHv-US3-Flag strains were con-
structed, rescued, and characterized using the DPV BAC system. DPV
strains were propagated and titrated on duck embryo fibroblasts (DEF).
Human embryonic kidney 293T (HEK293T) and DEF cells were cultured
at 37°C under 5% CO; in Dulbecco’s modified Eagle’s medium (DMEM,;
Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Yeasen,
China).

Reagents

MG132 (10 pM) and BAF Al (200 nM) were purchased from Med-
Chem Express. Cycloheximide (CHX, 10pM) and Phosbind acrylamide
(F4002) were purchased from ApexBio. Plasmids were transfected into
HEK293T cells using Lipofectamine 2000 reagent (Invitrogen). Plasmids
were transfected into DEF cells using Hieff Trans™ Liposomal Trans-
fection Reagent (40802ES02, Yeasen Biotech). Anti-Flag (M185-3,
1:5000), anti-Myc (M192-3, 1:5000), and anti-HA (M180-3, 1:5000)
antibodies were purchased from Medical and Biological Laboratories
Beijing Biotech. Anti-IgG (7074, 1:1000) and anti-phospho- (Ser/Thr)
PKA Substrate antibodies (#9621, 1:1000) were purchased from Cell
Signaling Technology. Anti-P- (S/T) antibody (Phospho-Ser/Thr-Pro
Motif) (ab117253, 1:1000) was purchased from Abcam. Anti-actin
(P30002, 1:5000), anti-GAPDH (3F10, 1:5000), and anti-GFP (7G9,
1:5000) antibodies were purchased from AbMart. SureBeads Protein A
and G magnetic beads (Bio-Rad) were used for immunoprecipitation.
Horseradish peroxidase (HRP)-conjugated secondary antibodies from
Boster Biological Technology were used for immunoblotting.

Plasmids

The duck IFN-f luciferase reporter plasmid (pGL-IFN-f-luc), phRL-TK
Renilla luciferase plasmid, and shRNA expressing plasmids against NC
(shNC) or STING (shSTING) were constructed previously, and the
shSTING oligonucleotide sequence is GCAGGAACCTACAGGCTCATT
(Chen, et al., 2018). Based on the expression parent plasmid pcaggs and
using standard clone techniques, all the eukaryotic expression plasmids
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were constructed, including pcaggs-US3-Flag, US3 WT-HA, US3
K126M-HA, US3 D211A-HA, cGAS-Myc, cGAS-HA, TBK1-Myc,
TBK1-HA, IRF7-Flag, IRF7-Myc, STING WT-HA, STING WT-Flag, STING
140-382-Myc, STING 1-341-Myc, STING-Myc, STING S86A-Flag, STING
S86E-Flag, STING S86A-Myc, STING S86E-Myc, and a series of DPV
proteins. All primers used for plasmid construction were synthesized by
Tsingke Biotechnology. All the constructed plasmids were analyzed and
verified by DNA sequencing.

Animal infection

To eliminate interference from maternal antibodies, seventy-five 20-
day-old Peking ducklings were inoculated with DMEM or 10* TCIDs of
DPV-CHv or DPV-CHv-dUS3 via intracerebral injection. At 1 d post-
infection, five duck brains were collected for RNA extraction, and the
IFN-B, MX, and OASL mRNA levels were determined via qPCR. Three
days post-infection, five duck brains were collected for viral DNA
extraction and viral genome detection using qPCR targeting the DPV
UL30 gene. The survival rates of 15 ducks were monitored for at least 15
days post-infection.

Dual-luciferase reporter gene assay

The duck IFN-p-luciferase reporter plasmid (pGL-IFN-p-luc), and
PRL-TK, were co-transfected into DEF cells with various plasmids
expressing duck cGAS, STING, mutants of STING, mutants of US3, pro-
teins of DPV, using Hieff Trans™ Liposomal Transfection Reagent ac-
cording to the instructions provided by the manufacturer. At 36 h post
transfection, whole cell lysates were collected and luciferase activity
was measured. The luciferase activities were determined with a Dual-
GloLuciferase Assay System (Promega, Madison, WI, USA) and
normalized based on the Renilla luciferase activity.

