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ABSTRACT Type I interferons (IFNs), as major components of the innate immune
system, play a vital role in host resistance to a variety of pathogens. Canonical sig-
naling mediated by type I IFNs activates the Janus kinase-signal transducer and acti-
vator of transcription (JAK-STAT) pathway through binding to the IFN-�/� receptor
(IFNAR), resulting in transcription of IFN-stimulated genes (ISGs). However, viruses
have evolved multiple strategies to evade this process. Here, we report that herpes
simplex virus 1 (HSV-1) ubiquitin-specific protease (UL36USP) abrogates the type I
IFN-mediated signaling pathway independent of its deubiquitinase (DUB) activity. In
this study, ectopically expressed UL36USP inhibited IFN-�-induced activation of ISRE
promoter and transcription of ISGs, and overexpression of UL36USP lacking DUB ac-
tivity did not influence this effect. Furthermore, UL36USP was demonstrated to an-
tagonize IFN-�-induced activation of JAKs and STATs via specifically binding to the
IFNAR2 subunit and blocking the interaction between JAK1 and IFNAR2. More im-
portantly, knockdown of HSV-1 UL36USP restored the formation of JAK1-IFNAR2
complex. These findings underline the roles of UL36USP-IFNAR2 interaction in coun-
teracting the type I IFN-mediated signaling pathway and reveal a novel evasion
mechanism of antiviral innate immunity by HSV-1.

IMPORTANCE Type I IFNs mediate transcription of numerous antiviral genes, creating a
remarkable antiviral state in the host. Viruses have evolved various mechanisms to
evade this response. Our results indicated that HSV-1 encodes a ubiquitin-specific pro-
tease (UL36USP) as an antagonist to subvert type I IFN-mediated signaling. UL36USP
was identified to significantly inhibit IFN-�-induced signaling independent of its deubiq-
uitinase (DUB) activity. The underlying mechanism of UL36USP antagonizing type I IFN-
mediated signaling was to specifically bind with IFNAR2 and disassociate JAK1 from
IFNAR2. For the first time, we identify UL36USP as a crucial suppressor for HSV-1 to
evade type I IFN-mediated signaling. Our findings also provide new insights into the in-
nate immune evasion by HSV-1 and will facilitate our understanding of host-virus inter-
play.
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Type I interferons (IFNs) are a group of secreted cytokines induced immediately upon
viral infection. These cytokines are an extremely powerful tool for the host to resist

virus invasion and replication. Type I IFNs are a large family that consists of more than
13 different IFN-� subtypes and single subtypes of IFN-�, IFN-�, IFN-�, IFN-�, IFN-�,
IFN-�, and IFN-	 (1, 2). The signaling induced by type I IFNs emanates from a heterodi-
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meric receptor complex, known as the IFN-�/� receptor (IFNAR), which appears to be
ubiquitously expressed on all cell lines (3). The IFNAR is composed of two subunits,
IFNAR1 and IFNAR2, which will dimerize upon binding of type I IFNs (4, 5). Once
infected by virus, all type I IFN family members are induced and bind to IFNAR at the
cell surface, leading to the dimerization of IFNAR1 and IFNAR2. Subsequently, the
tyrosine kinases, including Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), which
previously were associated with IFNAR2 and IFNAR1, respectively, are activated and
transphosphorylated with each other. In the canonical pathway, the phosphorylated
JAK1 and TYK2 then phosphorylate the tyrosine residues of receptors on the cytoplas-
mic side, causing the recruitment and phosphorylation of signal transducers and
activators of transcription 1 and 2 (STAT1 and STAT2). Once phosphorylated, STAT1 and
STAT2 disassociate from the receptor and heterodimerize, further recruiting interferon
regulatory factor 9 (IRF9) and forming IFN-stimulated gene factor 3 (ISGF3) complex.
ISGF3 then translocates into the nucleus and promotes transcription of genes by
binding to interferon-stimulated response elements (ISRE) of IFN-stimulated genes
(ISGs) (6, 7). Consequently, these ISG-encoded proteins act directly at different stages of
the viral life cycle, establishing a remarkable antiviral state for the host to combat
various pathogens (8).

While the signaling cascade mediated by type I IFNs, also called the JAK-STAT
pathway, confers on the host antiviral ability, viruses in turn can employ various
strategies to circumvent type I IFN-mediated signaling for effective infection and
replication in the host. So far, multiple viruses have been reported to antagonize type
I IFN-mediated signaling at different levels, such as blocking IFN binding to receptors,
targeting essential molecules involved in JAK-STAT signaling, and blocking ISGF3
formation and nuclear translocation (9).

