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ABSTRACT

The type Linterferon (IFN) system, including IFN induction and signaling, is the critical component of the host defense line
against viral infection, which, in turn, is also a vulnerable target for viral immune evasion. Severe fever with thrombocytopenia
syndrome virus (SFTSV) is an emerging bunyavirus. Previous data have shown that SFTSV can interfere with the early induction
of type I IFNs through targeting host kinases TBK1/IKKe. In this study, we demonstrated that SFTSV also can suppress type I
IFN-triggered signaling and interferon-stimulated gene (ISG) expression. Interestingly, we observed the significant inhibition of
IFN signaling in cells transfected with the plasmids encoding the nonstructural protein (NSs) but not the nucleocapsid protein
(NP), indicating the role of NSs as an antagonist of IFN signaling. Furthermore, coimmunoprecipitation (Co-IP) and pulldown
assays indicated that NSs interacts with the cellular signal transducer and activator of transcription 2 (STAT2), and the DNA-
binding domain of STAT2 may contribute to the NSs-STAT2 interaction. Combined with confocal microscopy analyses, we dem-
onstrated that NSs sequesters STAT2 and STAT1 into viral inclusion bodies (IBs) and impairs IFN-induced STAT2 phosphoryla-
tion and nuclear translocation of both STATs, resulting in the inhibition of IFN signaling and ISG expression. SFTSV NSs-
mediated hijacking of STATs in IBs represents a novel mechanism of viral suppression of IFN signaling, highlighting the role of
viral IBs as the virus-built “jail” sequestering some crucial host factors and interfering with the corresponding cellular processes.

IMPORTANCE

SFTSV is an emerging bunyavirus which can cause a severe hemorrhagic fever-like disease with high case fatality rates in hu-
mans, posing a serious health threat. However, there are no specific antivirals available, and the pathogenesis and virus-host in-
teractions are largely unclear. Here, we demonstrated that SFTSV can inhibit type I IFN antiviral signaling by the NSs-mediated
hijacking of STAT2 and STAT1 into viral IBs, highlighting the interesting role of viral IBs in virus-host interactions as the virus-
built jail. Sequestering signaling molecules into IBs represents a novel and, perhaps, also a general mechanism of viral suppres-
sion of IFN signaling, the understanding of which may benefit the study of viral pathogenesis and the development of antiviral
therapies.

Severe fever with thrombocytopenia syndrome (SFTS) is an
emerging infectious disease with a high case fatality rate of up
to 30% (1-3). The causative agent is a novel phlebovirus of the
Bunyaviridae family, namely, SFTS virus (SFTSV), which was
identified first in China and subsequently was found in South
Korea (4, 5) and Japan (6). Recently, another phlebovirus geneti-
cally closely related to SFTSV was isolated in the United States (7).
Emerging bunyavirus infection has become a substantial threat to
public health; however, the pathogenesis is largely unknown, and
there are no vaccines or specific antivirals available. The SFTSV
genome consists of three single-stranded RNA segments. The
large (L) and medium (M) segments are of negative polarity and
encode the RNA-dependent RNA polymerase and the glycopro-
tein precursor, respectively, while the small segment (S) encodes
the nucleoprotein (NP) and the nonstructural protein (NSs) by an
ambisense strategy. Although little is known on SFTSV-host in-
teractions, studies have suggested that the NSs protein is impli-
cated in viral suppression of host antiviral innate immunity; thus,
it likely is contributing to viral pathogenesis (8-10).

Antiviral innate immune response is initiated through the rec-
ognition of virus infection by cellular pattern recognition recep-
tors (PRRs), such as transmembrane toll-like receptor 3 (TLR3)
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and cytosolic RIG-I-like receptors RIG-I and MDAS5 (11). Upon
recognition, PRRs trigger the signaling cascades that lead to the
induction of type I interferons (IFNs) through the activation of
transcription factors, such as interferon regulatory factors (IRFs)
3 and 7 and NF-kB. The newly synthesized and secreted type I
IFNs bind to their receptors on the cell surface and result in the
phosphorylation of signal transducer and activator of transcrip-
tion 2 (STAT2) and 1 (STAT1), transcription factors that are the
key components of type I IFN signaling pathway, by Janus kinases
(JAKs). The phosphorylated STATSs then heterodimerize and as-
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TABLE 1 List of primers for real-time quantitative PCR

Primer name” Primer sequence (5" to 3")