RNA isolation and qRT-PCR

Total RNA was extracted from DEF cells or duckling brains using
TRIzol Reagent (Invitrogen) according to the manufacturer’s in-
structions. RNA concentration was determined, genomic DNA was
removed, cDNA was synthesized using NovoScript Plus All-in-one 1st
Strand c¢DNA Synthesis SuperMix (gDNA Purge) (Novoprotein,
Shanghai, China), and qRT-PCR analysis was performed as described
previously (Tian, Cai, He, Deng, Wu, Wang, Jia, Zhu, Liu, Yang, Wu,
Zhao, Chen, Zhang, Huang, Ou, Mao, Yu, Zhang, Liu and Cheng, 2019).
Briefly, cDNA was transcribed from 1 ug of RNA using the Superscript III
Reverse Transcription kit. A total of 1 pL ¢cDNA, 3 pL double-distilled
water, and 0.5 pL primer for each gene were mixed. The cDNA was
amplified using iQ5 SYBR Green (Bio-Rad, Hercules, CA, USA) and
forward and reverse primers for each gene, and the cycle threshold (CQ)
was recorded. The cDNA concentration, primer concentration, and
Q-PCR procedure were consistent for each gene, and the relative mRNA
expression was normalized to the expression level of actin mRNA gene
(ACT CT [PRR or ISG]/ACT [actin]). Expression levels of induced
mRNAs were presented as the fold-change relative to mock-infection
levels according to the 2-AACT method. Genomic copy numbers of
DPV were quantified using an absolute Q-PCR method with primers
specific to the DPV UL30 gene. Primers used for Q-PCR as follows: IFN-f
F, TCTACAGAGCCTTGCCTGCAT; IFN-p R, TGTCGGTGTCCAAAAG-
GATGT; MX F, TGCTGTCCTTCATGACTTCG; MX R,
GCTTTGCTGAGCCGATTAAC; OASL F, TCTTCC TCAGCTGCTTCTCC;
OASL R, ACTTCGATGGACTCGCTGTT; f-actin F, GCCCTCTTCCAGC-
CATCTTT; p-actin R, CTTCTGCATCCTGTCAGCGA; DPV UL30 F,
TTTCCTCCTCCTCGCTGAGTG; DPV UL30 R, CCAGAAACATACTGTGA-
GAGT; Tagman probe to DPV UL30, CGCTTGTACCCAGGG. All primers
used for Q-PCR were synthesized or labeled by Tsingke Biotechnology.
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Immunoprecipitation and immunoblot analysis

After transfection or virus infection, cells were lysed with 1% Triton
buffer (50 mM Tris HCI pH 7.4, 1 mM EDTA, 150 mM NacCl, 20 mM N-
Ethylmaleimide, 1% Triton X-100) supplemented with a protease in-
hibitor cocktail (Sigma), followed by centrifugation at 12,000 g for 15
min at 4°C. The supernatants were incubated with anti-Flag, Myc, or HA
affinity beads or the indicated antibodies, followed by incubation with
protein A/G agarose beads. Immunoprecipitated proteins were washed
at least five times with 1% Triton buffer. Cell lysates or immunopre-
cipitates were separated by SDS-PAGE and transferred onto a PVDF
membrane (Bio-Rad). The membranes were then incubated with
appropriate primary and secondary antibodies and visualized using a
Bio-Rad system (Bio-Rad, Germany).

Statistical analysis

Results were presented as means + SEM. For statistical analysis,
GraphPad Prism Software 6 (La Jolla, CA, USA) was used. One-way
ANOVAs followed by Tukey’s post hoc test were utilized for multiple
group comparisons of the parameters. Differences in survival curves of
ducks were analyzed by Mantel-Cox test. Differences in the frequencies
of histology scores were analyzed by the Mann-Whitney test. Graphs are
presented as means + SEM, data are representative of three independent
experiments, * P <0.05; ** P <0.01; *** P<0.001: **** P<0.0001.

Results
DPV US3 inhibits the cGAS/STING signaling pathway

Our previous study demonstrated that DPV suppresses the antiviral
innate immune response after infection in various types of duck primary
cells (Tian et al., 2019). To further investigate the mechanism by which
DPV inhibits the antiviral immune response, we infected DEF cells with
1 MOI of DPV-CHYv strain and monitored interferon beta (IFN-f) mRNA
levels at various time points post-infection (Fig. 1A). We observed that
IFN-p was slightly upregulated early after DPV infection, but gradually
downregulated and lower than in control cells at 24 hpi (Fig. 1A),
demonstrating DPV’s inhibitory effect on antiviral immunity. To iden-
tify which DPV gene inhibits IFN-p expression, we transfected a dual
luciferase reporter plasmid containing a duck IFN-p promoter into DEF
cells along with cGAS and STING expression plasmids, as well as mul-
tiple DPV protein expressing plasmids. The results indicated that IFN-p
was stimulated by duck cGAS and STING, and approximately 36 DPV
proteins inhibited IFN-B induction, including gI, gE, UL7, US1, UL49,
ICP4, and US3 (Fig. 1B). DPV US3 exhibited the strongest inhibitory
activity among the DPV proteins (Fig. 1B), suggesting that it plays a
critical role in inhibiting innate immune responses. We further validated
the inhibitory effect of DPV US3 on IFN-f expression induced by
cGAS+STING using qPCR assays. IFN-p and MX mRNA were stimulated
by cGAS+STING and significantly inhibited by DPV US3 (Fig. 1C and D).
These data suggest that DPV US3 is a potential inhibitor of the antiviral
innate immune response mediated by the duck cGAS/STING pathway.