Herpes simplex virus 1 (HSV-1) is characterized as a typical member of the alpha-
herpesvirus subfamily, with a large double-stranded DNA that encodes over 80 viral
proteins (10, 11). Previous studies provide evidence that HSV-1 is capable of modulating
type I IFN-mediated signaling. Several proteins encoded by HSV-1 have been discov-
ered to exert different inhibitory effects on type I IFN response. HSV-1 protein ICP27
inhibits type I IFN-mediated signaling at or before JAK1 phosphorylation (12). More-
over, HSV-1 downregulates the protein levels of JAK1 and STAT2 through the virion
host shutoff (vhs) protein at a relatively high multiplicity of infection (MOI) (13). HSV-1
infection also upregulates the expression of type I IFN-mediated signaling antagonism
of SOCS1 in keratinocytes (14). These effects of viral proteins allow HSV-1 to establish
lifelong latency. However, the underlying molecular mechanisms are still elusive.
Whether other HSV-1-encoded proteins also contribute to the evasion of type I IFN
response still remains to be determined.

UL36 (VP1/2), the largest tegument protein of HSV-1, has been discovered to have
a ubiquitin-specific protease (USP) embedded within its N-terminal 500 residues (15).
This fragment, termed UL36USP, will be cleaved from full-length UL36 and display
deubiquitinase (DUB) activity after viral infection (16). For HSV-1 F strain, residue Cys40
in UL36USP is the essential point responsible for DUB activity (17). In the current study,
we found that ectopic expression of UL36USP inhibited the activation of the ISRE
promoter and the transcription of ISGs in response to IFN-�, and C40A, which was
designed to mutate Cys40 to Ala to abrogate the deubiquitinase activity of UL36USP,
also exhibited similar inhibitory effects on IFN-�-induced activation of the ISRE pro-
moter and the accumulation of ISG mRNA. Moreover, we explored the inhibitory
mechanism of UL36USP, which antagonized type I IFN-mediated signaling via compet-
itively binding to IFNAR2 and blocking JAK1-IFNAR2 association independent of its DUB
activity. In short, for the first time we revealed that HSV-1 UL36USP plays a pivotal role
in evading type I IFN-mediated signaling.

RESULTS
UL36USP abrogates type I IFN-mediated signaling independent of DUB activ-

ity. Previous studies have discovered that several viral proteins of HSV-1 antagonize the
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innate immune response and facilitate viral replication. Here, we try to identify if any
HSV-1 proteins could inhibit type I IFN-mediated antiviral innate immune response.
Thus, we have done a screen assay for viral proteins that could inhibit the activation of
ISRE promoter induced by IFN-� (Fig. 1A). HEK293T cells were cotransfected with empty
vector or expression vectors encoding HSV-1 viral proteins in the presence of ISRE
promoter plasmid (ISRE-Luc) and Renilla luciferase reporter (pRL-TK) plasmid, and then
we subjected samples to Dual-Luciferase reporter (DLR) assay. As shown in Fig. 1B,
UL36USP significantly inhibited IFN-�-triggered ISRE reporter activation. Furthermore,
ectopic expression of the C40A mutant lacking DUB activity of UL36USP also inhibited
the activation of the ISRE promoter at a level comparable to that of UL36USP. Moreover,
real-time quantitative PCR (qPCR) confirmed that overexpression of UL36USP or C40A
mutant strongly suppressed ISG54 and ISG56 gene expression after IFN-� treatment
(Fig. 1C and D). These data suggested that UL36USP blocked the IFN-�-mediated
downstream signaling in a DUB-independent manner.

To determine whether UL36USP affected IFN-�-induced transcription of ISGs during
HSV-1 infection, we constructed the UL36USP stable-knockdown HEK293T cells. Three
different small hairpin RNAs specific for UL36USP (shUL36USP) or the scrambled small
hairpin RNA (shNC) (NC stands for negative control) were cloned into pSUPER.retro.puro
vector to yield pSUPER-shUL36USP and pSUPER-shNC plasmids. The knockdown efficiency
of each UL36USP RNA interference plasmid was evaluated by Western blot (WB) analysis.
HEK293T cells were cotransfected with UL36USP-Flag and pSUPER-shNC or the indicated
pSUPER-shUL36USP plasmids, and then cells were harvested and subjected to WB analysis
(Fig. 1E). The pSUPER-shUL36USP#2 and pSUPER-shUL36USP#3 plasmids were selected to
generate UL36USP stable-knockdown HEK293T cells (HEK293T-shUL36USP). As shown in
Fig. 1F, a relatively low level of UL36USP was detected in HEK293T-shUL36USP#2 and
HEK293T-shUL36USP#3 cells compared with that of HEK293T-shNC cells during HSV-1
infection. In addition, the protein levels of UL42 and UL46 were similar in shUL36USP and
shNC cells, indicating that viral replication was not influenced in UL36USP knockdown cells.
To verify whether DUB activity was required for UL36USP antagonizing IFN-�-mediated
signaling, we also utilized a recombinant HSV-1, called C40A HSV-1, in which Cys40 of UL36
was mutated to Ala (17). The stably transfected HEK293T-shNC and HEK293T-shUL36USP
(#2 and #3) cells then were infected with wild-type (WT) HSV-1 or C40A HSV-1 for 12 h
before IFN-� treatment. Cells were harvested and subjected to qPCR to analyze the mRNA
levels of ISG54 and ISG56. As a consequence, infection with WT HSV-1 and C40A HSV-1 in
HEK293T-shNC cells both suppressed the ISG54 and ISG56 mRNA expression induced by
IFN-�, while infection with WT HSV-1 and C40A HSV-1 in HEK293T-shUL36USP (#2 and #3)
cells partially restored ISG54 and ISG56 mRNA expression (Fig. 1G and H). Collectively, these
results indicated that UL36USP was sufficient to inhibit IFN-�-triggered signaling and that
the DUB activity was dispensable for its inhibitory ability. Meanwhile, HEK293T-
shUL36USP#2 cells were selected for the following experiments.