OAS1-F CATCCGCCTAGTCAAGCACTG
OASI-R CACCACCCAAGTTTCCTGTAG
MxA-F CTACACACCGTGACGGATATG
MxA-R CGAGCTGGATTGGAAAGCCC
ISG15-F CACCGTGTTCATGAATCTGC
ISG15-R CTTTATTTCCGGCCCTTGAT
ISG56-F CCTCCTTGGGTTCGTCTACA
ISG56-R GGCTGATATCTGGGTGCCTA
GAPDH-F ACCACAGTCCATGCCATCAC
GAPDH-R TCCACCACCCTGTTGCTGTA

@ F, forward primer; R, reverse primer.

semble with a third protein, IRF9, to form the heterotrimeric in-
terferon-stimulated gene factor 3 (ISGF3). As the activated tran-
scription factor complex, ISGF3 rapidly translocates to the cell
nucleus and binds to the IFN-stimulated response element
(ISRE), a crucial regulatory element in the IFN-stimulated gene
(ISG) promoters, leading to the induction of more than 300 ISGs
and establishment of the host antiviral state (12—15). The induc-
tion of some ISGs (such as IRF7) in turn can contribute to the

>

expression of more type I IFNs, leading to the amplification of [IFN
response (16).

Evidence for the critical role of type I IFN response in prevent-
inginfection lies in the fact that many viruses have evolved various
strategies to subvert the host defense line by counteracting the
early IFN induction or subsequent IFN signaling (17-19). In cells
infected with bunyaviruses, it is well known that the early IFN
induction phase often is targeted by multiple mechanisms (20—
22), while little is known on bunyavirus-mediated suppression of
IEN signaling. Previous studies by us and others have suggested
that SFTSV can target host kinases TBK1/IKKe to inhibit IFN
induction (8-10); however, it is unknown whether SFTSV inter-
feres with IFN signaling.

In the present study, we demonstrated that indeed, SFTSV can
suppress type I IFN signaling. Moreover, the expression of NSs
protein alone by transient transfection can inhibit IFN-induced
activation of ISRE and expression of ISGs, indicating the role of
NSs as an IFN signaling antagonist. Furthermore, NSs interacts
with STAT?2 and relocalizes STAT2 and STAT1 into viral inclusion
bodies (IBs), blocking STAT2 phosphorylation and nuclear trans-
location of both STATSs and the establishment of the host antiviral
state. These findings demonstrate a clear instance for bunyavirus-
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FIG 1 SFTSV infection suppresses type I IFN signaling. (A) SFTSV infection inhibits IFN-a-triggered activation of the ISRE promoter. HEK293 cells were
cotransfected with the ISRE reporter plasmid and the Renilla luciferase control plasmid (pRL-TK). Twelve hours posttransfection, cells were mock infected or
infected with SFTSV atan MOI of 5 for 24 h and treated with IFN-« (1,000 U/ml) or left untreated for 18 h before the measurement of luciferase activities. Relative
luciferase activity (Rel. Luc. Act.) is shown on the left, and fold activation (over untreated groups) of ISRE by IFN-a is shown on the right. (B) TK promoter-
driven Renilla luciferase activities measured in panel A are shown. (C) SFTSV infection suppresses IFN-induced gene expression. HEK293 cells were mock
infected or infected with SFTSV for 24 h and treated with IFN-a (200 U/ml) or left untreated for 10 h. Expression of ISGs, including OASI, MxA, ISG15, and
ISG56, was measured by real-time quantitative PCR. Data are presented as means * standard deviations (SD) (n = 3).
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FIG 2 NSs functions as an antagonist of type I IFN signaling. (A and B) The kinetics of NSs expression during SFTSV infection. HEK293 cells were infected with
SFTSV at an MOI of 10. At the indicated times p.i., they were either fixed for immunofluorescence assays (IFA) with the rabbit anti-NSs antiserum (A) or
harvested for Western blot (WB) analysis using antibodies against the indicated proteins. 3-Actin was detected as the sample loading control. (C) NSs expression
inhibits IFN-a-induced activation of the ISRE promoter. HEK293 cells were cotransfected with the reporter plasmids, along with plasmids expressing the
indicated viral proteins, or the control plasmid (vector). At 36 h posttransfection, cells were treated with IFN-a (200 U/ml) or left untreated for 18 h and then were
harvested for measuring luciferase activities or monitoring protein expression through WB analysis. (D) NSs expression suppresses IFN-a-induced expression
of ISGs. HEK293 cells cultured in 24-well plates were transfected with the control plasmid (vector) or the NSs expression plasmid (800 ng per well) and treated
with IFN-a (200 u/ml) or left untreated for 10 h. Expression of ISGs was measured by real-time PCR. Graphs show means * SD (n = 3). IFN-elicited
transcriptional induction of all four ISGs was inhibited in cells transfected with the NSs expression plasmid compared with those transfected with the control
plasmid (*, P < 0.05; Student’s ¢ test).