DPV US3 protein kinase interacts with duck STING

To determine the molecular mechanism by which DPV US3 protein
kinase regulates cGAS/STING signaling activity, co-
immunoprecipitation (CoIP) assays were used to clarify their interac-
tion. When Flag-STING or Flag-IRF7 were co-transfected with HA-US3,
US3 was precipitated from whole cell lysates using an anti-HA-
primary antibody. We found that US3 obviously precipitated with
STING, but not with IRF7 (Fig. 2A), and did not precipitate cGAS and
TBK1 (Fig. 2B and C). When HA-US3 and Flag-STING were co-
transfected into DEF cells and the cell lysates incubated with an anti-
Flag antibody, we found that STING precipitated US3 (Fig. 2D). We



B. Tian et al.

A
=
.2<
@ =
o
a £
3
o=
=
® =
R
o
é\o‘* v X o DO
Hours post infection
% %k k
c N H
23
2% 3
& E
<
222
e=1
0
%l
9
@0 é\‘\ex\)
2 ,\\e
o S
< ??,x
&
D
8 %k k
s !
@
o< 6
2%
SE4
O %
T =
° 2
e
0
N (<] >
“\o“ /\\\\ x\)e
2O
¥ S
00 o_,"o',
v.
O

Poultry Science 104 (2025) 105336

c

r

w

-
11111111

c
r
A
w
L1111

c
r
w
N
1

c
r
w
4
N
!

c

r

N w

© )
T T T T T O A |

c
-
o
TN T T T T T T T T T T T N O T O O O N

cggas
Control

T ]
& S

S Y
Relative lucilferase activity of IFN-f3

Fig. 1. DPV US3 inhibits the cGAS/STING signaling pathway. (A) The DEF cells were infected with 1 MOI of DPV CHv strain, the IFN-f mRNA was determined
through Q-PCR method. (B) The DEF cells were transfected with duck IFN-p luciferase reporter gene, phRL-TK Renilla luciferase plasmid, cGAS and STING expression
plasmids, together with DPV proteins expression plasmids, the luciferase activity was measured 36 hours after transfection and normalized to renilla luciferase
activity. (C and D) The DEF cells were transfected with cGAS and STING expression plasmids, together with DPV US3 expression plasmid, the mRNA of IFN-f and MX
were measured 24 hours after transfection through Q-PCR method. Graphs are presented as means + SEM, data are representative of three independent experiments,
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (t test or One-way ANOVAs followed by Tukey’s post hoc test for A, B, C, and D).

next investigated the interaction between US3 and STING proteins
during viral infection. DEF cells were pre-transfected with Myc-STING
expression plasmid, infected with the DPV-CHv-US3-Flag strain, and
then ColP assays were performed using anti-Flag or anti-Myc antibodies.
The result showed a physical interaction between US3 and STING pro-
teins (Fig. 2E and 2F), indicating that US3 binds to STING during DPV
infection. These data demonstrate that US3 specifically interacts with
STING.

DPV US3 reduces STING dimerization and induces STING degradation

To investigate the mechanism by which DPV US3 inhibits STING-
mediated antiviral immune responses, we tested whether US3 affects
STING stability. HEK293T cells were transfected with STING or TBK1
expression plasmids, along with the DPV US3 expression plasmid
(Fig. 3A). The protein level of STING, but not TBK1, was significantly
reduced in the presence of DPV US3 compared to control cells (Fig. 3A).
The transcription level of STING did not change upon US3 over-
expression (data not shown), indicating that DPV US3 affects STING
stability at the protein level. To verify whether STING degradation de-
pends on DPV US3, we performed a protein-chase experiment. When

protein translation was blocked by the addition of the translation in-
hibitor cycloheximide (CHX), STING was degraded upon US3 over-
expression (Fig. 3B), indicating that DPV US3 induces STING
degradation. To determine the cellular STING degradation pathway, we
examined the proteasome and autolysosomal degradation pathways, the
two main pathways involved in cellular protein disposal. When the
proteasome or autolysosome degradation pathways were blocked by the
inhibitors MG132 or BAF Al, respectively, US3-induced STING degra-
dation was recovered in both cases (Fig. 3C), indicating that US3 induces
STING degradation through these pathways. To further investigate
whether DPV infection induces STING degradation, DEF cells were
transfected with the Myc-STING expression plasmid and then infected
with the DPV-CHv-WT-GFP strain or the DPV-CHv-dUS3-GFP strain
(recombinant virus with deleted US3 gene). The STING protein level
decreased or even disappeared in DPV-CHv-WT-GFP-infected cells but
partially recovered in DPV-CHv-dUS3-GFP-infected cells (Fig. 3D).
These results suggest that DPV infection induced STING degradation
may be caused by US3 protein.

To determine whether US3 affects STING dimerization, Flag-STING
and Myc-STING expression plasmids were transfected into HEK293T
cells along with varying doses of the HA-US3 expression plasmid, and
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ColP assays were performed using an anti-Flag antibody (Fig. 3E). We disrupts STING dimerization (Fig. 3E). These data demonstrate that DPV
observed that Myc-STING co-precipitated with Flag-STING, demon- US3 induces the degradation of STING through the proteasome and
strating that STING was fully dimerized (Fig. 3E). However, in the autolysosome pathways, thereby reducing the stability and dimerization
presence of DPV US3, Myc-STING co-precipitated with Flag-STING level of STING.

gradually decreased in a dose-dependent manner, suggesting that US3
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The kinase activity of DPV US3 is indispensable for STING degradation
and inhibition of STING mediated antiviral immune responses

