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ABSTRACT Cyclic GMP-AMP synthase (cGAS), a key DNA sensor, detects cytosolic viral
DNA and activates the adaptor protein stimulator of interferon genes (STING) to initiate
interferon (IFN) production and host innate antiviral responses. Duck enteritis virus (DEV) is
a duck alphaherpesvirus that causes an acute and contagious disease with high mortality
in waterfowl. In the present study, we found that DEV inhibits host innate immune
responses during the late phase of viral infection. Furthermore, we screened DEV proteins
for their ability to inhibit the cGAS-STING DNA-sensing pathway and identified multiple vi-
ral proteins, including UL41, US3, UL28, UL53, and UL24, which block IFN-B activation
through this pathway. The DEV tegument protein UL41, which exhibited the strongest in-
hibitory effect, selectively downregulated the expression of interferon regulatory factor 7
(IRF7) by reducing its mRNA accumulation, thereby inhibiting the DNA-sensing pathway.
Ectopic expression of UL41 markedly reduced viral DNA-triggered IFN-B production and
promoted viral replication, whereas deficiency of UL41 in the context of DEV infection
increased the IFN-B response to DEV and suppressed viral replication. In addition, ectopic
expression of IRF7 inhibited the replication of the UL41-deficient virus, whereas IRF7
knockdown facilitated its replication. This study is the first report identifying multiple viral
proteins encoded by a duck DNA virus, which inhibit the cGAS-STING DNA-sensing path-
way. These findings expand our knowledge of DNA sensing in ducks and reveal a mecha-
nism through which DEV antagonizes the host innate immune response.

IMPORTANCE Duck enteritis virus (DEV) is a duck alphaherpesvirus that causes an acute
and contagious disease with high mortality, resulting in substantial economic losses in
the commercial waterfowl industry. The evasion of DNA-sensing pathway-mediated anti-
viral innate immunity is essential for the persistent infection and replication of many
DNA viruses. However, the mechanisms used by DEV to modulate the DNA-sensing
pathway remain poorly understood. In the present study, we found that DEV encodes
multiple viral proteins to inhibit the cGAS-STING DNA-sensing pathway. The DEV tegu-
ment protein UL41 selectively diminished the accumulation of interferon regulatory fac-
tor 7 (IRF7) mRNA, thereby inhibiting the DNA-sensing pathway. Loss of UL41 potently Editor Jae U. Jung, Lerner Research Institute,
enhanced the IFN-B response to DEV and impaired viral replication in ducks. These find- Cisvelame|dlinte

ings provide insights into the host-virus interaction during DEV infection and help de-
velop new live attenuated vaccines against DEV.
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uck enteritis virus (DEV), also known as Anatid herpesvirus type 1, causes an acute Accepted 9 November 2022

and contagious fatal disease with high morbidity and mortality in domestic water- Published 30 November 2022
fowl, which results in severe economic losses to the duck industry (1). Domestic and
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wild ducks, geese, and swans of all ages are considered susceptible to DEV infection. The
migratory waterfowl plays a crucial role in DEV transmission within and between conti-
nents, resulting in the worldwide distribution of this virus. DEV is considered a pantropic vi-
rus that replicates primarily in the mucosa of the digestive tract and then spreads to the
bursa of Fabricius, thymus, spleen, and liver, leading to pathological lesions in several
organs (2). DEV exhibits latent infection in trigeminal ganglia after establishing primary
infection in ducks; thereafter, viral reactivation occurs that results in disease outburst (3).
DEV belongs to the Herpesviridae family and Alphaherpesvirinae subfamily. The viral ge-
nome is approximately 158 kb and contains 78 open reading frames predicted to encode
potential functional proteins. Despite several advances in understanding DEV pathogene-
sis, little is known regarding the innate immune responses and virus-host interaction dur-
ing DEV infection in ducks.

Innate immunity is involved in the first line of host defense against invading pathogens
and is initiated by various host pattern-recognition receptors (PRRs) that recognize con-
served pathogen-associated molecular patterns and trigger the production of type | inter-
ferons (IFN-I) and the expression of multiple IFN-stimulated genes (ISGs) (4, 5). In addition
to Toll-like receptors (TLRs), retinoic acid-inducible gene I-like receptors (RLRs), and Nod-
like receptors, several cytosolic DNA sensors have been recently discovered (5-7). Viral
DNA recognition by DNA sensors is a central host cellular defense against DNA virus infec-
tion. Among the identified DNA sensors, cyclic GMP-AMP (cGAMP) synthase (cGAS) has
been demonstrated as a predominant cytosolic DNA sensor that recognizes various DNA
ligands in different cell types (8). Upon binding to viral DNA, cGAS utilizes ATP and GTP to
synthesize the second messenger cyclic GMP-AMP (cGAMP) to activate stimulator of inter-
feron genes (STING). Active STING then recruits TANK-binding kinase 1 (TBK1) to phospho-
rylate and activate interferon regulatory factor 3 (IRF3). Phosphorylated IRF3 dimerizes and
then translocates to the nucleus, ultimately leading to the production of IFN-I and several
inflammatory cytokines (9, 10). Recently, the cGAS-STING DNA-sensing pathway was
reported to play an important role in IFN-I responses against herpesviruses, including her-
pes simplex virus 1 (HSV-1), Kaposi sarcoma herpesvirus (KSHV), and Marek’s disease virus
(MDV) (11-13). Evasion of host antiviral innate immunity is essential for herpesviruses to es-
tablish persistent infection and replication in the host (14). Moreover, several viral proteins
that inhibit IFN-I production through modulation of the DNA-sensing signaling pathway
have been identified (15-17).