mediated inhibition of IFN signaling by a novel viral IB-associated = hemagglutinin (HA) tag as described previously (8). Expression plasmids

mechanism and highlight the versatile roles of NSs and IBs in  for the full-length or truncated STAT2 proteins C-terminally fused with
an HA tag were constructed by standard molecular biology techniques.

Antibodies and reagents. Rabbit polyclonal antibodies to STAT2 or
MATERIALS AND METHODS phosphotyrosine 690-STAT2 (p-STAT2) and monoclonal antibodies to
STAT1 or phosphotyrosine 701-STAT1 (p-STAT1) were purchased from
Santa Cruz Biotechnology (SCBT). The rabbit polyclonal antibody to S
tag was from Abcam. Mouse monoclonal antibodies (MAbs) against HA
tag or B-actin were from Beyotime Institute of Biotechnology (Beyotime).
Rabbit and mouse anti-NSs antisera were raised against the NSs protein
produced in Escherichia coli. Secondary antibodies were goat anti-mouse
IgG-fluorescein isothiocyanate (FITC) (Proteintech) and goat anti-rabbit
IgG-Cy5 (Abcam). Human recombinant IFN-a2b was purchased from
moter and the Renilla luciferase control plasmid for the constitutively =~ PBL Biomedical Laboratories. In some experiments, recombinant human
active herpes simplex virus (HSV)-thymidine kinase (TK) promoter IFN-B (Peprotech Inc.) also was used for treatments, and results similar to
(pRL-TK) were kindly supplied by Hong-Bing Shu (Wuhan University, —those of IFN-a treatment could be obtained; therefore, they are not
China). Open reading frames (ORFs) encoding NP or NSs were amplified ~ shown.
by reverse transcription-PCR (RT-PCR) from SFTSV genomic RNA and Reporter gene assay. HEK293 cells cultured in 24-well plates were
cloned into expression vector pCAGGSP7 with or without an S tag or  cotransfected with 100 ng ISRE reporter plasmid, 20 ng pRL-TK plasmid,

virus-host interactions.

Cells and virus. HEK293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; GIBCO) supplemented with 10% fetal bovine
serum (FBS; GIBCO) at 37°C in a 5% CO2 atmosphere. HEK293, HepG2,
and Vero cells were maintained in DMEM supplemented with 10% new-
born calf serum at 37°C in a 5% CO, atmosphere. SFTSV WCH-2011/
HN/China/isolate97 (23) was expanded in Vero or HEK293 cells in a
biosafety level 3 laboratory.

Plasmids. The firefly luciferase reporter plasmid for the ISRE pro-
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FIG 3 NSs interacts with STAT2. (A) Identification of the NSs-STAT?2 interaction in the context of SFTSV infection by coimmunoprecipitation (Co-IP) assays.
Lysate supernatants of mock- or SFTSV-infected HEK293 cells first were pretreated with preimmune serum as described in Materials and Methods and then used
for Co-IP assay with the rabbit anti-NSs antiserum. Immunoprecipitates (IP) and cell lysates (lysate input) were subjected to WB analysis using the indicated
antibodies. (B) Identification of the interaction between transient-expression NSs and overexpression or endogenous STAT2 by S-tag pulldown (S-pulldown)
assay. HEK293 cells were cotransfected with the plasmids expressing the indicated proteins, NSs fused with S tag (NSs-S) or STAT?2, or control plasmids (vector).
At 48 h posttransfection, cells were lysed for S-pulldown assays. S-pulldown products and cell lysates were analyzed by WB with the indicated antibodies.

and the indicated amounts of expression plasmids for NSs or NP per well
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. The total amount of DNA was kept constant through the
addition of empty plasmids (vectors). Thirty-six hours posttransfection,
cells were treated with human IFN-a or were left untreated for 18 h.
Luciferase activities then were measured with a dual-luciferase reporter
(DLR) assay kit (Promega). For the reporter gene assays with SFTSV in-
fection, cells cotransfected with the ISRE reporter plasmid and pRL-TK
were mock infected or infected with SFTSV at 12 h posttransfection. One
day postinfection, cells were treated with IFN-a or were left untreated for
18 h before measurements of luciferase activities. TK promoter-driven
Renilla luciferase expression was not affected by SFTSV infection, viral
protein expression, or IFN treatments; thus, it is a valid control in our
DLR experiments. For data presentation, firefly luciferase activities were
normalized to Renilla luciferase activities to show the relative luciferase
activities, or fold activation over the untreated control was further calcu-
lated.