The US3 protein is a conserved protein kinase in the Alpha-
herpesvirinae subfamily; however, the kinase activity and dominant
amino acid sites of the DPV US3 protein have not been characterized. We
aligned the DPV US3 amino acid sequence with those of US3 from herpes
simplex virus type 1 (HSV-1), bovine herpesvirus 1 (BoHV-1), pseu-
dorabies virus (PRV), and Marek’s disease virus (MDV), and found that
two key kinase activity sites (K126 and D211) were conserved across
these viruses (data not shown). It has been reported that the specific
target of US3 phosphorylation is similar to that of protein kinase A
(PKA), and the US3 phosphorylated substrate can also be recognized by
a phospho- (Ser/Thr) PKA substrate antibody (Benetti and Roizman,
2004), Therefore, we constructed two DPV US3 kinase-dead mutant
expression plasmids (US3 K126M and US3 D211A) and validated US3
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kinase activity using a phospho- (Ser/Thr) PKA substrate antibody.
Higher signals recognized by the phospho- (Ser/Thr) PKA substrate
antibody under overexpression of US3, but these signals were reduced in
the kinase-dead mutant US3 K126M and US3 D211A overexpressing
cells as compared to mock cells (Fig. 4A). This suggests that DPV US3 is a
typical protein kinase and that its conserved active sites are K126 and
D211. To verify whether duck STING is phosphorylated by DPV US3, we
transfected Myc-STING together with HA-US3 or its kinase-dead mu-
tants HA-US3-K126M and HA-US3-D211A in 293T cells, and the phos-
phorylation of STING was detected with an anti-P- (S/T) antibody
(Phospho-Ser/Thr-Pro Motif) after IP with Myc antibody (Li, et al.,
2019). Significantly phosphorylated STING was observed in
US3-expressing cells, but not in those expressing US3-K126M or
US3-D211A (Fig. 4B), indicating that STING is phosphorylated by DPV
US3 protein kinase and depends on its kinase activity. Furthermore, we
co-transfected the duck Myc-STING expression plasmid with HA-US3,
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Fig. 4. The kinase activity of DPV US3 is indispensable for STING degradation and inhibition of STING mediated antiviral immune responses. (A) DEF cells were
transfected with indicated plasmids for 36 hours and the WCLs were extracted and used for immunoblot assays with Phospho- (Ser/Thr) PKA substrate antibody, HA
and GAPDH primary antibodies. (B) DEF cells were transfected for 36 hours and added MG132 and BAF A1 for 6 hours, then the WCLs were used for CoIP against Myc
and immunoblot assays. (C and D) HEK293T cells and DEF cells were transfected with indicated plasmids for 36 hours and the WCLs were extracted and detected via
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HA-US3-K126M, or HA-US3-D211A expression plasmids into HEK293T
and DEF cells and found that the kinase-dead mutant HA-US3 D211A did
not induce STING degradation in either cell type (Fig. 4C and D), indi-
cating that the kinase activity of DPV US3 is important for inducing
STING degradation. We investigated whether US3 kinase activity affects
STING dimerization. HEK293T cells were transfected with Flag-STING
and Myc-STING expression plasmids together with HA-US3 and its
enzyme-active mutants K126M, D211A. Anti-Flag antibody was used to
precipitate Flag-STING, and we observed that US3-WT, but not
US3-D211A mutants, inhibited STING dimerization (Fig. 4E), implying
that DPV US3 kinase destruction of STING dimerization is kinase
activity-dependent.

Next, we explored whether DPV US3 kinase activity affects STING
mediated antiviral immune responses, luciferase assays demonstrated
that overexpression of US3 WT significantly inhibited cGAS+STING
stimulated IFN-B promoter luciferase reporter activity, but the US3 ki-
nase death mutants (US3 K126M and US3 D211A) attenuated this effect
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(Fig. 4F). Similarly, duck cGAS-+STING overexpression enhanced mRNA
levels of duck IFN-p and ISGs, which were inhibited by DPV US3 WT
expression but not by kinase-dead mutants US3 K126M and US3 D211A
(Fig. 4G-I). These data illustrate that the DPV US3 kinase activity is
indispensable for blocking STING-mediated antiviral immune responses.

STING S86A mutant resists to US3 kinase induced degradation

Human STING is an endoplasmic reticulum membrane protein that
contains four transmembrane helices, followed by a cytoplasmic ligand-
binding and signaling domain (Gao, et al., 2013). However, the trans-
membrane and functional domains of the duck STING remain unclear.
We analyzed the transmembrane domains of duck STING using TMpred
(http://www.ch.embnet.org/software/TMPRED form.html) (Fig. 5A)
and aligned the amino acid sequences of duck STING with those of
human STING. To map the interaction domain of duck STING with DPV
US3 kinase, we constructed two mutants of duck STING expression
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Fig. 5. STING S86A mutant resistant to US3 kinase induced degradation. (A) Schematic and sequence align of duck STING. (B) HEK293T cells were transfected with
indicated plasmids for 36 hours and added MG132 and BAF Al for 6 hours and the WCLs were used for CoIP against Flag and immunoblotting assays. (C) The DEF
cells were transfected and the luciferase activity was measured 36 hours after transfection and normalized to renilla luciferase activity. (D) DEF cells were transfected
and the WCLs were extracted 36 hours after transfection and used for immunoblotting assays against Myc, HA, and GAPDH antibodies. (E) HEK293T cells were
transfected with indicated plasmids for 36 hours and added BAF Al for 6 hours and the WCLs were extracted and used for CoIP against Myc antibody and
immunoblotting assays. (F) The DEF cells were transfected, and the luciferase activity was measured 36 hours after transfection and normalized to renilla luciferase

