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Summary. – Severe fever with thrombocytopenia syndrome virus (SFTSV) is a newly identified Phlebo-
virus that causes severe fever with thrombocytopenia syndrome. Our study demonstrated that SFTSV NSs 
functioned as IFN antagonist mainly by suppressing TBK1/IKKε−IRF3 signaling pathway. NSs interacted with 
and relocalized TANK-binding kinase 1 (TBK1) into NSs-induced cytoplasmic structures and this interaction 
could effectively inhibit downstream phosphorylation and dimerization of interferon regulatory factor 3 (IRF3), 
resulting in the suppression of antiviral signaling and IFN induction. Functional sites of SFTSV NSs binding 
with TBK1 were then studied and results showed that NSs had lost their IFN-inhibiting activity after deleting 
the 25 amino acids in N-terminal. Furthermore, the mechanism of Rift Valley fever virus (RVFV) NSs block-
ing IFN-β response were also investigated. Preliminary results showed that RVFV NSs proteins could neither 
interact nor co-localize with TBK1 in cytoplasm, but suppressed its expression levels, phosphorylation and 
dimerization of IRF3 in the subsequent steps, resulting in inhibition of the IFN-β production. Altogether, our 
data demonstrated the probable mechanism used by SFTSV to inhibit IFN responses which was different from 
RVFV and pointed toward a novel mechanism for RVFV suppressing IFN responses.
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Introduction

Severe fever with thrombocytopenia syndrome (SFTS), 
caused by a novel SFTS virus (SFTSV), is an emerging in-
fectious disease newly identified in China with the fatality 
rate ranging from 2%–15% (Li, 2015). As a member of the 
Phlebovirus species from the family Bunyaviridae, SFTSV 
is a negative sense, single-stranded RNA virus composed 
of three segmented genomes. The segments of L, M, and 

S encode viral RNA polymerase, glycoproteins (Gn and 
Gc), nucleoprotein (NP), and nonstructural (NSs) proteins, 
respectively. NP and NSs are expressed by separate open 
reading frames in opposite orientations on S segment (Yu et 
al., 2011; Liu et al., 2003). Until now, SFTS has been reported 
in at least 20 provinces in China and similar disease has also 
been reported in the United States, South Korea and Japan, 
showing the risk of disease spread (McMullan et al., 2012; 
Kim et al., 2013; Takahashi et al., 2013; Feldmann, 2011). 
SFTS has become a severe threat to public health. However, 
no antiviral drugs or vaccines are currently available and viral 
pathogenesis as well as virus-host interactions in humans 
infected with SFTSV are still largely unknown.

The innate immune response is the first line of host 
defense against an invading pathogen. A key aspect of the 
antiviral innate immune response is the synthesis and se-
cretion of type I interferons (IFNs), which exhibit antiviral, 
anti-proliferative and immunomodulatory functions (Honda 
et al., 2005; Seth et al., 2006). It is now apparent that multi-
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ple pattern recognition receptor (PRR) families, including 
Toll-like receptors (TLRs), retinoic acid-inducible gene  
I (RIG-I)-like receptors (RLRs) and NOD-like receptors 
(NLRs), significantly contribute to viral detection by sens-
ing viral proteins and nucleic acids, leading to induction 
of cytokines and IFNs (Kawai and Akira, 2009; Brennan 
and Bowie, 2010). For RNA virus infection, cytosolic viral 
RNAs are mainly recognized by RLRs RIG-I and melanoma 
differentiation-associated protein 5 (MDA5) (Yoneyama and 
Fujita, 2009), followed by their activation and subsequent 
translocation to mitochondria where they interact with 
the common adaptor mitochondrial antiviral signaling 
protein (MAVS), resulting in the formation of active MAVS 
polymers (Kawai et al., 2005; Meylan et al., 2005; Hou et al., 
2011). MAVS then recruit various signaling proteins such as 
TNF receptor associated factor 3 (TRAF3) to form antiviral 
complexes. The TRAF3 binds to MAVS to promote TBK1/
IκB kinase (IKKε)-mediated IRF3 activation (Belgnaoui et 
al., 2011), and then leads to the production of IFNs. Such 
response pathways are critical for anti-viral immunity, 
however they might also trigger autoimmunity response 
(Hornung and Latz, 2010).