Quantitative real-time PCR. Total RNA was isolated from HEK293
cells using a total RNA purification kit (GeneMark, Taiwan). RT of RNA
was performed using a cDNA reverse transcription kit (Promega). Quan-
titative real-time PCR was performed with an SYBR green real-time PCR
kit (Toyobo), and the PCR primers used in this study are listed in Table 1.
Relative mRNA levels were calculated by the 27 24¢T method with
GAPDH mRNA as an internal control and were shown as relative fold
change by normalizing to the untreated-control samples.

Protein-protein interaction analysis. For the identification of tran-
sient-expression protein interactions, S-tag pulldown assays were used as
previously described (8). Briefly, transfected cells were lysed in the lysis
buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1% Triton
X-100) supplemented with a cocktail protease inhibitor (Roche). Super-
natants of the cell lysates then were mixed with the S-protein agarose
slurry (Merck Novagen) by rotating at 4°C for 4 h. After washing exten-
sively with the lysis buffer and phosphate-buffered saline (PBS), the beads
were treated in 1X SDS sample buffer and boiled for 5 min, followed by
SDS-PAGE and Western blot analyses.

For coimmunoprecipitation (Co-IP) assays, mock- or SFTSV-in-
fected HEK293 cells (~5 X 107) were lysed in the lysis buffer as described
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above. The cell lysate supernatants first were pretreated with preimmune
serum and protein A/G-Plus agarose (SCBT). After centrifugation, the
pretreated supernatants then were incubated with anti-NSs antiserum at
4°C for 1 h and mixed with protein A/G Plus-agarose at 4°C overnight.
After extensive washes, immunoprecipitates were subjected to SDS-PAGE
and Western blot analyses.

Immunofluorescence and confocal microscopy. After fixation with
4% paraformaldehyde-PBS, transfected or infected cells were incubated
in 0.5% Triton X-100-PBS for permeabilization and blocked with 2.5%
bovine serum albumin (BSA) (Biosharp) and 2.5% normal goat serum
(Jackson ImmunoResearch) in PBS. Cells then were treated with primary
antibodies for 1 h at room temperature or overnight at 4°C and stained
with secondary antibodies for 1 h at room temperature. For visualization
of nuclei, cells were incubated with Hoechst 33258 (Beyotime) for 3 min at
room temperature. Image acquisition was performed with a Nikon Ti
confocal microscope and Volocity software (PerkinElmer).

Western blot analysis. Protein samples were subjected to SDS-PAGE
and then transferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore). After blocking with 5% BSA in Tris-buffered saline-Tween 20
(TBS-T), the membrane was probed with primary antibodies and then
horseradish peroxidase-conjugated secondary antibodies (Proteintech) in
1% BSA-TBS-T. Protein bands were detected by an enhanced chemilu-
minescence (ECL) kit (Thermo Fisher Scientific).

Statistical analysis. A two-tailed Student’s ¢ test was used to evaluate
the data by IBM SPSS for Windows, and a P value of <0.05 was considered
statistically significant.