activity. Graphs are presented as means + SEM, data are representative of three independent experiments, *P < 0.05; **P < 0.01; ***P < 0.001;
(One-way ANOVAs followed by Tukey’s post hoc test for the rest for F).
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plasmids, Myc-STING 140-382 (TMs deletion) and Myc-STING 1-341 (C
terminal tail (CTT) deletion), with deletion of 1-140 aa or 342-382 aa,
respectively. Myc-STING WT, Myc-STING 140-382, and Myc-STING
1-341 were co-transfected with Flag-US3. We then performed a CoIP
experiment using an anti-Flag antibody and observed that STING WT
and STING 1-341 was precipitated by Flag-US3, but STING 140-382 did
not (Fig. 5B), suggesting that the N-terminal TMs of STING are pivotal
for its interaction with DPV US3. We further verified the stimulatory
effects of STING WT, STING 140-382 and STING 1-341 on innate im-
munity. We observed that duck STING WT significantly enhanced IFN-
expression (Fig. 5C), but STING 140-382 and STING 1-341 did not,
suggesting that both N terminal TMs (1-140 aa) and CTT (342-382 aa)
domain of duck STING are indispensable for mediating antiviral
responses.

Although US3 kinase mainly recognizes the minimal consensus
phosphorylation sequence (R)n-X- (S/T)-Y-Y (Benetti and Roizman,
2004; Wang, et al., 2011), this strict sequence is absent in the duck
STING sequence. However, we found that there is a short mimic
sequence between the TM2 and TM3, “RgaYRGSgg,” equivalent to the
human STING (Fig. 5A), maybe the potential target of DPV US3. To test
this hypothesis, we constructed a STING S86A mutant and overex-
pressed it using DPV US3 kinase. We observed that STING S86A mutants
were more resistant to DPV US3 kinase-induced degradation than WT
STING (Fig. 5D). However, the ColP assays showed that both STNG WT
and STING S86A precipitated with DPV US3 kinase, suggesting that
STING S86 is not essential for the interaction with DPV US3 (Fig. 5E).
Additionally, DPV US3 antagonized STING WT-mediated IFN produc-
tion but not STING S86A-mediated IFN production (Fig. 5F). Altogether,
these data demonstrated that US3 may recognize serine in the
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“Rg2YRGSgs” amino acid sequence of duck STING to inhibit the innate
immunity.

DPV US3 kinase disrupts association and phosphorylation between STING
and TBK1

During human STING activation, the conserved PLPLRT/SD motif of
STING mediates the recruitment and activation of TBK1. STING is then
phosphorylated at S366 by TBK1 on the pLxIS motif (Liu, et al., 2015;
Tanaka and Chen, 2012; Zhao, et al., 2019). After aligning the duck
STING CTT with that of human STING, we found that these motifs and
key sites were conserved in the duck STING CTT (Fig. 6A). There are no
reports confirming that duck STING is associated with and phosphory-
lated by TBK1 and there is no suitable antibody to test TBK1 phos-
phorylated duck STING. To address these questions, we constructed two
mutants: STING S369A and STING L377A. In the presence of duck TBK1,
duck STING WT obviously lagged in the SDS-PAGE and immunoblotting
assays, demonstrating that duck STING is phosphorylated by TBK1
(Fig. 6B). However, lagged STING was reduced in STING S369A and
almost disappeared in STING L377A (Fig. 6B), confirming that duck
TBK1 was associated with duck STING via the PQPLRSD motif, and
phosphorylated duck STING at S369 via the pLQIS motif. We further
compared mutant STING S86A and the phosphorylating mimic mutant
STING S86E with WT STING in the presence of TBK1 and found that
these two mutants had no significant effect on the phosphorylated
STING of TBK1 (Fig. 6B). Using the duck IFN- luciferase reporter assays,
we found that duck STING mediated IFN-B was abolished in mutant
STING S369A and STING L377A, and attenuated in mutant STING S86A
(Fig. 6C), confirming the importance of STING S369 and L377.
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Fig. 6. US3 kinase disrupts the interaction between STING and TBK1, and phosphorylation of STING mediated by TBK1. (A) Alignment of the duck STING CTT with
human STING CTT. (B) HEK293T cells were transfected with indicated plasmids for 36 hours and the WCLs were used for immunoblotting assays. (C) The DEF cells
were transfected, and the luciferase activity was measured 36 hours after transfection and normalized to renilla luciferase activity. (D) HEK293T cells were
transfected with the indicated plasmids for 36 hours, then the WCLs were used for immunoblotting assays. (E) HEK293T cells were transfected with the indicated
plasmids for 36 hours and added BAF Al for 6 hours and the WCLs were used for CoIP against Flag antibody and immunoblotting assays. Graphs are presented as
means + SEM, data are representative of three independent experiments, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (One-way ANOVAs followed by

Tukey’s post hoc test for the rest for C).
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Furthermore, this may suggest that STING S86 is another key site for
duck STING activation by TBK1, similar to STING S358 in humans
(Zhong, et al., 2008). We validated the presence of DPV US3 kinase
disrupts the phosphorylation and association between duck TBK1 and
duck STING WT. However, DPV US3 kinase did not affect the phos-
phorylation or association between duck TBK1 and the duck STING
S86A mutant (Fig. 6D and E). Furthermore, the phospho-mimic mutant
STING S86E showed impaired interaction with TBK1 (Fig. 6E). Taken
together, these results demonstrate that DPV US3 competitively phos-
phorylates duck STING S86 to disrupt the phosphorylation and associ-
ation between duck STING and TBKI1.