UL36USP inhibits IFN-�-induced phosphorylation of JAKs and STATs. To inves-

tigate the effect of UL36USP on type I IFN-mediated signaling, we next tested whether
UL36USP affected the activation of STATs and JAKs induced by IFN-�. HEK293T cells
were transfected with UL36USP or C40A expression plasmid for 24 h, followed by IFN-�
stimulation. WB analysis showed that overexpression of either UL36USP or C40A
impaired the phosphorylation of endogenous STAT1 and STAT2 in response to IFN-�
without affecting their protein expression (Fig. 2A and B). This result implied that the
inhibition site of UL36USP was on STATs or the upstream level of STATs. Due to the JAK
activation being the initial event in IFN-�-activated signaling, we then examined
whether UL36USP had an impact on the phosphorylation of JAK1 and TYK2 in the
presence of IFN-�. Interestingly, cells transiently expressing either UL36USP or C40A
also reduced endogenous JAK1 and TYK2 phosphorylation levels triggered by IFN-�
while the protein levels were not affected (Fig. 2C and D). These results indicated that
UL36USP inhibited IFN-�-induced phosphorylation of JAKs and STATs in a manner that
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FIG 1 HSV-1 UL36USP inhibits IFN-� induced activation of ISRE promoter and transcription of ISGs independent of DUB activity. (A) HEK293T cells
were cotransfected with ISRE-Luc reporter plasmid, pRL-TK control plasmid, and empty vector or expression plasmids of HSV-1 proteins. At 24 h
posttransfection, cells were mock treated or treated with exogenous IFN-� (1,000 U/ml) for 8 h and then subjected to Dual-Luciferase reporter
(DLR) assay, and the fold activation was determined compared to that of the empty vector with mock-treated cells. (B) HEK293T cells were
cotransfected with ISRE-Luc reporter plasmid, pRL-TK control plasmid, and empty vector, UL36USP-Flag, or C40A-Flag. At 24 h posttransfection,

(Continued on next page)
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did not rely on its DUB activity. It also suggested that UL36USP counteracted type I
IFN-mediated signaling most probably at or before JAKs.

UL36USP antagonizes type I IFN-mediated signaling via specifically binding
with IFNAR2 subunit. To further clarify the mechanism by which UL36USP inhibits
type I IFN-mediated signaling, a coimmunoprecipitation (co-IP) assay was applied to
examine the potential target molecules of UL36USP. HEK293T cells were cotransfected
with UL36USP expression plasmid along with STAT1, STAT2, JAK1, TYK2, IFNAR1, or
IFNAR2 expression plasmid. Cells were harvested after 36 h and then subjected to co-IP
experiments. As shown in Fig. 3A to F, UL36USP specifically associated with IFNAR2,
while other indicated proteins were not able to interact with UL36USP. To confirm the
interaction between UL36USP and IFNAR2 at the physiological level, the endogenous
co-IP assay was performed under conditions of HSV-1 infection. As a result, the data
presented in Fig. 3G ascertained that UL36USP physically associated with endogenous
IFNAR2. Meanwhile, the interaction between C40A and IFNAR2 was also detected at the
transient expression level and the physiological level (Fig. 3H and I). We therefore
concluded that UL36USP specifically bound with IFNAR2 to exert an inhibitory effect on
type I IFN-mediated signaling.