RESULTS

SFTSV infection suppresses type I IFN signaling. Type I [FN
signaling results in the activation of the ISRE promoter and
mounts the transcription of ISGs. To investigate whether SFTSV
can interfere with the IFN signaling, we examined the effect of
SFTSV infection on IFN-triggered ISRE activation by dual-
luciferase reporter (DLR) gene assays. HEK293 cells were
cotransfected with a reporter plasmid for ISRE promoter-
driven expression of firefly luciferase and a control plasmid for
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FIG 4 DNA-binding domain of STAT2 is required for the efficient STAT2-NSs interaction. (A) Linear representation of the organization of full-length or N-terminal-
truncated STAT2 proteins C-terminally fused with HA tag. NTD, N-terminal domain; CCD, coiled-coil domain; DBD, DNA-binding domain; LD, linker domain; SH2,
Src-homology domain-2; TAD, transactivation domain; pY, tyrosine (690) phosphorylation site. The N-terminal-truncated STAT2 proteins were named T1, T2, T3, T4,
and T5, as indicated. (B) Analysis of the interactions between NSs and full-length or N-terminal-truncated STAT2. HEK293T cells were cotransfected with the NSs-S
expression plasmid, along with the plasmids encoding full-length or N-terminal-truncated STAT?2, or the control plasmids (vector). At 48 h posttransfection, protein
interactions were examined by S-pulldown assays. Cell lysates (input) and S-pulldown products were subjected to WB analysis using the indicated antibodies. (C)
Identification of the NSs-DBD interaction. HEK293T cells were cotransfected with the NSs-S expression plasmid, together with a plasmid encoding the DBD of STAT2
or the corresponding control plasmid (—). Protein interactions then were analyzed as described for panel B.

TK promoter-driven expression of Renilla luciferase. Twelve ally can occur only after several hours with viral infection (24).
hours after transfection, cells were mock infected or infected with ~ Here, we analyzed the kinetics of SFTSV NSs expression with time
SFTSV at a multiplicity of infection (MOI) of 5, treated with  in HEK293 cells. In immunofluorescence assays (IFA), although a
IFN-a or left untreated for 18 h at 24 h postinfection (p.i.), and  weak expression of NSs occasionally could be seen at 4 h p.i.,
lysed for measuring luciferase activities. As shown in Fig. 1A, significant expression was not able to be observed until 6 h p.i. in
IFN-« treatment induced a strong (~89-fold) ISRE activation in  most cells (Fig. 2A). Accordingly, only after 6 h with SFTSV infec-
mock-infected cells; however, the activation was largely blocked in ~ tion could NSs expression be detected by Western blotting (Fig.
SFTSV-infected cells (Fig. 1A), suggesting that SFTSV can inter-  2B). Thus, there likely is a lack of NSs functioning at the very early
fere with IFN signaling. Meanwhile, TK promoter-driven Renilla  phase of SFTSV infection, although NSs has the capacity to inter-
luciferase expression was not noticeably affected by SFTSV infec-  fere with IFN induction by targeting TBK1/IKKe (8-10).
tion (Fig. 1B), indicating the specific inhibition of IFN-a-trig- For a more profound impact on host immune responses, we
gered ISRE activation by SFTSV. hypothesized that SFTSV NSs also are involved in the inhibition of
Furthermore, we assessed IFN-a-induced expression of several ~ IFN signaling. To test the hypothesis, we examined the effects of
ISGs, including oligoadenylate synthetase 1 (OASI), myxovirus-re-  NSs expression upon IFN-induced activation of the ISRE pro-
sistance A (MxA), ISG15, and ISG56, by real-time quantitative moter. As shown in the DLR assay, the activation of the ISRE
PCR analyses. As expected, SFTSV infection greatly suppresses the  promoter by IFN-a was remarkably reduced in cells transfected
induction of all examined ISGs (Fig. 1C), further confirming the  with the NSs expression plasmid, even at a very low transfection
inhibition of IFN signaling by SFTSV. dosage, indicating that NSs is a robust antagonist of IFN signaling
The NSs protein of SFTSV is an antagonist of type I IFN sig-  (Fig. 2C, left). In contrast, NP expression did not display such an
naling. Bunyavirus NSs proteins are considered to be multifunc-  inhibitory activity (Fig. 2C, right).
tional; however, as nonstructural proteins, their expression usu- IFN-induced expression of ISGs also was compared in cells
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SFTSV, 24 h p.i.

SFTSV, 24 h p.i.

FIG 5 NSs captures STAT2 and STATT1 into viral inclusion bodies (IBs). HepG2 cells were transfected with the plasmid expressing C-terminally HA-tagged NSs
(A) or infected with SFTSV atan MOl of 1 (B). Twenty-four h later, cells were fixed to visualize the subcellular localization of NSs (green) and endogenous STAT2
or STATT (red) by IFA. NSs was stained with the anti-HA antibody for transfected cells (A) or the anti-NSs antiserum for SFTSV-infected cells (B), respectively,
while STATs were visualized with the corresponding anti-STAT antibodies. Nuclei stained with Hoechst are shown in blue.

transfected with the NSs expression plasmid versus the empty
plasmid (vector) by real-time quantitative PCR. In the absence of
IFN-a treatment, NSs expression did not influence the expression
of ISGs analyzed (Fig. 2D). Addition of IFN-a resulted in the
notable induction of ISGs in the absence of NSs expression; how-
ever, the induction was significantly weaker in cells transfected
with the NSs expression plasmid (Fig. 2D). These results further
suggest that NSs contributes to the viral antagonism of IFN sig-
naling. Additionally, it should be pointed out that the inhibitory
capacity of NSs likely was underestimated by examination with
transient expression experiments, because a portion of the cells
were left untransfected.