Birds are natural reservoirs for many kinds of viruses. IFN-I has been characterized and
assessed for its antiviral activities in various avian species. Duck IFN-I was first detected in duck
embryo fibroblasts (DEFs) after infection with reovirus serotype 3 (18). Avian PRRs are reported
to differ from their mammalian counterparts (18). Comparatively, chicken, duck, and goose
cGAS exhibits shortened N termini with the least similarity of 22.4%, 17.4%, and 7.7% with
human cGAS, respectively (19, 20). Like in mammals, the cGAS-STING axis plays a critical role
in restricting DNA virus infection in chicken and duck cells (21, 22). Nevertheless, the mecha-
nisms by which DEV modulates the cGAS-STING-mediated antiviral signaling remain obscure.

The HSV-1 virion host shutoff (VHS) protein, encoded by the UL41 gene, is an mRNA-
specific RNase, which triggers host mRNA degradation to promote the sequential expres-
sion of viral proteins in the early stage of infection (23-25). Although HSV-1 VHS is known
to be important for viral pathogenesis in vivo (26), the role of DEV UL41 remains unclear. In
this study, we demonstrate for the first time that DEV encodes multiple viral proteins to in-
hibit the cGAS-STING DNA-sensing pathway. The DEV VHS protein selectively reduces the
accumulation of interferon regulatory factor 7 (IRF7) mRNA, thereby inhibiting the DNA-
sensing pathway. These findings expand our knowledge of the host-virus interaction dur-
ing DEV infection and reveal a mechanism through which DEV antagonizes the host innate
immune responses.

RESULTS

DEYV inhibits IFN-B production during infection in duck embryo fibroblasts and
in ducks. To determine whether DEV could inhibit type | IFN induction during viral
infection, we infected DEFs with the virulent DEV CV strain and analyzed the mRNA
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expression of IFN-B and IL-6 using real-time quantitative PCR (qPCR). The results
showed that IFN-B induction in DEFs upon DEV infection was prominent at 10- and
12-h postinfection (hpi), which decreased from 24 hpi and was significantly lower than
that in mock cells after 36 hpi (Fig. 1A). IL-6 expression was also decreased during the
late phase of DEV infection (Fig. 1B). Furthermore, DEV infection induced the expres-
sion of duck IFN-stimulated genes (ISGs), including myxovirus-resistance protein (Mx)
and interferon-induced oligoadenylate synthetase-like protein (OASL), between 8 and
12 hpi, whereas ISG expression was significantly inhibited after 24 hpi (Fig. 1C and D).
Consistent with IFN-B and ISGs inhibition, DEV viral proteins were expressed during
the late phase of infection in DEFs (Fig. 1E), suggesting that the viral proteins might
contribute to the modulation of the IFN-8 response during DEV infection.

We also infected ducks with a virulent DEV CV strain and assessed the expression of
IFN-B and OASL. The results showed that DEV infection triggered an IFN-3 response
during the early phase of infection (within 24 hpi). However, IFN-3 induction signifi-
cantly decreased in DEV-infected ducks after 2 days of infection (Fig. 1F). Consistently,
OASL transcription was also greatly reduced at later time points of DEV infection in
vivo (Fig. 1G). These results indicate that DEV inhibits host innate immune responses
during the late phase of viral infection in ducks.

Multiple DEV proteins block ¢cGAS-STING-mediated IFN-8 activation. As the
cGAS-STING DNA-sensing pathway plays a critical role in the induction of type | IFNs in
response to herpesviruses, inhibition of IFN-8 expression during DEV infection suggests that
DEV may encode proteins that antagonize this pathway. In DEFs, the IFN-B promoter was
highly activated when the same amounts of plasmids encoding cGAS and STING were
cotransfected along with an IFN-83 promoter luciferase reporter construct (Fig. 2A). However,
inoculation of DEV in DEFs significantly inhibited IFN-3 promoter activity and IFN-8 mRNA
production (Fig. 2B and C). To evaluate whether individual viral proteins could regu-
late the cGAS-STING pathway, DEFs were cotransfected with an empty vector or the
expression plasmids encoding DEV viral proteins along with those encoding cGAS,
STING, and the IFN-3 promoter constructs and subjected to dual-luciferase reporter (DLR)
assays to detect IFN-B promoter activity. Based on this model, we identified multiple DEV
proteins, including UL41, US3, UL28, UL53, and UL24, which significantly inhibited cGAS-
STING-mediated activation of the IFN-3 promoter (Fig. 2D). We further found that each vi-
ral inhibitor inhibited IFN-B promoter activation in a dose-dependent manner (Fig. 2E).
Next, we validated the DLR results by measuring IFN-B mRNA levels through quantitative
reverse transcription-PCR (qRT-PCR) and obtained similar results (Fig. 2F).