DPV US3 suppresses STING-mediated antiviral innate immune response

To verify whether DPV US3 inhibits the STING-mediated innate
immune response under viral infection conditions, we used a previously
identified shRNA against STING to knock down STING expression in DEF
(Chen, Wu, Zhang, Wang, Jia, Zhu, Liu, Sun, Yang, Wu, Zhao and Cheng,
2018), infected with the parent DPV-CHv strain and the previously
constructed recombinant DPV-CHv-dUS3 strain (Deng, Wang, Cheng,
Yang, Wu, Jia, Chen, Zhu, Liu, Zhao, Zhang, Huang, Ou, Mao, Zhang,
Liu, Yu, Tian, Pan, Rehman and Chen, 2020). The DEF cells were
transfected with shNC or shSTING expression plasmid, then infected
with 1 MOI of parent DPV-CHv or DPV-CHv-dUS3 strain, respectively,
and the IFN-B mRNA expression was determined at 24 hpi after infection
(Fig. 7A). The IFN-B expression was higher in shNC transfected and
DPV-CHv-dUS3 infected DEF cells compared to DPV-CHv and mock
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infected DEF cells (Fig. 7A). However, the IFN-p expression in the
DPV-CHv-dUS3 infected cells was significantly reduced after STING was
knocked down (Fig. 7A). These results suggest that DPV utilizes US3 to
antagonize duck STING-mediated antiviral innate immune responses. To
further verify the role of DPV US3 in resistance to STING-mediated
antiviral innate immunity, DEF were pre-transfected with shSTING to
knock down STING expression and then infected with DPV-CHv or
DPV-CHv-dUS3 strains. The results showed that viral genome replica-
tion of the DPV-CHv-dUS3 strain was significantly enhanced in STING
knockdown DEFs compared to that of the DPV-CHv strain (Fig. 7B). The
number of released viruses in cell culture by both strains increased at 12
hpi after STING knockdown, but the increase in the virus titer of
DPV-CHv-dUS3 at 24 hpi was significantly higher than that of DPV-CHv
(Fig. 7C). These results demonstrate that DPV US3 inhibits
STING-mediated antiviral innate immune response.

The pathogenicity of DPV-CHv-dUS3 is weakened in ducklings

To investigate whether US3 affects the pathogenicity of DPV, we
conducted an animal infection experiment (Fig. 7D), in which ducklings
were inoculated with 10* TCIDsy of the DPV-CHv or DPV-CHv-dUS3
strains through intracranial injection. Post-injection the antiviral
innate response, viral load, and survival of ducklings were monitored
(Fig. 7E-I). The mRNA levels of IFN-p, 2-5-oligoadenylate synthetase
like (OASL) and Myxovirus resistance (MX) in brain tissues of duckling
infected with DPV-CHv-dUS3 strain were significantly higher than those
of duckling infected with DPV-CHv strain (Fig. 7E-G). In addition, the
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Fig. 7. DPV US3 antagonizes the STING mediated innate immune responses and promotes DPV replication in vitro and pathogenicity in vivo. (A) DEF cells were
transfected with shNC or shSTING expression plasmids for 12 hours, then the cells were infected with 1 MOI of DPV-CHv or DPV-CHv-dUS3 for 24 hours, the cells
were collected for RNA extraction and the IFN-p mRNA level was measured via Q-PCR assays. (B) DEF cells were pre-transfected with shRNA for 12 hours and
infected with DPVs and the cells were collected at the indicated time for viral DNA extraction and viral load study. (C)The cell culture supernatants were collected
and used for viral titer determination through TCIDs assays. (D) Flow chart of animal experiments. (E-G) 5 duck brains were collected 1 day after infection for RNA
extraction and the IFN-B, MX, and OASL mRNA level were determined via Q-PCR method. (H) 5 duck brains were collected 3 days after infection for viral DNA
extraction and viral genome level detection via Q-PCR method targeting DPV UL30 gene. (I) The survival ratios of 15 ducks were monitored at least for 15 days after
DPV-CHv or DPV-CHv-dUS3 inoculation. Graphs are presented as means + SEM, data are representative of three independent experiments, *P < 0.05; **P < 0.01;
*#*P < 0.001; ****P < 0.0001 (Mantel-Cox test for I, One-way ANOVAs followed by Tukey’s post hoc test for the rest for A-C and E-H).
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viral load was lower in DPV-CHv-dUS3 strain infected duckling brain
infected with DPV-CHv (Fig. 7H). We then monitored the survival of
ducklings after infection and found that approximately 86% of the
ducklings survived infection with the DPV-CHv-dUS3 strain, but all
ducklings died within 3 days after infection with the DPV-CHv strain
(Fig. 7I). These results indicate that US3-induced inhibition of duck
STING-mediated innate antiviral responses is indispensable for DPV
pathogenicity in vivo.