NSsinteracts with STAT2. For viral suppression of IFN signal-
ing, STAT1 and STAT?2 often are targeted (17, 25). To unravel the
mechanism by which NSs interferes with the IFN signaling, we
investigated whether NSs targets signaling proteins such as STATs
in the type I IFN signaling pathway. SFTSV-infected HEK293 cells
were lysed for coimmunoprecipitation assays using the rabbit an-
ti-NSs antiserum. Interestingly, endogenous STAT2, but not
other signaling molecules, including STAT1, was detected abun-
dantly in the NSs coimmunoprecipitates (Fig. 3A). The interac-
tion of NSs with STAT2 also was examined by S-tag pulldown
assay with transient expression proteins in HEK293 cells (Fig. 3B).
Both endogenous and overexpressed STAT2 could be detected in
the coprecipitates of NSs fused with an S tag (NSs-S) (Fig. 3B),
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further confirming the interaction of viral NSs with cellular
STAT?2 and also indicating that NSs targeting of STAT?2 is inde-
pendent of SFTSV infection and other viral protein expression.

Mapping of the domain(s) of STAT2 required for the NSs-
STAT?2 interaction. To identify the domain(s) of STAT2 required
for the interaction with NSs, a series of plasmids encoding N-ter-
minal-truncated STAT?2 proteins fused with an HA tag (Fig. 4A)
were generated. Full-length or truncated STAT2 expression con-
structs, along with the NSs-S plasmid or the corresponding con-
trol plasmids, were cotransfected into HEK293T cells, and protein
interactions were examined by S-tag pulldown assays. As indi-
cated in Fig. 4B, deletions of the N-terminal domain (NTD) and
coiled-coil domain (CCD) appear to result in no or only slight
influence on coprecipitation of the truncated proteins with NSs-S,
whereas further deletion of the DNA-binding domain (DBD)
leads to the greatest impairment, suggesting that the N-terminal
DBD is required for the efficient interaction of STAT2 with NSs.
Furthermore, we investigated whether an interaction between
DBD and NSs can occur. As shown in the pulldown assay, DBD
indeed could be detected in NSs-S coprecipitates (Fig. 4C), indi-
cating that DBD is a NSs-binding domain of STAT?2.

NSs efficiently captures STAT2 and STAT1 into viral IBs. NSs
is localized to cytoplasmic inclusion bodies (IBs) induced by the
expression of NSs itself (8). Since NSs strongly interacts with
STAT2, we considered that NSs expression influences STAT2 sub-
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FIG 6 NSs inhibits the nuclear translocation of STAT2 and STAT1. (A) HepG2 cells were transfected with the plasmids expressing C-terminally HA-tagged NSs
or NP, treated with IFN-« (2,000 U/ml) for 30 min, and then fixed to visualize the subcellular localization of viral proteins (green) and endogenous STATS (red)
by IFA with the anti-HA or corresponding anti-STAT antibodies, respectively. (B) HepG2 cells infected with SFTSV were treated with IFN-« as described for
panel A, and IFA was performed to visualize NSs (green) and STATs (red) with the anti-NSs antiserum and corresponding anti-STAT antibodies, respectively.

Nuclei were stained with Hoechst and are shown in blue.

cellular localization. To validate the consideration, HepG2 cells
transfected with the plasmid encoding NSs were fixed to visualize
the localization of NSs and endogenous STATs. STAT2 appeared
to locate diffusely in cytoplasm in the absence of NSs expression,
while it was highly efficiently relocalized into NSs IBs in cells ex-
pressing NSs (Fig. 5A, upper), suggesting that NSs can powerfully
capture STAT? into IBs by the interaction with STAT2. Interest-
ingly, a similar relocation of STAT1 into IBs also was seen in NSs-
expressing cells (Fig. 5A, lower), although there likely is no direct
interaction between NSs and STAT1 (Fig. 3A). Furthermore, sim-
ilar results could be obtained in the context of SFTSV infection as
well (Fig. 5B).