FIG 1 Legend (Continued)
cells were mock treated or treated with exogenous IFN-� (1,000 U/ml) for 8 h and then subjected to DLR assay. The fold activation was determined
compared to that of the empty vector with mock-treated cells. (C and D) HEK293T cells were transfected with empty vector, UL36USP-Flag, or
C40A-Flag. After 24 h, cells were mock treated or treated with exogenous IFN-� (1,000 U/ml) for 8 h, and qPCR analysis was applied to detect
ISG54 (C) or ISG56 (D) mRNA. (E) HEK293T cells were cotransfected with UL36USP-Flag and pSUPER-shNC or the indicated pSUPER-shUL36USP
plasmids (#1, #2, and #3), and cells were harvested at 48 h posttransfection and subjected to WB analysis. (F) HEK293T-shNC and HEK293T-
shUL36USP (#2 and #3) cells were infected with WT HSV-1 for 20 h at an MOI of 1. Cells were harvested and subjected to WB to analyze the protein
levels of UL36USP, UL42, and UL46. (G and H) HEK293T-shNC and HEK293T-shUL36USP (#2 and #3) cells were infected with WT HSV-1 or C40A
HSV-1 for 12 h at an MOI of 1, and then IFN-� (1,000 U/ml) was added for another 8 h. Cells were harvested and subjected to qPCR to detect
ISG54 (G) or ISG56 (H) mRNA. Asterisks indicates a significant difference from the IFN-�-treated control. Error bars represent standard deviations
(SD) from three independent experiments. Statistical analysis was performed using Student’s t test (*, 0.01 � P � 0.05; **, 0.001 � P � 0.01; ***,
P � 0.0001).

FIG 2 UL36USP inhibits IFN-�-induced phosphorylation of STATs and JAKs. (A, B, C, and D) HEK293T cells
were transfected with empty vector, UL36USP-Flag, or C40A-Flag for 24 h and then mock treated or treated
with IFN-� (1,000 U/ml) for 30 min. Cells were then harvested and subjected to WB to assess the
phosphorylation and expression levels of endogenous STAT1 (A), STAT2 (B), JAK1 (C), and TYK2 (D). The data
represent results from one of three independent experiments.
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UL36USP competes with JAK1 for binding to IFNAR2. It is well established that
JAK1 associates with IFNAR2 inside the cell membrane in advance prior to activation (6).
Thus, we assumed that the interaction between UL36USP and IFNAR2 would disrupt
JAK1-IFNAR2 association. To test this assumption, we coexpressed JAK1 and IFNAR2 in
HEK293T cells in the absence or presence of UL36USP and then subjected them to co-IP
analysis. As expected, cells expressing UL36USP showed a notable impairment in
JAK1-IFNAR2 association (Fig. 4A). Meanwhile, we also detected JAK1-IFNAR2 interac-
tion in C40A-expressing cells, and similar suppression was observed (Fig. 4A). These
results were in agreement with our assumption that UL36USP antagonized type I
IFN-mediated signaling through binding to IFNAR2 and interfering with JAK1-IFNAR2
interaction.

To further confirm the role of UL36USP in hampering JAK1-IFNAR2 complex forma-
tion, we next examined JAK1-IFNAR2 interaction under increasing amounts of UL36USP
in HEK293T cells. As shown in Fig. 4B, with the expression of UL36USP increased, the
lower level of interaction between JAK1 and IFNAR2 was measured. These data
suggested that UL36USP was capable of interfering with JAK1-IFNAR2 interaction in a
dose-dependent manner. To examine whether this inhibition of UL36USP could affect
the receptor recruitment of STAT1, we then performed co-IP experiments to detect
STAT1-IFNAR2 interaction in UL36USP-overexpressed cells after IFN-� treatment. In the
presence of UL36USP, a significant impairment of STAT1-IFNAR2 interaction was ob-
served in IFN-�-stimulated cells, correlated with the inhibitory effect on JAK1-IFNAR2
interaction (Fig. 4C). These data suggested that UL36USP competed with JAK1 for
binding to IFNAR2 and thus blocked the receptor recruitment of STAT1.

To further support that UL36USP utilized this pattern to downregulate type I
IFN-mediated signaling, we subsequently evaluated the endogenous JAK1-IFNAR2
interaction in the context of HSV-1 infection. HEK293T-shNC and HEK293T-shUL36USP
cells were infected with WT HSV-1 or C40A HSV-1 in the absence or presence of IFN-�
and then subjected to co-IP assay. As presented in Fig. 4D, either WT HSV-1 or C40A
HSV-1 infection significantly suppressed the interaction between endogenous JAK1 and