Discussion

DPV causes the highest mortality among Alphaherpesviridae mem-
bers; however, the molecular mechanism of antiviral immunity evasion
remains unexplored. STING is a direct innate immune sensor of cyclic
dinucleotides (CDNs) that regulate antiviral immunity against viral in-
fections (Burdette, et al., 2011). In this study, we found that DPV US3
strongly inhibits host antiviral immunity. DPV US3 interacts with duck
STING and phosphorylates STING at a serine residue near the ER
retention sequence, disrupting the association and phosphorylation of
STING and TBK1, impairing STING dimerization, reducing STING sta-
bility, and inducing STING degradation through proteasome and auto-
lysosome pathways, ultimately blocking STING-mediated IFN
production. To our knowledge, this is the first report demonstrating that
a US3 kinase from the Alphaherpesviridae subfamily can directly target
STING to counteract innate immune responses.

US3 kinase of the Alphaherpesviridae subfamily is a strong antiviral
immunity inhibitor with multiple targets. For example, HSV-1 US3 ki-
nase phosphorylates the Bcl family member BAD and blocks apoptosis
(Cartier, et al., 2003; Ogg, et al., 2004). HSV-2 US3 kinase disrupts
promyelocytic leukemia protein nuclear bodies (PML-NBs) in a kinase-
and proteasome-dependent manner (Jung, et al., 2011). HSV-1 US3 also
phosphorylates interferon regulatory factor 3 (IRF3), nuclear factor
kappa B (NF-kB), and p-catenin to block the DNA-sensing pathway
mediated antiviral immunity (Wang, et al., 2014; Wang, et al., 2013;
You, et al., 2020). Feline Herpesvirus 1 US3 blocks the type I interferon
signaling pathway by targeting IRF3 dimerization in a
kinase-independent manner (Tian, Liu, Liu, Sun, Zhang and Qu, 2018).
DPV US3 inhibits IFNp production by targeting IRF7 (Liu, et al., 2022b).
Whether US3 targets other molecules in the cGAS/STING pathway re-
mains to be investigated. In this study, we screened potential inhibitory
genes of DPV on antiviral immunity and identified approximately 36
genes with this capability, of which DPV US3 was the strongest. We
further confirmed that DPV US3 affects the stability of duck STING
through its interaction with and phosphorylation of STING.

The DPV US3 protein is a predicted conserved kinase within the
Alphaherpesviridae subfamily (Benetti and Roizman, 2004; Leader,
1993; Leader, Deana, Marchiori, Purves and Pinna, 1991; Purves, Deana,
Marchiori, Leader and Pinna, 1986). However, the kinase activity of
DPV US3 has not been directly demonstrated. In this study, we aligned
the amino acid sequence of DPV US3 with those of other Alpha-
herpesviridae members and identified K126, D211, and K213 of DPV
US3 as key conserved kinase sites. We confirm that DPV US3 is a kinase
and that the predicted sites, K126 and D211, are critical for its kinase
activity. We further demonstrated that the kinase activity of US3 is
essential for STING phosphorylation, degradation induction, reduction
of dimerization, and evasion of STING-mediated antiviral immunity.
These data suggest that the DPV US3 kinase targeting STING to evade
antiviral immunity may represent a conservative strategy among the
Alphaherpesviridae, but further evidence is needed from other sub-
family members.

STING is a direct sensor of CDNs that initiates antiviral immunity
(Burdette, Monroe, Sotelo-Troha, Iwig, Eckert, Hyodo, Hayakawa and
Vance, 2011). The ER retention/retrieval sequences of STING are critical
for maintaining STING dimerization, whereas ER exit and translocation
are crucial for activating the cGAS/STING signaling pathway (Dobbs,
Burnaevskiy, Chen, Gonugunta, Alto and Yan, 2015; Ishikawa and
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Barber, 2008; Sun, Li, Chen, Chen, You, Zhou, Zhou, Zhai, Chen and
Jiang, 2009; Zhang, Nandakumar, Reinert, Huang, Laustsen, Gao, Sun,
Jensen, Troldborg, Assil, Berthelsen, Scavenius, Zhang, Windross,
Olagnier, Prabakaran, Bodda, Narita, Cai, Zhang, Stenmark, Doucet,
Noda, Guo, Goldbach-Mansky, Hartmann, Chen, Enghild, Bak, Thomsen
and Paludan, 2020). Thus, viral targeting of ER retention sequences or
the translocation of STING is an evolutionary strategy for viruses to
antagonize STING-mediated antiviral immunity. For example, human
cytomegalovirus (HCMV) UL82 interacts with STING and impairs
STING-mediated signaling by inhibiting STING translocation from the
ER to perinuclear microsomes, disrupting the STING-iRhom2-TRAPbeta
translocation complex (Fu, et al., 2017); HCMV UL82 also impairs TBK1
and IRF3 recruitment to the STING complex and prevents
STING-mediated IRF3 phosphorylation and activation (Fu, Su, Gao,
Wang, Huang, Hu, Luo, Li, Luo, Wang and Shu, 2017). HCMV UL94
interacts with STING, disrupts its dimerization and ER translocation,
and impairs TBK1 recruitment to the STING signaling pathway (Zou,
et al., 2020). HSV-1 gammal34.5 disrupted the translocation of STING
from the ER to the Golgi apparatus, inactivating the DNA-sensing
pathway and facilitating viral replication (Pan, et al., 2018). In this
study, duck STING contains only one ER retention sequence,
“RgaYRGSge,” that is conserved with human and mouse STING. This
sequence is crucial for DPV US3 to disrupt the association and phos-
phorylation between STING and TBK1. Additionally, we found that the
STING S86A mutant of duck STING attenuated its ability to mediate IFN
expression, suggesting that this serine residue may be an important site
for host kinase phosphorylation.