To overcome the antiviral response, viruses have evolved 
various strategies to inhibit either IFN production, IFN 
signaling, or IFN action (Garcia-Sastre, 2001; Goodbourn 
et al., 2000). The efficiency by which a virus antagonizes the 
IFN system is critical for its pathogenicity and its ability to 
infect and spread in the host organism. Clinically, IFNs were 
almost undetectable in the blood of SFTS patients, suggesting 
that innate immune responses were effectively suppressed. 
Nonstructural NSs proteins of viruses within the Bunyaviri-
dae family have been found to have variable sizes and coding 
strategies (Bishop, 1986; Qu et al., 2012). It has been reported 
that they have some conservative functions, such as regula-
tion of viral replication and IFN antagonism (Schmaljohn 
et al., 2007). Previous studies showed that NSs proteins of 
Rift Valley fever virus (RVFV), a virus from the same genus 
as SFTSV, is a major virulence factor subverting the innate 
immune defenses of the host (Bouloy et al., 2001; Vialat et 
al., 2000; Billecocq et al., 2004). As a novel virus, SFTSV NSs 
proteins might be involved in the suppression of IFN induc-
tion, but the mechanism is unclear. Here we show that SFTSV 
NSs was sufficient for suppression of IFN induction mainly 
by interfering with the TBK1/IKKε−IRF3 signaling pathway. 
NSs proteins of SFTSV specifically interact with endogenous 
intracellular TBK1, followed by inhibition of phosphorylation 
and dimerization of IRF3, thus suppressing antiviral signaling 
and IFN induction. Our data also indicate that RVFV NSs 
inhibits IFN-β response by suppressing the expression levels of 
IRF3. This study demonstrates the probable mechanism used 
by SFTSV to inhibit IFN production and may point toward 
a novel mechanism for RVFV suppressing IFN responses, 
which needs to be further studied.

Materials and Methods

Cells, viruses and antibodies. Human embryonic kidney 293T 
(HEK293T) cells (ATCC No. CRL-11268) and African green 
monkey kidney Vero cells (ATCC No. CCL-8) were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen) contain-
ing 10% heat-inactivated fetal bovine serum (FBS) and 100 U/ml 
penicillin/streptomycin. THP-1 cells (ATCC No. TIB-202) were 
maintained in RPMI 1640 medium (Invitrogen) containing 10% 
FBS and 100 U/ml penicillin/streptomycin. Cell cultures were 
incubated at 37°C with 5% CO2. SFTSV strain HB29 (GenBank 
No. HM745932.1 for S segment, HM745931.1 for M segment, 
and HM745930.1 for L segment) was used in this study and was 
propagated in Vero cells in a biosafety level 3 (BSL-3) laboratory. 
We have used mouse monoclonal antibodies (mAbs) against HA 
tag (Covance), FITC goat anti-rabbit IgG and CF 555 goat anti-
mouse IgG antibodies which were obtained from Sigma-Aldrich 
(St. Louis, USA); mouse mAbs against β-actin, V5 tag antibodies, 
rabbit mAbs against TBK1, Flag, phospho-TBK1, phospho-IRF3 
antibodies and alkaline phosphatase labeled goat anti-rabbit or 
anti-mouse IgG antibodies were all purchased from Abcam and 
rabbit polyclonal antibodies against SFTS NSs were produced in 
our laboratory.

Plasmids construction. Luciferase reporter plasmid for IFN-β 
promoters and mammalian cell expression plasmids for HA-TBK1, 
Flag-IRF3 were kindly provided by Dr. Dong-Yan Jin (HKU Li Ka 
Shing Faculty of Medicine). The NP, NSs, Gn, Gc and RdRp protein 
genes were amplified from the culture supernatants of Vero cells 
infected with plaque purified SFTSV strain HB29 (passage P2) by 
RT-PCR and cloned into protein expression vector VR1012 (Har-
tikka et al., 1996) with or without HA-tag. Expression plasmids 
for other tagged proteins and NSs mutants were constructed by 
standard molecular biology techniques.