FIG 3 UL36USP specifically binds with IFNAR2 subunit. (A to F) HEK293T cells were transfected with UL36USP plasmid, along with STAT1 (A),
STAT2 (B), JAK1 (C), TYK2 (D), IFNAR1 (E), and IFNAR2 (F) plasmids separately. After 36 h, cells were harvested and subjected to co-IP assays. Cell
lysates from panels A, B, D, and F were immunoprecipitated with anti-Flag antibody, and lysates from panels C and E were immunoprecipitated
with anti-HA antibody. All lysates then were subjected to immunoblotting with anti-HA or anti-Flag antibody to analyze the interaction between
UL36USP plasmid and the aforementioned plasmids. (G and I) HEK293T cells were infected with WT HSV-1 (G) or C40A HSV-1 (I) for 20 h at an
MOI of 1. Cell lysates were then extracted and immunoprecipitated with anti-UL36USP antibody and immunoblotted with anti-IFNAR2 antibody.
(H) HEK293T cells were transfected with C40A-Flag and IFNAR2-HA plasmids for 36 h. Cell lysates were then immunoprecipitated with anti-Flag
antibody and subjected to immunoblotting with anti-HA antibody. The data represent results from one of three independent experiments.
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IFNAR2, thereby blocking STAT1 docking at IFNAR2, whereas knockdown of UL36USP
restored their interaction to a certain extent. These data indicated that endogenous
viral UL36USP was competent to competitively inhibit JAK1 binding to IFNAR2.

To better delineate the activity of UL36USP that contributes to HSV-1 replication, we
infected HEK293T-shNC and HEK293T-shUL36USP cells with WT HSV-1 at an MOI of 1 in
the absence or presence of IFN-�. As shown in Fig. 4E, there was slightly impaired

FIG 4 UL36USP blocks the interaction between JAK1 and IFNAR2. (A) HEK293T cells were cotransfected with JAK1-Flag, IFNAR2-HA, and UL36USP-Flag or
C40A-Flag. Immunoprecipitations (IP) were performed using anti-HA antibody, and then samples were subjected to immunoblotting with anti-HA or anti-Flag
antibody. (B) HEK293T cells were cotransfected with JAK1-Flag or IFNAR2-HA in the absence or presence of increasing concentrations of UL36USP-Flag for 36
h, followed by immunoprecipitation with anti-HA antibody and immunoblotting with anti-HA or anti-Flag antibody. (C) HEK293T cells were cotransfected with
JAK1-Flag or IFNAR2-HA in the absence or presence of increasing concentration of UL36USP-Flag for 36 h and then stimulated with IFN-� (1,000 U/ml) for
another 30 min. Cell lysates were extracted and immunoprecipitated with anti-HA antibody and immunoblotted with anti-HA, anti-Flag, or anti-STAT1 antibody.
(D) HEK293T-shNC and HEK293T-shUL36USP cells were infected with WT HSV-1 or C40A HSV-1 for 20 h at an MOI of 1 and stimulated with IFN-� (1,000 U/ml)
for another 30 min. Cell lysates were extracted and immunoprecipitated with anti-IFNAR2 antibody and then immunoblotted with anti-IFNAR2, anti-JAK1,
anti-UL36USP, or anti-STAT1 antibody. (E) HEK293T-shNC and HEK293T-shUL36USP cells were pretreated with IFN-� (1,000 U/ml) or with medium only. After
8 h, cells were infected with WT HSV-1 at an MOI of 1 and then harvested at the indicated time points postinfection. Viral titers were determined by plaque
assay in Vero cells. Asterisks indicate a significant difference of WT HSV-1 titer in HEK293T-shNC and HEK293T-shUL36USP cells in the context of IFN-� treatment.
The data represent results from one of three independent experiments. Statistical analysis was performed using Student’s t test (**, 0.001 � P � 0.01).
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replication of WT HSV-1 in shUL36USP cells compared with that in shNC cells when not
stimulated with IFN-�. However, the viral protein levels of UL42 and UL46 were similar
in shNC and shUL36USP cells at 20 h postinfection (Fig. 1F). With IFN-� treatment, the
replication of WT HSV-1 was affected in both shNC cells and shUL36USP cells, and viral
replication was inhibited more significantly in shUL36USP cells than in shNC cells when
treated with IFN-�. These data indicated that UL36USP evades the IFN-�-induced
antiviral activity and promotes viral replication.

Taken together, the findings described above demonstrated that HSV-1 UL36USP
abrogated type I IFN-mediated signaling via specifically binding to IFNAR2 and blocking
the interaction between JAK1 and IFNAR2.

DISCUSSION

In this study, we present the first evidence that HSV-1 UL36USP is capable of
modulating type I IFN-mediated signaling. It is noteworthy that UL36USP antagonizes
type I IFN-mediated signaling independent of its DUB activity. Both UL36USP and C40A
were shown to inhibit the activation of the ISRE promoter and transcription of ISGs in
response to IFN-� when transiently expressed in HEK293T. Specifically, UL36USP was
found to interact with type I IFN receptor subunit IFNAR2 and disrupt the integrity of
the JAK1-IFNAR2 complex. Moreover, knockdown of UL36USP diminished the impact
on blocking JAK1-IFNAR2 association and induced much higher levels of ISG mRNA. Our
results revealed a novel role of UL36USP, which competitively interacts with IFNAR2
and interrupts downstream activation, thereby enabling HSV-1 to retreat from type I
IFN-mediated defense.