DEV UL41 inhibits IFN-8 production induced by interferon-stimulatory and vi-
ral DNA. In this study, we focused on the DEV tegument protein UL41, because it
showed the strongest ability to inhibit the cGAS-STING pathway. To verify the role of
DEV UL41 in regulating cytosolic DNA-induced IFN-B production, DEFs were trans-
fected with a UL41 expression plasmid or empty vector, and after 24 h, they were
transfected with interferon-stimulatory DNA (ISD) fragments, which induce IFN-3
expression in various cells. As shown in Fig. 3A, transfection with ISD induced high lev-
els of IFN-B and IL-6 mRNAs in DEFs; however, ectopic expression of UL41 markedly
inhibited ISD-triggered IFN-B and IL.-6 mRNA expression. Compared with the control
vector, ectopic expression of UL41 also significantly inhibited ISD-induced expression
of Mx and OASL (Fig. 3A). Poly(dA-dT) is a synthetic analog of B-DNA that is recognized
by several DNA sensors. IFN-B and IL-6 mRNA levels were significantly increased in
response to poly(dA-dT) stimulation, which was attenuated in UL41-expressing DEFs
(Fig. 3B). Furthermore, the expression of Mx and OASL was also reduced by the ectopic
expression of UL41 in DEFs.

We then examined the effects of ectopically expressed UL41 on IFN-3 production trig-
gered by DNA virus infection. The UL41-expressing cells were infected with DEV, and IFN-3
and Mx mRNA levels were evaluated by quantitative PCR. The results showed that ectopic
UL41 expression led to a reduced IFN-B response against DEV, compared with the empty
vector-transfected control cells (Fig. 3C). Mx expression was also reduced by UL41 overex-
pression during DEV infection in DEFs. We also infected UL41-expressing DEFs with
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FIG 1 DEV inhibits the production of IFN-B8 and IFN-stimulated genes (ISGs) during infection in DEFs and in ducks. (A to D) DEFs were
infected with the virulent DEV CV strain at a multiplicity of infection (MOI) of 0.01. The mRNA levels of IFN-B (A), IL-6 (B), and duck ISGs Mx
(C) and OASL (D) were measured by real-time gPCR from 4 to 72 hpi. (E) The expression of DEV protein gE during viral infection in DEFs was
monitored by Western blotting. (F to G) 2-week-old specific pathogen-free ducks were inoculated intramuscularly with 10 TCID,, of DEV CV
strain, and the mRNA levels of IFN-B (F) and OASL (G) in the spleen samples were measured by real-time qPCR. The relative amounts of /FN-
B, IL-6, Mx, and OASL mRNA were normalized to the B-actin mRNA level in each sample, and the fold differences were compared with those
in the mock samples. All controls and treated groups were performed and examined in triplicate. *, P < 0.05; **, P < 0.01; ns, no significant
difference.
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FIG 2 Screening of DEV viral proteins that modulate the cGAS-STING pathway. (A) DEFs were cotransfected with the IFN-B Luc reporter, pRL-TK, and the
empty vector or cGAS-HA and STING-HA combined. The luciferase activity was measured at 36 h posttransfection. (B) DEFs were cotransfected with the
IFN-B Luc reporter, cGAS-HA, and STING-HA expression plasmids and then inoculated with DEV (MOI = 0.01). The luciferase activity was measured at 12 h
and 24 h postinfection. (C) DEFs were cotransfected with cGAS-HA and STING-HA expression plasmids and then inoculated with DEV (MOl = 0.01). The IFN-
B mRNA level was measured by real-time qPCR at 12 h and 24 h postinfection. (D) DEFs were transfected with the IFN-B Luc reporter and pRL-TK,
together with cGAS-HA, STING-HA, and an DEV ORF expression plasmid or the empty vector. The IFN-B luciferase activity was measured at 36 h
posttransfection. The data of DEV ORFs and the empty vector from three independent tests are presented as a heat map. Higher IFN-B Luc activation
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herpesvirus of turkey (HVT) and found that UL41 expression led to diminished production of
IFN-B and Mx in HVT-infected cells, compared with that observed in control cells (Fig. 3D).
Further results showed that both DEV and HVT exhibited higher replication titers in
UL41-expressing cells (Fig. 3E and F). These results indicate that DEV UL41 inhibits vi-
ral DNA-triggered IFN-B activation and promotes viral replication.

UL41 deficiency enhances DEV-triggered IFN-B induction. To further investigate
whether UL41 acts as an IFN-A inhibitor in the context of DEV infection, we generated
UL41-deficient DEV (DEV-dUL41) using overlapping fosmid clones of the virulent DEV CV
strain. Deletion of the UL41 gene from the DEV genome was confirmed using an indirect
immunofluorescence assay. As expected, wild-type DEV (DEV-WT) expressed the UL41 pro-
tein, whereas DEV-dUL41 did not (Fig. 4A). We next examined the expression of IFN-3, IL-6,
and IFN-stimulated genes in DEFs infected with wild-type or UL41-deficient DEV. The
results indicated that the mRNA levels of IFN- 3, IL-6, and the IFN-stimulated genes Mx and
OASL induced by DEV-dUL41 were notably higher than those induced by wild-type DEV in
DEFs (Fig. 4B and C). We detected the replication curves of DEV-WT and DEV-dUL41 in
DEFs, which showed that the replication ability of DEV-dUL41 was decreased in compari-
son with that of DEV-WT (Fig. 4D). These results demonstrate that UL41 deficiency
increases IFN-B induction and reduces viral replication during DEV infection in DEFs.