Reduction in STING stability and degradation by viruses counteracts
STING-mediated antiviral immune responses. As previously reported,
human papillomavirus 16 (HPV16) hijacks NLRX1 (NLR family member
X1) to promote E7-potentiated STING degradation (Luo, et al., 2020).
The E3 ligases, tripartite motif-containing 30 alpha (TRIM30A) and
TRIM29, negatively regulate innate immune responses to DNA viruses
by targeting STING and promoting its degradation via K48-linked
ubiquitination through a proteasome-dependent pathway (Li, et al.,
2018; Wang, et al., 2015). African swine fever virus (ASFV) infection
promotes ULK1 expression, which phosphorylates and promoting its the
degradation of STING via the autophagy pathway (Konno, et al., 2013;
Li, et al., 2021). Tyrosine protein phosphatase non-receptor type 1
(PTPN1) and 2 (PTPN2) are associated with STING following viral
infection and dephosphorylate STING at Y245, leading to STING
degradation via the ubiquitin-independent 20S proteasome pathway,
which depends on the intrinsically disordered region (IDR) of STING
(Xia, et al., 2019). Notably, duck STING is phosphorylated and degraded
by DPV US3 in a kinase activity-dependent manner. Furthermore, we
demonstrated that DPV US3 induces STING degradation via the pro-
teasome and autolysosome pathways. The Bcl-2 associated transcription
factor 1 (Bclafl) positively regulates antiviral responses but is degraded
by pseudorabies virus (PRV) and herpes simplex virus type 1 (HSV-1),
both members of Alphaherpesviridae (Qin, et al., 2019). The protein
level of Bclafl recovered in US3 virus-infected cells (Qin et al., 2019),
indicating that US3 may induce Bclafl protein degradation, although
the underlying molecular mechanism is unknown. Our study elucidates
the mechanism by which the US3 kinase of Alphaherpesviridae induces
immune-related adaptor protein degradation and regulates cellular
antiviral responses.

Autophagy is also a powerful cell-intrinsic host defense mechanism
capable of restricting viral pathogenicity (Choi, et al., 2018). Autophagy
is partly regulated by the mechanistic target of rapamycin complex 1
(mTORC1), a multisubunit Ser/Thr kinase that coordinates anabolic and
catabolic outputs (Saxton and Sabatini, 2017). While mTORC]1 activa-
tion stimulates protein synthesis and represses autophagy, the inhibition
of mTORC1 by energy, nutrient, or growth factor insufficiency sup-
presses protein synthesis and promotes autophagy (Saxton and Sabatini,
2017). Inhibition of mTORC1 activates the autophagy regulator ULK1,
the Ser/Thr kinase component of the multi-subunit ULK complex, which
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induces autophagy by phosphorylating Beclin-1 and activating vacuolar
protein sorting 34 (VPS34) lipid kinase (Kim, et al., 2011; Russell, et al.,
2013). To counteract autophagy, HSV-1 US3 kinase has been reported to
phosphorylate and activate mTORC1 (Vink, et al., 2018), indicating that
autophagy initiation is inhibited by US3. Furthermore, the HSV-1 US3
kinase can phosphorylate Beclin-1 and inhibit autophagy (Rubio and
Mohr, 2019). In this study, we found that DPV US3 phosphorylates
STING, and protein levels of both DPV US3 and STING were reduced
when expressed together. STING was recently shown to induce
non-canonical antiviral autophagy by interacting with the
microtubule-associated protein 1 light chain 3 (LC3B) (Gui, et al., 2019;
Liu, et al., 2019). As the degradation of STING and US3 was recovered by
inhibiting the proteasome and autolysosome pathways (Fig. 3), we hy-
pothesized that DPV US3 may regulate STING-mediated antiviral auto-
phagy by redirecting STING into another complex for degradation;
however, the underlying mechanism requires further investigation.

Conclusion

In summary, our results provide mechanistic insights into how DPV
antagonizes host antiviral innate immune responses. We demonstrated
that DPV US3 inhibits duck STING-mediated antiviral responses by
interacting with and phosphorylating STING at serine 86, near the ER
retention sequence. Phosphorylation of STING by DPV US3 kinase re-
duces STING dimerization, disrupts the interaction between STING and
TBK1, reduces STING stability, and induces STING degradation via the
proteasome and autolysosome pathways. These findings suggest that
DPV US3 kinase modulates duck STING-mediated antiviral responses,
thereby promoting DPV replication and pathogenicity.
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