Dual-luciferase reporter assay. HEK293T cells were seeded in 
24-well plates at a density of 2.5×105 cells per well one day before 
they were transfected with NP, NSs, Gn, Gc and RdRp expression 
plasmids along with pGL3-IFNβ-Luc using FuGENE6 transfec-
tion reagent (Roche) according to the manufacturer's instructions. 
Blanket plasmid VR1012 was added to ensure consistent amount 
of DNA in each transfection. Twenty-four hours post-transfection, 
cells were infected with Sendai virus (SeV) for 12 h and cell lysates 
were used to determine the Firefly and Renilla luciferase activities 
using a dual luciferase reporter (DLR) assay kit (Promega) accord-
ing to the manufacturer's instructions.

Immunoprecipitation. Transfected HEK293T cells were har-
vested and washed twice with cold PBS, then lysed with lysis buffer 
(50 mmol/l Tris, pH 7.5, 150 mmol/l NaCl, 1 mmol/l EDTA, and 
0.5% Triton X-100) supplemented with protease inhibitor cocktail 
(Roche) and RNase inhibitor (New England BioLabs) on ice for 
30 min. Cell lysates were then cleared by centrifugation at 10,000 
x g for 30 min at 4°C and incubated with anti-HA-agarose beads 
(Roche) on end-over-end rocker for 4 h at 4°C. After five washes 
with cold lysis buffer, the agarose beads were eluted with 0.1 mol/l 
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glycine-HCl buffer (pH 2.0). The proteins in eluted samples were 
separated by SDS-PAGE and analyzed by Western blot analysis. 
Mock- or SFTSV-infected THP-1 cells were lysed in lysis buffer as 
described above. Cell supernatants pretreated with protein A/G-
agarose were incubated with anti-NSs antiserum at 4°C for 2 h and 
then with protein A/G-agarose at 4°C for 4 h. After five washes with 
the lysis buffer, immunoprecipitates were denatured and subjected 
to SDS-PAGE and Western blot analysis.

IRF3 dimerization assay. The IRF3 dimerization assay was car-
ried out as described previously (Iwamura et al., 2001). Briefly, 
transfected cells were resuspended in lysis buffer. The lysates were 
mixed thoroughly, incubated on ice for 10 min, and then cen-
trifuged at 4°C for 5 min at 10,000 x g. Cleared cell lysates were 
separated by nondenaturating gel electrophoresis in a 7.5% native 
gel. IRF3 monomers and dimers were detected by Western blot 
analysis using antibodies against IRF3.

Western blot analysis. Transfected cell pellets were lysed in load-
ing buffer (0.08 mol/l Tris with 2% SDS, 10% glycerol, 0.1 mol/l 
dithiothreitol, and 0.2% bromophenol blue, pH 6.8) and boiled 
for 5 min. Proteins were separated by SDS-PAGE or native-PAGE 
and then transferred to a PVDF membrane (Millipore, Billerica, 
USA), followed by incubation with corresponding primary antibod-
ies. After four washes, membranes were incubated with alkaline 
phosphatase- or horseradish peroxidase-conjugated secondary 
antibodies. After additional washes, BCIP (5-bromo-4-chloro-3- 
indolylphosphate)/ nitroblue tetrazolium or enhanced chemilumi-
nescence reagents (Invitrogen) were used for signal development. 
The β-actin levels were detected as an input control.

Immunofluorescence and confocal microscopy. Transfected cells 
were fixed with 4% paraformaldehyde (PFA) in PBS at room tem-
perature for 30 min and were permeabilized with 0.5% Triton X-100 
on ice for 10 min. After three washes with PBS and blocking with 
5% BSA at 37°C for 1 h, cells were incubated with anti-V5 and anti-
HA antibodies at 1:100 dilution in PBS-Tween (PBST) containing 
1% BSA at 4°C overnight. After three washes with PBST, the cells 
were incubated with an FITC-conjugated anti-rabbit IgG antibody 
and CF 555-conjugated anti-mouse IgG antibody at 1:200 dilution 
at 37°C for 1 h. The cells were washed three times with PBST and 
incubated with 1g/ml DAPI in PBS for 15 min. After three washes 
with PBST, cells were covered with one drop of anti-fade reagent 
(Sigma) and observed under confocal microscope (Olympus).