DEV UL41 inhibits the cGAS-STING pathway by downregulating IRF7 expres-
sion. Ducks are IRF3 deficient, and IFN-B transcription in duck cells is dependent on
the binding of IRF7 to distinct regulatory domains in the promoter. To clarify the com-
ponents in the cGAS-STING pathway targeted by UL41, DEFs were cotransfected with
UL41 plasmid, IFN-B Luc reporter plasmids, and expression plasmids encoding IRF7
signaling pathway components, including STING, TBK1, and IRF7. The results showed
that transfection of STING, TBK1, or IRF7 in DEFs elicited IFN-B Luc reporter activity;
however, UL41 expression inhibited the IFN-B Luc activity triggered by these con-
structs (Fig. 5A; Fig. S1 in the supplemental material). These findings indicate that UL41
probably suppresses the cGAS-STING pathway by targeting IRF7.

The tegument protein UL41 is an endoribonuclease with substrate specificity similar
to that of RNase A. Therefore, UL41 possibly abolishes IRF7 expression via its RNase ac-
tivity to degrade IRF7 mRNA. To confirm this hypothesis, 293T cells were cotransfected
with IRF7-HA and UL41-Flag plasmids; cells were then harvested and subjected to
Western blot analysis. As shown in Fig. 5B, DEV UL41 significantly downregulated IRF7
expression in a dose-dependent manner. To confirm whether UL41 was specifically
involved in the degradation of endogenous IRF7, DEFs were cotransfected with UL41-
Flag or UL7-Flag expression plasmids and harvested for Western blot analysis. The
results showed that DEV protein UL41 specifically reduced the expression of endoge-
nous IRF7, whereas UL7 did not (Fig. 5C).

To investigate whether IRF7 mRNA accumulation was reduced during DEV infection,
DEFs were left uninfected or infected with either wild-type DEV (DEV-WT) or UL41-defi-
cient DEV (DEV-dUL41) for 24 h, followed by gRT-PCR and Western blot analyses.
Compared with mock-infected DEFs, DEV-WT infection significantly reduced the IRF7
MRNA levels, whereas DEV-dUL41 infection did not (Fig. 5D). Moreover, DEFs infected
with DEV-dUL41 produced significantly higher levels of IRF7 mRNA than those infected
with DEV-WT or mock-infected cells. Western blot analysis further indicated that DEV-
WT significantly inhibited endogenous IRF7 expression compared with DEV-dUL41
(Fig. 5E). To demonstrate whether UL41 specifically targets IRF7, we also examined the
mRNA levels and expression of key molecules in the cGAS-STING pathway during viral
infection. The results showed that DEV-WT infection failed to reduce the mRNA levels

FIG 2 Legend (Continued)
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levels are indicated by red, whereas lower levels are indicated by green, which corresponds to a higher degree of inhibition. (E) Various doses of the top
five DEV viral protein inhibitors and the empty vector were cotransfected with ¢cGAS-HA and STING-HA expression plasmids into DEFs, and IFN-B Luc
activity was measured at 36 h posttransfection. (F) The top five DEV viral protein inhibitors and the empty vector were cotransfected with cGAS-HA and
STING-HA expression plasmids into DEFs. The IFN-B mRNA levels were measured by real-time qPCR at 36 h posttransfection. The fold changes were
compared with those of the empty vector controls. All controls and treated groups were performed and examined in triplicate. *, P < 0.05; **, P < 0.01;

*** P < 0.001.
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FIG 3 DEV UL41 inhibits IFN-B production induced by interferon-stimulatory and viral DNA. (A) DEFs were transfected with UL41-Flag expression plasmid
or empty vector for 24 h and then transfected with interferon-stimulatory DNA (ISD); the mRNA levels of IFN-B, IL-6, Mx, and OASL were measured by qPCR
6 h and 12 h later. UL41 expression was examined by Western blotting at 12 h after ISD transfection. (B) DEFs were transfected with UL41-Flag expression
plasmid or empty vector for 24 h and then transfected with poly(dA-dT); the mRNA levels of IFN-B, IL-6, Mx, and OASL were measured by qPCR 6 h and 12
h later. UL41 expression was examined by Western blotting at 12 h after poly(dA-dT) transfection. (C) DEFs were transfected with UL41-Flag expression
plasmid or empty vector and then left uninfected or infected with DEV (MOI = 0.01). The mRNA levels of IFN-B and Mx in these cells were measured by
qPCR at 12 h postinfection, and UL41 expression was detected by Western blotting. (D) DEFs were transfected with UL41-Flag expression plasmid or empty
vector and then left uninfected or infected with HVT (MOl = 0.01). The mRNA levels of IFN-B and Mx in these cells were measured by gqPCR at 12 h
postinfection, and UL41 expression was detected by Western blotting. (E) DEFs transfected with UL41-Flag plasmid or empty vector were infected with DEV
at various MOlIs (0.01 or 0.001). The viral titer was tested by qPCR at 24 and 48 hpi, and UL41 expression was examined by Western blotting at 48 hpi. (F)
DEFs transfected with UL41-Flag plasmid or empty vector were infected with HVT at various MOIs (0.01 or 0.001). The viral titer was tested by qPCR at 24
and 48 hpi, and UL41 expression was examined by Western blotting at 48 hpi. The relative amount of IFN-B, IL-6, Mx, and OASL mRNA was normalized to
B-actin mRNA levels in each sample, and the relative amount of DEV and HVT genomic DNA was normalized to GAPDH levels in each sample. All controls
and treated groups were performed and examined in triplicate. *, P < 0.05; **, P < 0.01; ns, no significant difference.
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FIG 4 UL41 deficiency enhances DEV-triggered induction of IFN-B and downstream antiviral genes. (A) Cytopathic effects
(bar length = 400 wm) and indirect immunofluorescence (bar length = 200 wm) analysis of the DEFs infected with DEV-WT
or DEV-dUL41 using rabbit anti-UL41 and anti-rabbit IgG-TRITC antibodies. (B and C) Effects of UL41 deficiency on
transcription of IFN-3, IL-6, Mx, and OASL in DEFs. DEFs were infected with DEV-WT or DEV-dUL41 (MOI = 0.01) for 24 h
before analysis of IFN-B, IL-6, Mx, and OASL mRNA levels. The amounts of IFN-B, IL.-6, Mx, and OASL mRNA were
normalized to the B-actin mRNA level in each sample, and the fold difference relative to the mock controls was
determined. (D) The growth properties of DEV-WT and DEV-dUL41 in DEFs. Data are presented as means *= SDs from
three independent experiments. *, P < 0.05; **, P < 0.01; ns, no significant difference.