NSs-mediated hijacking of STAT2 and STAT1 in IBs blocks
type I IFN-triggered nuclear translocation of the transcription
factors. We next investigated whether STATSs captured into IBs
still can translocate into nuclei in response to type I IFN stimula-
tion. HepG2 cells transfected with plasmids expressing NSs or NP
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(as a control) were treated with IFN-o or were left untreated for 30
min and fixed to analyze the endogenous STAT localization. In the
absence of NSs expression, IFN-a induced STAT2 accumulation
into nuclei; however, the nuclear accumulation was remarkably
blocked in NSs-expressing cells, and STAT2 was still sequestered
in NSs IBs (Fig. 6A, upper). In contrast, NP expression exhibited
no appreciable influence on the nuclear translocation of the tran-
scription factor (Fig. 6A, middle), consistent with the observation
that NP did not impair IFN signaling (Fig. 2C, left). Similarly,
STAT1 nuclear accumulation also was seen to be inhibited in the
presence of NSs (Fig. 6A, lower). Furthermore, blockage of STAT
nuclear translocation was observed in SFTSV-infected cells as well
(Fig. 6B), and similar results could be obtained with IFN-{ treat-
ments (data not shown). Collectively, these results suggest that
NSs hijacking of STATSs is irreversible upon type I IFN stimula-
tion; hence, it suppresses type I IFN-induced nuclear transloca-
tion of the transcription factors.
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FIG 7 NSs inhibits STAT2 phosphorylation. (A) HEK293 cells transfected
with the NSs expression plasmid or the vector were treated with IFN-a (1,000
U/ml) or left untreated for 30 min and were harvested to evaluate the levels of
phosphorylated or total STATs by WB using the antibodies against the indi-
cated proteins. (B) HEK293 cells were infected with SFTSV at an MOI of 5. At
24 h p.i,, cells were treated with IFN-a (1,000 U/ml) or left untreated for 30
min and harvested for WB as described for panel A.

NSs suppresses type I IFN-induced STAT2 phosphorylation.
Tyrosine phosphorylation of STATS is a key activation event be-
fore their nuclear translocation during type I IFN signaling. To
examined whether NSs also impairs the transcription factor acti-
vation, we next analyzed type I IFN-induced phosphorylation of
STATs in cells expressing NSs. HEK293 cells transfected with the
control plasmid (vector) or the plasmid encoding NSs were
treated with IFN-a or left untreated for 30 min, and then cell
lysates were subjected to Western blot analyses. Levels of total
STAT1 and STAT2 proteins were stable irrespective of NSs expres-
sion, while only following the addition of IFN-a were phosphor-
ylated STAT2 and STAT1 able to be detected (Fig. 7A). Upon
IFN-a stimulation, no apparent inhibition of STAT1 phosphory-
lation was observed in cells transfected with the NSs expression
plasmid compared with cells transfected with the vector plasmid,
whereas STAT2 phosphorylation was significantly diminished in
the presence of NSs expression (Fig. 7A), suggesting that NSs spe-
cifically inhibits STAT2 phosphorylation. Importantly, specific
suppression of type I IFN-induced STAT2 phosphorylation also
was observed in cells infected with SFTSV (Fig. 7B). Additionally,
similar results could be obtained when cells were treated with
IFN-f (data not shown). Taken together, these observations indi-
cate that NSs can block the upstream activation event of STAT2 as
well.

DISCUSSION

The type I IFN system is the key component of host innate immu-
nity; moreover, it promotes the subsequent development of adap-
tive immunity (26), limiting viral infection. Thus, many viruses
have evolved to be adept in targeting this system, benefiting their
replication and spread. Our previous data have suggested that
SFTSV can suppress IFN induction, i.e., the early phase of IFN
response, through sequestration of host kinases TBK1/IKKe in
viral IBs by NSs (8). In the present study, we demonstrated that
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FIG 8 Model for the overall disruption of IFN responses by SFTSV through
NSs hijacking of signaling proteins in IBs. Type I IFN response is initiated by
the recognition of viral infection by PRRs, followed by the recruitment and
activation of crucial kinases, such as TBK1/IKKe. The kinases then activate
transcription factors, including IRF3, leading to the IFN induction. Secreted
IFNs bind to their receptors (IFNARs) on the cell surface, initiating JAK-STAT
signaling and mounting expression of antiviral ISGs. Both TBK1/IKKe in the
IFN induction pathway and also STAT2/STAT]1 in IFN signaling are seques-
trated in viral IBs by SFTSV, resulting in an overall disruption of IFN re-
sponses. PM, plasma membrane.