IFNs act as representative mediators of innate immune responses that are induced
rapidly upon viral infection. In order to achieve a stable antiviral environment in the
host, a large array of ISGs will be induced by IFNs during viral invasion and target
different steps of the viral replication cycle (8). However, as Fensterl et al. summarized
that there is no love lost between viruses and IFNs, many viruses, including herpesvi-
ruses, have evolved various mechanisms to antagonize IFN system, such as blocking IFN
synthesis, disrupting IFN-mediated signaling, and directly targeting ISG-encoded pro-
teins (18). For HSV-1, a widespread and important human pathogen, several viral
proteins have been reported to counteract IFN defenses at multiple levels (19). For
instance, HSV-1 tegument protein kinase Us3 and other HSV-1 proteins (ICP0, Us11,
UL36, ICP34.5, VP16, and vhs) are able to abrogate IFN-� production (17, 20–26). In
addition, HSV-1 can also act directly against ISG proteins, like viperin, ZAP, tetherin,
IFIT3, and CH25H, mainly via its UL41 gene product (vhs) (27–31). In summary, much
progress has been made in figuring out how HSV-1 escapes from innate immunity,
especially the upstream level of IFN response. Even so, there is still a quantity of IFN-�
that can be detected under HSV-1 infection, resulting in activation of IFN-� down-
stream signaling. Therefore, investigating the mechanisms of how HSV-1 prevails
against IFN-triggered defenses will be conducive to understanding HSV-1-mediated
immune evasion and providing new insights into prevention of HSV-1 infection.

Given that the antiviral effects of type I IFNs play a powerful role in innate immunity,
it is well worth identifying the evasion strategies of HSV-1 in the battle between viruses
and interferons. Chee and Roizman found that HSV-1 infection altered several essential
molecules in type I IFN-mediated signaling at a relatively high MOI, and vhs might be
responsible for the rapid decrease of JAK1 and STAT2 expression levels (13). Since then,
growing amounts of research have aimed at discovering HSV-1 antagonisms in type I
IFN downstream signaling. ICP27, the immediate-early gene of HSV-1, has been re-
ported to downregulate STAT1 phosphorylation and interfere with nuclear accumula-
tion of STAT1 (32). HSV-1 infection also upregulates the expression of the type I
IFN-mediated signaling inhibitor SOCS1 in a cell-specific manner (14). Nevertheless, our
current understanding of the countermeasures of HSV-1 against type I IFN-mediated
signaling is still limited, and more potential antagonisms between HSV-1 and this
pathway remain to be discovered. Therefore, DLR assays have been performed to
screen for HSV-1 viral proteins that could inhibit the activation of the ISRE promoter
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induced by IFN-�. As a result, several viral proteins possess the ability to downregulate
IFN-�-mediated activation of the ISRE promoter (Fig. 1A). UL36USP was selected for
conducting further research on its potent repression ability in DLR assays.

UL36 is the largest and most essential tegument protein of HSV-1, participating in
several steps of the viral life cycle, such as virus entry, capsid transport, capsid routing
and subsequent uncoating, virion assembly, etc. (33–37). It has been discovered that
UL36 has a deubiquitinase domain in its N terminus, denoted UL36USP, for UL36
ubiquitin-specific protease (16). UL36USP was found to be active on cleavage of both
Lys-48- and Lys-63-linked polyubiquitin chains (38). Our previous study demonstrated
that UL36USP deubiquitinates TRAF3, thereby inhibiting IRF3 dimerization and IFN-�
transcription (17). In addition, UL36USP also targets I�B�, restricting its degradation
and leading to the inhibition of NF-�B activation and IFN-� induction (39). Given that
UL36USP blocks signal transduction, mainly depending on its DUB activity, it is plau-
sible that DUB activity is also involved in the inhibition of IFN-� downstream signaling.
Thus, we utilized the C40A mutant plasmid and virus, with the catalytic activity of
UL36USP mutated in the HSV-1 F strain to determine if the DUB activity was required
for UL36USP antagonizing IFN-� downstream signaling. However, the results depicted
in Fig. 1 demonstrated that either UL36USP or C40A suppressed IFN-�-induced activa-
tion of the ISRE promoter and transcription of ISGs at a comparable level. This
suggested that DUB activity was not required for UL36USP antagonizing IFN-� down-
stream signaling.