and expression of endogenous cGAS, STING, and TBK1 (Fig. 5D and E). Taken together,
these data demonstrate that DEV selectively reduces IRF7 mRNA accumulation as well
as protein expression via UL41.

To test whether IRF7 reduction by UL41 is via proteasomal, lysosomal, and autoph-
agy pathway, 293T cells were cotransfected with IRF7-HA and UL41-Flag plasmids and
treated with a proteasome inhibitor (MG-132), a lysosomal inhibitor (NH4CI), or an
autophagy inhibitor (3-MA). The results showed that none of the above inhibitors
blocked IRF7 reduction (Fig. 5F). To rule out the reduction of IRF7 expression is due to
the inhibition of IFN-A signaling by UL41 since IRF7 is an interferon-inducible gene,
the IRF7-HA and UL41-Flag plasmids were cotransfected into African green monkey
kidney cells (Vero), which are devoid of an IFN response (27, 28). As shown in Fig. 5G,
DEV UL41 significantly reduced IRF7 expression in Vero cells, which is consistent with
the results in 293T and DEF cells. These data suggested that DEV UL41 reduced IRF7
expression by decreasing the accumulation of IRF7 mRNA but not via the proteasome
or lysosomal pathway or due to the inhibition of IFN- response.

IRF7 mediates defense against replication of UL41-deficient DEV. The above
results suggested that DEV inhibits the IFN-8 response by reducing the accumulation
of IRF7 mRNA via UL41, leading us to hypothesize that IRF7 could restrict the replica-
tion of the UL41-deficient DEV. To test this assumption, DEFs with ectopic IRF7 expres-
sion were infected with DEV-WT or DEV-dUL41 and harvested at the indicated time
points for viral replication analyses. As shown in Fig. 6A, ectopic IRF7 expression signifi-
cantly inhibited the replication of DEV-dUL41 but not DEV-WT. Compared with cells
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FIG 6 IRF7 mediates the defense against the replication of UL41-deficient DEV. (A, B) DEFs were transfected with the empty
vector (DEF-EV) or with the IRF7-HA plasmid (DEF-IRF7). Twenty-four hours after transfection, the cells were infected with DEV-WT
or DEV-dUL41 (MOI = 0.01), and then cells were harvested at 24 and 48 hpi for viral titration (A) and Western blot (B) analyses. (C
and D) DEFs were transfected with negative-control siRNA (DEF-NC) or with siRNA specific to IRF7 (DEF-IRF7KD). Twenty-four
hours after transfection, the cells were infected with DEV-WT or DEV-dUL41 (MOI = 0.01), and then cells were harvested at 24 and
48 hpi and subjected to viral titration (C) and Western blot (D) analyses. Data are presented as means * SDs from three

independent experiments. *, P < 0.05; **, P < 0.01; ns, no significant difference.

infected with DEV-WT, the IRF7 level was notably enhanced in DEFs that ectopically
expressed IRF7 (DEF-IRF7) and were infected with DEV-dUL41 (Fig. 6B). DEFs were
then transfected with an IRF7-specific small interfering RNA (siRNA) before infection,
and the replication of DEV-WT and DEV-dUL41 was compared with that in cells trans-
fected with a nontargeting siRNA. IRF7 knockdown did not affect the replication of
DEV-WT but did promote the replication of DEV-dUL41 (Fig. 6C). The successful
knockdown of IRF7 expression in DEF-IRF7KD cells was confirmed using Western blot
analyses (Fig. 6D). These data indicate that IRF7 mediates the defense against DEV-
dUL41 replication.