SFTSV can disrupt IFN signaling through sequestrating STAT2
and STAT1 into IBs also by the NSs protein, giving an overall view
for SFTSV-mediated suppression of the type I IFN system (Fig. 8).

In this study, we identified STAT2 as a target of IFN signaling
suppression by SFTSV in human cells. STAT?2 is the most highly
divergent member of the STAT family in the protein sequences,
while other STATS are remarkably conserved among mammalian
species, including human and mouse (27). Intriguingly, STAT2
appears to determine the host range across species for some vi-
ruses (27-29). For instance, Dengue virus NS5 protein specifically
targets human STAT2 but not the counterpart of mouse; hence,
mouse STAT?2 likely confers restriction on the replication of the
virus (29). To date, Homo sapiens is the only species observed to
become severely ill with SFTSV natural infection. It will be inter-
esting to examine whether the NSs targeting of STAT2 also is
species specific, given that the capacity of repressing IFN response
may determine the host range and clinical outcome of viral infec-
tion. Additionally, overcoming the restriction through STAT2 hu-
manization of experimental animals may contribute to the devel-
opment of an immunocompetent animal model of SFTSV
infection. In addition, we found that STAT1 also is significantly
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sequestered into NSs IBs, although we did not detect any notable
NSs-STATTI interaction comparable with that between NSs and
STAT?2. A similar observation that IRF3 could be arrested into NSs
IBs despite no direct interaction of IRF3 with NSs has been re-
ported previously (8, 10). A simple explanation is that the seques-
tration of these cellular proteins in SFTSV IBs is mediated indi-
rectly by some potential interactions, such as STAT2-STAT1
interaction and TBK1-IRF3 interaction (10).

To counteract the IFN signaling, many viruses have evolved to
target some signaling proteins by various strategies, such as sup-
pressing their phosphorylation and activation, blocking their nu-
clear translocation, or inducing their degradation (17-19). In the
present study, we demonstrated that SFTSV disrupts this antiviral
signaling by sequestering STATSs into viral IBs and suppresses the
actions of the transcription factors, highlighting a novel IB-asso-
ciated mechanism for viral inhibition of IFN signaling. Cytoplas-
mic IBs have been observed in cells infected with many viruses
(30), but their function is largely unknown. In a previous study,
we proposed that viral IB functions as a virally built “jail,” impris-
oning some host factors and blocking the corresponding cellular
processes; thus, it represents the hot spot of virus-host interaction
(8). By taking SFTSV as a model, the present study on viral sup-
pression of IEN signaling further supports the proposal. Intrigu-
ingly, besides SFTSV NSs, some other virus-encoded proteins lo-
calized in IBs often are able to antagonize IFN response through
targeting various signaling molecules as well (31-34). For in-
stance, similar to SFTSV, Ebola virus (EBOV) also can inhibit both
IFN induction and signaling, and although the inhibitions are
mediated by two viral proteins, VP35 and VP24, respectively, both
of them are localized in EBOV IBs (33). VP35 can interact with
TBK1/IKKe for the targeting of IFN induction (35); VP24 inhibits
STAT1 nuclear translocation by interacting with karyopherin o
proteins (36, 37). However, Zhang et al. demonstrated that VP24
also can directly interact with STAT1, thereby contributing to IFN
signaling inhibition by an additional unidentified mechanism
(38). Here, our study suggests the possibility that the sequestra-
tion of cellular proteins (TBK1/IKKe, STAT1, etc.) in IBs by VP35
and VP24 accounts for overall EBOV-mediated suppression of the
IFN system. Therefore, hijacking signaling molecules into IBs may
be a general strategy of viral inhibition of IFN signaling.

In summary, the present study demonstrated the suppression
of IFN signaling by SFTSV and unraveled its mechanism therein,
presenting the overall view for SFTSV-mediated disruption of the
type I IFN system. Hijacking signaling molecules into viral IBs as
shown in this study represents a novel IFN signaling antagonism
and perhaps also a general mechanism employed by other viruses,
including EBOV, the understanding of which may promote the
development of therapeutic intervention strategies to combat
these deadly pathogen infections.
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