Since the phosphorylation of key molecules in type I IFN downstream signaling is
the essential step leading to the activation of the pathway, many viruses encode
antagonists to block their phosphorylation (9). It is reasonable to hypothesize that
UL36USP interferes with the phosphorylation of STAT proteins or JAKs. To test our
hypothesis, we examined the phosphorylation levels of STATs and JAKs stimulated by
IFN-� in the absence or presence of UL36USP. The data shown in Fig. 2 indicated that
UL36USP downregulated the phosphorylation levels of STAT1, STAT2, JAK1, and TYK2
in response to IFN-�. It also reminded us that UL36USP might counteract type I
IFN-mediated signaling, most probably at or before JAKs. However, we could not rule
out the possibility that UL36USP acted at STAT levels or between JAKs and STATs
simultaneously. Thus, the co-IP experiments were applied to identify the molecular
target of UL36USP. From Fig. 3, a specific interaction between UL36USP or C40A and
IFNAR2 at exogenous and endogenous levels was identified.

The first step for type I IFNs toward activating downstream signaling is to bind to a
cognate receptor (IFNAR) at the cell surface, which is made of two subunits, IFNAR1 and
IFNAR2 (4). A number of studies utilizing gene-targeted cells or mice to exploit the
actions of IFNAR have highly validated its critical role in initiating type I IFN downstream
signaling. Accordingly, many viruses subvert type I IFN-mediated signaling via targeting
IFNAR. Vaccinia virus has been reported to encode a soluble protein, B18R, that is
homologous to IFNAR1 and presents at the cell surface, thereby restricting IFN-�/�
binding to IFNAR and attenuating IFN-�/�-mediated antiviral effects (40, 41). Measles
virus suppresses IFN-� signaling through its accessory proteins C and V, which are able
to form a complex with IFNAR1 and block JAK1 phosphorylation (42). Similarly, viral
protein RIF of Kaposi’s sarcoma-associated herpesvirus blocks IFN signaling by forming
an inhibitory complex involving IFNAR, JAK1, TYK2, and STAT2 (43). In addition,
Epstein-Barr virus-encoded membrane proteins LMP2A and LMP2B modulate IFN re-
sponses by targeting IFNAR1 for degradation (44). Moreover, hemagglutinin protein of
influenza A virus is capable of decreasing IFNAR1 expression (45). Recently, pseudora-
bies virus, a swine alphaherpesvirus, has been uncovered in which viral protein UL50
accelerates IFNAR1 degradation to avoid type I IFN responses. It also demonstrated that
HSV-1 UL50 possesses similar activity, although the activity is milder (46). In fact, a
previous study has already provided evidence that HSV-1 infection induces the degra-
dation of IFNAR1 (13). However, it is unknown whether HSV-1 can target IFNAR2 to
evade type I IFN responses. Here, we identified for the first time that HSV-1 UL36USP
specifically bound with IFNAR2 and disassociated JAK1 from IFNAR2, thereby blocking
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receptor recruitment of STAT1 (Fig. 4). Furthermore, the interaction of UL36USP-IFNAR2
makes a large contribution to HSV-1 replication, since knockdown of UL36USP signif-
icantly impaired viral growth after IFN-� treatment (Fig. 4E).

In summary, we have explored a novel regulatory mechanism of HSV-1 in evading
type I IFN-mediated signaling that encoded UL36USP as an antagonist acting on
IFNAR2. Our results also revealed an entirely new model of UL36USP to exert inhibitory
impacts on IFN defenses independent of its enzymatic activity. These findings will
facilitate our understanding of the interplay between HSV-1 and the innate immune
response and contribute to vaccine design.

MATERIALS AND METHODS
Cells, viruses, and antibodies. HEK293T cells were obtained from the American Type Culture

Collection (Manassas, VA) and maintained in Dulbecco’s modified Eagle medium (DMEM) (Gibco-BRL)
containing 10% fetal bovine serum (FBS) and 100 U/ml of penicillin and streptomycin. The WT HSV-1 F
strain and its derivative UL36USP mutant HSV-1 strain (C40A HSV-1) were propagated in Vero cells and
titrated as described previously (47). The protease inhibitor mixture cocktail was purchased from Thermo
Fisher Scientific (MA, USA). Radioimmunoprecipitation assay (RIPA) lysis buffer was purchased from
Beyotime (Shanghai, China). Mouse monoclonal anti-HA and anti-Flag antibodies (MAbs) were purchased
from Abmart (Shanghai, China). Rabbit anti-STAT1 polyclonal antibody (pAb) and mouse anti-�-actin
MAb were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-pSTAT1 at Tyr-701,
anti-pTYK2 at Tyr-1054/1055, and anti-TYK2 MAbs were purchased from CST (Boston, MA). Rabbit
anti-JAK1, anti-pJAK1 at Tyr-1022, anti-STAT2, and anti-pSTAT2 at Tyr-690 pAbs were purchased from
ImmunoWay (Plano, TX, USA). Rabbit anti-IFNAR2 pAb was purchased from Proteintech (Wuhan, China).
Rabbit anti-UL36USP, anti-UL42, and anti-UL46 pAbs were made by GL Biochem, Ltd. (Shanghai, China).