FIG 5 Legend (Continued)

transfection and subjected to dual-luciferase reporter assays. All controls and treated groups were performed and examined in triplicate. (B) 293T cells
were cotransfected with IRF7-HA and UL41-Flag plasmids. Twenty-four hours after transfection, cells were harvested and subjected to Western blot
analysis. (C) DEFs were transfected with UL41-Flag, UL7-Flag plasmid, or the empty vector. Twenty-four hours after transfection, cells were harvested and
subjected to Western blot analysis with the indicated antibodies. (D) DEFs were infected with DEV-WT or DEV-dUL41 (MOl = 0.01). Twenty-four hours
after infection, cells were harvested and analyzed with gRT-PCR. (E) DEFs were infected with DEV-WT or DEV-dUL41 (MOI = 0.01). Twenty-four hours after
infection, cells were harvested and subjected to Western blot analysis with the indicated antibodies. (F) 293T cells were cotransfected with IRF7-HA and
UL41-Flag plasmids. Twenty-four hours after transfection, cells were treated with dimethyl sulfoxide (DMSO), MG132 (10 uM), NH,Cl (20 mM), and 3-MA
(10 mM) for 12 h. Protein expression was measured using Western blotting. (G) Vero cells were cotransfected with IRF7-HA and UL41-Flag plasmids, and

cells were subjected to Western blot analysis 36 h after transfection. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, no significant difference.
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FIG 7 UL41 deficiency facilitated IFN-8 induction and attenuated DEV replication in ducks. (A to C) Ducks were
infected intramuscularly with 100 TCID,, of DEV-WT or DEV-dUL41, and IFN-B (A), Mx (B), and OASL (C)
production was measured by qPCR at the indicated time points. (D) Ducks were infected intramuscularly with
100 TCID,, of DEV-WT or DEV-dUL41, and virus genome copy numbers in the spleen were monitored by qPCR
at the indicated time points. All samples from the mock control and DEV-infected groups were examined in

triplicate. *, P < 0.05; **, P < 0.01; ns, no significant difference.

UL41 contributes to the evasion of the innate immune response against DEV.
To evaluate the role of UL41 in the immune evasion of DEV, we infected ducks with wild-
type or UL41-deficient DEV and examined the expression of IFN-B and its downstream
antiviral genes. The results showed that the DEV-dUL41 virus induced significantly higher
levels of IFN-B and IFN-stimulated genes Mx and OASL in ducks than wild-type DEV, espe-
cially during the late phase of infection (Fig. 7A to C). Furthermore, the viral DNA loads of
DEV-WT and DEV-dUL41 in the infected ducks were analyzed using qPCR. As shown in Fig.
7D, the DEV-dUL41 virus replicated at a lower level than the wild-type DEV during infec-
tion. In the pathogenicity studies, 6 out of 10 ducks in the DEV-WT group exhibited gross
DEV-specific lesions during the experiment; in comparison, only 2 out of 10 ducks in the
DEV-dUL41-infected group showed gross DEV-specific lesions. These results suggest that
deletion of DEV UL41 attenuated the replication and virulence of DEV in ducks. We specu-
lated that the effect of UL41 on viral replication may involve its ability to inhibit the host
immune response, which resulted in enhanced viral replication in vivo.

DISCUSSION

DEV replicates quickly in many cell types and tissues and establishes latent and per-
sistent infection in ducks (1). DEV infection upregulates the expression of multiple
PRRs and ISGs in ducks, indicating the activation of innate immune responses to
restrict DEV infection (2). Nevertheless, DEV exhibits broad cell tropism in ducks and is
difficult to be eradicated by the host immune system, which suggested that DEV might
have evolved efficient strategies to evade innate antiviral responses. In the present
study, we found that DEV triggers an IFN-B response during the early phase of infec-
tion in ducks; however, the production of IFN-B and ISGs was inhibited from 2 dpi.
These observations suggest that DEV can efficiently modulate the antiviral innate
immune responses to evade host surveillance and immunity, which appears to be criti-
cal for the successful infection and quick replication of DEV in ducks. Thus, it was
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considered worthwhile to determine whether DEV encodes proteins that inhibit IFN-83
production along with the underlying mechanisms.

Given the key role of the cGAS-STING DNA-sensing pathway in host antiviral responses,
many DNA viruses have evolved various mechanisms to block this signaling pathway (29,
30). Several viral proteins that inhibit IFN-I production through modulation of the cGAS-
STING DNA-sensing pathway have been identified, including HSV-1 VP22 (16), VP24 (31),
ICP27 (32), UL24 (33), and VP11/12 (34), as well as viral proteins encoded by KSHV (12),
human cytomegalovirus (35, 36), and murine gammaherpesvirus 68 (37). However, in con-
trast to their mammalian counterparts, our current knowledge regarding avian herpesvirus
proteins involved in regulating this pathway remains limited (38). The involvement of DEV
proteins in antagonizing the DNA-sensing pathway remain unclear. In this study, upon
screening a total of 73 DEV ORFs, we successfully identified multiple viral proteins that in-
hibit the cGAS-STING DNA-sensing pathway. We inferred that these viral inhibitors might
function cooperatively to inhibit IFN-I induction, explaining why DEV efficiently inhibited
the host antiviral innate immune response during infection in ducks.

The alphaherpesvirus UL41 gene encodes the VHS protein, which is a late tegument
protein and an mRNA-specific RNase that induces host shutoff in the early stage of infec-
tion (23-25). VHS degrades viral mRNAs to facilitate the sequential expression of different
classes of viral genes and degrades host mRNAs to redirect the cell from host to viral gene
expression and to evade host antiviral responses (39-42). HSV-1 VHS is known to be impor-
tant for viral pathogenesis in vivo, and the UL41-deleted recombinant HSV-1 strain has
been evaluated as a prophylactic live attenuated vaccine against lethal HSV-1 infection in a
mouse model (43). The UL41-null pseudorabies virus showed significantly smaller plaques
and lower titers in Vero cells along with impaired lethality and neurological invasion in
mice (44). DEV UL41 was found to be dispensable for viral replication; however, UL41 dele-
tion affects viral DNA replication and viral release (45). In this study, DEV UL41 was shown
to evade the cGAS-STING DNA-sensing pathway by reducing IRF7 mRNA accumulation,
which may facilitate DEV replication. Compared with UL41-deficient DEV, DEV-WT infection
significantly inhibited IFN-B and ISG expression in DEFs and in ducks. Furthermore, IRF7
knockdown facilitated the replication of DEV-dUL41 but not DEV-WT. The results also
showed that DEV-WT infection did not affect the expression of cGAS, STING, or TBK1. The
VHS protein UL41 was reported to selectively degrade both viral and cellular mRNAs con-
taining AU-rich elements (ARE) in its 3" untranslated region (UTR) (46). We found one ARE
core motif (ATTTA) in the 3" UTR of duck IRF7 but no motif in STING and TBK1, which
explains why DEV UL41 decreases IRF7 expression without affecting other adaptors in the
DNA-sensing pathway.

IRF7 plays a crucial role in IFN-B production in avian cells because all signals con-
verge at this transcription activator. Thus, avian viruses are more likely to evolve strat-
egies for counteracting IRF7 activation. We recently reported that MDV VP23 targets
IRF7 to inhibit DNA-sensing signaling in chicken cells (21). The MDV oncoprotein Meq
inhibits this pathway through interaction with STING and IRF7, preventing the associa-
tions of STING with TBK1 and IRF7, and suppressing IRF7 activation as well as IFN-3
production (13). The results of this study indicate that UL41 inhibits IFN-B production
triggered by multiple inducers of the cGAS-STING pathway, including ISD, poly(dA-dT),
and DNA virus infection. The function of UL41 in antagonizing the IFN-I responses to
these DNA stimuli makes the UL41-expressing cells more susceptible to other DNA
viruses besides DEV. Furthermore, the IRF7 activation step is shared by many other
pathways, such as the TLR and RLR pathways (4, 5); thus, UL41 could also affect other
pathways induced by RNA virus infections. These findings suggest that evasion of
DNA-sensing signaling by DEV might facilitate the secondary infection of other viruses.

In summary, we demonstrated for the first time that multiple viral proteins have
evolved to inhibit the DNA-sensing pathway during DEV infection. DEV UL41 counter-
acts the cGAS-STING DNA-sensing pathway by reducing the accumulation of IRF7
mMRNA. These findings lead us to better understand the mechanisms applied by DEV to
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evade host antiviral innate immunity and facilitate its rapid replication and persistent
infection in ducks.

MATERIALS AND METHODS

Animals and ethics statement. Specific-pathogen-free (SPF) ducks and fertilized SPF duck eggs were
purchased from the National Laboratory Poultry Animal Resource Center (Harbin, China). Ten-day-old SPF
duck embryos were used for preparing primary DEFs. This study was carried out following the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the Ministry of Science and Technology of
China. The use of SPF ducks and the animal experiments were approved by the Animal Ethics Committee of
Harbin Veterinary Research Institute of Chinese Academy of Agricultural Sciences and were performed in ac-
cordance with animal ethics guidelines and approved protocols (SYXK [Hei] 2017-009).

Cells, viruses, and antibodies. Primary DEFs were prepared from 10-day-old SPF duck embryos and
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies, Grand Island, NY) supple-
mented with 5% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO). 293T and Vero cells were cul-
tured in DMEM containing 10% FBS (Sigma-Aldrich). The DEV CV strain (GenBank no. JQ673560) and
HVT FC126 strain (GenBank no. AF291866) were propagated in DEFs before use in this study.
Commercially available antibodies, including mouse anti-Flag, rabbit anti-HA, and mouse anti-actin
(Sigma-Aldrich), rabbit anti-cGAS, and rabbit anti-TBK1 (Abcam, Cambridge, UK), were used. Rabbit anti-
STING, rabbit anti-IRF7, rabbit anti-UL41, and rabbit anti-gE antibodies were prepared in our laboratory.
ISD and poly(dA-dT) were purchased from InvivoGen (San Diego, CA, USA).

Plasmid construction. The DEV UL41 gene was amplified from the genome of the DEV CV strain and
cloned into the pCAGGS vector for expression. Plasmids encoding duck cGAS (GenBank no. XM_021271479.1),
STING (GenBank no. XM_027468120), TBK1 (GenBank no. KY963947), and IRF7 (GenBank no. MG707077) were
constructed by cloning the synthesized sequence into pCAGGS with a Flag or HA tag fused to the 3’ end. The
duck IFN-B promoter luciferase reporter IFN-B-luc was constructed by inserting the —96 to +1 fragment of
the duck IFN- promoter into the pGL3-basic vector.