Plasmid construction. All enzymes used for cloning procedures were purchased from Thermo Fisher
Scientific (Waltham, MA), except for T4 DNA ligase, from Vazyme (Nanjing, China). To construct STAT2-
Flag plasmid, the STAT2 gene was amplified from human cDNA and cloned into pCMV-Flag vector
(Beyotime, Shanghai, China). UL36USP and C40A were cloned into pCMV-Flag and pCMV-HA vectors
(Beyotime, Shanghai, China) as previously described (17). Small hairpin RNA specific for UL36USP
(shUL36USP) or scrambled small hairpin RNA (shNC) (NC stands for negative control) was cloned into
pSUPER.retro.puro vector (Oligoengine, Seattle, WA, USA) to yield pSUPER-shUL36USP and pSUPER-shNC
plasmids, respectively, as described in our previous study (25). The primer sets used for knocking down
UL36USP were the following: For shUL36USP#1, 5=-GATCCCCACCAAGAAGAAATCCACCCTTCAAGAGAGG
GTGGATTTCTTCTTGGTTTTTTA-3= and 5=-AGCTTAAAAAACCAAGAAGAAATCCACCCTCTCTTGAAGGGTGGA
TTTCTTCTTGGTGGG-3=; For shUL36USP#2, 5=-GATCCCCTCCATACCTGACGTATTACTTCAAGAGAGTAATACG
TCAGGTATGGATTTTTA-3= and 5=-AGCTTAAAAATCCATACCTGACGTATTACTCTCTTGAAGTAATACGTCAGGT
ATGGAGGG-3=; For shUL36USP#3, 5=-GATCCCCGAAGATGACGACGACATGCTTCAAGAGAGCATGTCGTCGT
CATCTTCTTTTTA-3= and 5=-AGCTTAAAAAGAAGATGACGACGACATGCTCTCTTGAAGCATGTCGTCGTCATCTT
CGGG-3=. Commercial reporter plasmid pRL-TK (RL stands for Renilla luciferase and TK stands for
thymidine kinase) was purchased from Promega Corporation (Madison, WI, USA). Gift plasmids included
the following: IFNAR1-Flag, IFNAR2-HA (48), JAK1-Flag (49), TYK2-HA, STAT1-Flag, and ISRE-Luc (50).

Establishment of UL36USP stable-knockdown HEK293T cells. HEK293T cells were transfected
with pSUPER-shUL36USP or pSUPER-shNC plasmid for 36 h, and then puromycin was added to cells at
a concentration of 1 
g/ml and screened for a week. The stably transfected HEK293T-shNC and
HEK293T-shUL36USP cells were then maintained with puromycin (500 ng/ml).

RNA isolation and qPCR. Total RNA was extracted with TRIzol (Invitrogen, CA) according to the
manufacturer’s manual. Samples were digested with DNase I and subjected to reverse transcription
(RT) as described in our previous study. The cDNA was used as a template for qPCR to detect the
mRNA levels of ISG54 and ISG56, and 18S rRNA was used as an internal reference as previously
described (51).

Transfection and DLR assay. HEK293T cells were cotransfected with ISRE-Luc reporter plasmid and
an internal control plasmid, pRL-TK, with or without expression plasmids, by standard calcium phosphate
coprecipitation (52). At 24 h posttransfection, luciferase assays were performed with a luciferase assay kit
(Promega, Madison, WI) as previously described (51).

Co-IP and WB analysis. Co-IP assays and WB analysis were performed as previously described (47).
Briefly, cells (�5 � 106) were transfected with the indicated plasmids or infected with WT HSV-1 or C40A
HSV-1 as indicated in the figure legends. Harvested cells were lysed on ice with 1 ml of lysis buffer. The
lysates were incubated with the antibodies referred to in the figure legends and 20 
l of a 1:1 slurry of
protein A/G plus agarose (Santa Cruz Biotechnology) overnight at 4°C. The beads were washed three
times with phosphate-buffered saline, and WB analysis was performed to detect the interaction of
proteins. The co-IP assays were repeated three times, and similar data were obtained.

Statistical analysis. Data are presented as means � standard deviations where indicated. A
two-tailed unpaired Student’s t test was used to determine differences. A P value of �0.05 was
considered statistically significant, and values are marked with asterisks (*, 0.01 � P � 0.05; **, 0.001 �
P � 0.01; ***, P � 0.0001) in the figures.
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