Real-time qPCR. Total RNA was extracted and reverse transcription was performed using ReverTra
Ace gPCR RT kit (Toyobo, Osaka, Japan). The quantity of each cDNA was determined by real-time qPCR
using LightCycler 480 (Roche, Basel, Switzerland). Specific primers for IFN-3, IL-6, Mx, OASL, cGAS, STING,
TBK1, and IRF7 are shown in Table ST and synthesized by Invitrogen (Shanghai, China). Fold differences
between treated samples and control samples were calculated. To determine the DEV and HVT titers,
total DNA was extracted using the AxyPrep BodyFluid Viral DNA/RNA Miniprep kit (Corning Life
Sciences, Shanghai, China) and tested using real-time qPCR by measuring the copy numbers of DEV
UL30 and HVT UL30 genes as the viral genome target and the duck GAPDH gene was used as a reference.
The qPCR was performed under the following cycling conditions: 95°C for 1 min for initial denaturation,
followed by 40 cycles of 95°C for 15 s for denaturation, 60°C for 1 min, and collection of PCR product sig-
nals. All controls and treated samples were examined in triplicate in the same plate.

Transfection and dual-luciferase reporter assays. To determine duck IFN-3 promoter activity, DEF
cells were cotransfected with the firefly luciferase reporter plasmid (IFN-3 Luc) and with the Renilla lucif-
erase reporter pRL-TK, which served as an internal control, with or without expression plasmids, as indi-
cated, using the TransIT-X2 dynamic delivery system (Mirus, Madison, WI, USA). At 36 h posttransfection,
cells were lysed, and samples were assayed for firefly and Renilla luciferase activity using the dual-luciferase
reporter assay system (Promega, Madison, WI, USA). Relative luciferase activity was normalized to Renilla lu-
ciferase activity. The reporter assays were repeated at least three times.

Western blot assays. Expression plasmids harboring Flag or HA tags were transfected into DEFs or
293T cells using the TransIT-X2 dynamic delivery system. At 36 h posttransfection, whole-cell lysates were
obtained by lysing cells in NP-40 lysis buffer (Beyotime, Beijing, China). Protein concentrations were deter-
mined using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific). The proteins were separated
by electrophoresis on 12% SDS-polyacrylamide gels, transferred onto nitrocellulose membranes, and incu-
bated with the indicated primary and secondary antibodies. Images were acquired using the Odyssey
infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA).

Generation of UL41-deleted recombinant DEV. Five fosmid clones containing sequences encom-
passing the entire genome of DEV were constructed in our preliminary studies and used here for gener-
ating the UL41-deficient DEV. Fosmid CV1, containing the DEV genome fragment from 1 to 42,401 and
the coding sequence of UL47 (32,792 to 34,288 in DEV CV genome), was used for deleting UL41 with the
Counter-Selection BAC Modification kit (Gene Bridges, Heidelberg, Germany). The CV1-dUL41 fosmid in
which the UL41 gene was deleted was identified by PCR and sequencing. To rescue the UL41-deleted vi-
rus DEV-dUL41, 2 ug of each purified fosmid DNA (CV1-dUL41, CV2, CV3, CV4, and CV5) was used to
transfect DEFs using the calcium phosphate procedure. Five days after transfection, cells were trypsi-
nized, seeded onto a new dish, and monitored for cytopathic effects. Viral stocks were subsequently
generated in DEFs for further analyses.

DEV titration. DEV titers were estimated by the median tissue culture infective dose (TCID,,). DEFs
were seeded in 96-well plates at a density of 1 x 10° cells per well. Cells were infected with serial 10-fold
DEV dilutions and incubated for 5 days at 37°C in a 5% CO, atmosphere. Cell pathological changes were
observed under a microscope and recorded. Viral titers were calculated according to the Reed-Muench
method (47).

RNA interference. siRNAs specifically targeting duck IRF7 (5'-GCC AAG TGG AAG ACC AAC T-3') as
well as a scrambled negative-control siRNA (5'-GTT CTC CGA ACG TGT CAC GT-3') were synthesized by
GenePharma (Shanghai, China). The siRNA transfections were performed in DEFs using the TransIT-X2
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dynamic delivery system (Mirus) according to the manufacturer’s instructions. After 12 h of transfection,
cells were infected with the wild-type DEV or DEV-dUL41 for further analysis. The knockdown efficiency
of IRF7 was verified by real-time gPCR and Western blotting.

Animal studies. To determine the effects of DEV infection on the induction of IFN-B8 and down-
stream antiviral genes, 35 2-week-old SPF ducks were inoculated intramuscularly with the virulent DEV
CV strain, and the mock control group including 35 ducks was inoculated with DMEM. At the indicated
time points shown in Fig. 1, spleen samples were collected from five ducks in each group, and the
mMRNA levels of IFN-, IL-6, Mx, and OASL were measured by real-time qPCR. To characterize DEV-WT and
DEV-dUL41 viruses, a total of 45 2-week-old SPF ducks were randomly divided into three groups. Two
groups were inoculated intramuscularly with DEV-WT or DEV-dUL41, and the third group was mock
injected with DMEM. After 12 h, 24 h, and 72 h of infection as shown in Fig. 7, five ducks from each
group were humanely euthanized, and spleen samples were collected for analyzing IFN-3, Mx, and OASL
expression as well as viral DNA copy numbers. For DEV pathogenicity analyses, groups of 10 2-week-old
SPF ducks were inoculated with DEV-WT, DEV-dUL41, or DMEM and monitored for clinical signs and
mortality for 14 days. All ducks were necropsied at the end of the experiment to evaluate the presence

Journal of Virology

of DEV-specific lesions.
Statistical analysis. The data are presented as means * SD. Statistical significance between groups
was determined using Student’s t test with GraphPad Prism 7.0 software (La Jolla, CA, USA). Statistical
significance was set at P < 0.05.
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