Results

SFTSV NSs protein suppresses IFN-β promoter activation

HEK293T cells were transfected with IFN-β reporter 
plasmid and then infected by SeV with/without SFTSV and 
the effects on activation of IFN-β promoter activity was 
determined by a DLR assay. The results demonstrated that 
while SeV infection enhanced the relative luciferase units 
(RLU) and activation fold of IFN-β promoter activity up to 

(a)

(b)

Fig. 1

SFTSV NSs suppresses IFN-β promoter activity
(a) HEK293T cells were transfected with IFN-β reporter plasmid and 
then stimulated by SeV with/without SFTSV. (b) HEK293T cells were 
co-transfected with IFN-β reporter plasmid along with plasmids encod-
ing SFTSV NP, NSs, Gn, Gc and L proteins, respectively, followed by SeV 
infection. The results of IFN-β luciferase activities were described by RLU 
and activation fold was calculated.

20-fold, SFTSV reduced IFN-β promoter activity down to 
about 50 % of the original level, indicating that SFTSV sup-
pressed the IFN-β promoter activation (Fig. 1a).

As proteins encoded by bunyaviruses, either nonstructural 
or structural, can act as potential IFN antagonists, a func-
tional screening of the proteins from SFTSV was performed 
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Fig. 2

SFTSV NSs interact with TBK1
(a) HEK293T cells were transfected with blanket VR1012, NP or NSs expression plasmids with HA tag, respectively. 48 h post-transfection, cell lyslates 
were purified with anti-HA-agarose and subjected to SDS-PAGE. (b) Co-immunoprecipitation of SFTSV and TBK1. Mock- or SFTSV infected THP-1 
cell lysates (upper panel) and anti-SFTSV-NSs antibody immunoprecipitated cell lysates (lower panel) were subjected to Western blot analysis using anti-
TBK1 or anti-NSs antibody. (c) Co-immunoprecipitation of NSs and TBK1. HEK293T cells were transfected with empty VR1012, VR-SFTSV-NSs-HA 
and VR-RVFV-NSs-HA, together with TBK1 expression plasmid with V5 tag. At 48 h post-transfection, total cell lysates (left panel) and anti-HA anti-
body immunoprecipitated cell lysates (right panel) were subjected to Western blot analysis with anti-V5 and anti-phospho-TBK1 antibody. (d) Cellular 
co-localization of recombinant NSs and TBK1 in 293T cells. Cells were transfected with TBK1 expression plasmid with V5 tag and plasmids encoding 
HA-tagged SFTSV or RVFV NSs. The localization of proteins after imunofluorescence was visualized by confocal microscopy.

(b)(a)

(c)

(d)
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(Elliott and Weber, 2009). HEK293T cells were cotransfected 
with IFN-β reporter plasmid, along with plasmids encoding 
the SFTSV NP, NSs, Gn, Gc and L proteins, respectively. 
Their effects on the activation of IFN-β promoter following 
SeV infection were examined. Our results showed that NSs 
protein encoded by the S segment was identified as the main 
inhibitor of IFN-β promoter activation and could signifi-
cantly reduce IFN-β promoter activity down to 20% of the 
original level stimulated by SeV. Other proteins including 
NP which are also encoded by the S segment, Gn and Gc 
encoded by the M segment, and L encoded by the L segment, 

did not reduce IFN-β promoter activity as obviously as NSs 
did (Fig. 1b).

SFTSV NSs interacts with TBK1

To investigate whether SFTSV NSs protein interacted 
with any molecules in antiviral signaling pathway, HEK293T 
cells were transfected with VR1012, VR-SFTS-NP-HA and 
VR-SFTS-NSs-HA, respectively. Forty-eight hours post-
transfection, cleared cells lyslates were incubated with anti-
HA-agarose and eluted samples were then separated by SDS-

Fig. 3

SFTSV NSs inhibits phosphorylation and dimerization of IRF3
(a) HEK293T cells were transfected with IRF3-Flag expression plasmid together with SFTSV or RVFV NSs expression plasmid with HA-tag in different 
amounts and the expression levels of IRF3 were evaluated by Western blot analysis. (b) and (c) HEK293T cells were transfected with IRF3-Flag expression 
plasmid along with the plasmid expressing SFTSV or RVFV NSs-HA tag. Twenty-four hours post-transfection, cells were infected with SeV for 18 h. Cell 
lysates were separated by SDS- and native-PAGE and analyzed for the phosphorylation (b) or dimerization (c) of IRF3 by Western blot.

(a)

(b)

(c)
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PAGE. A specific band with molecular weight of ~90 kDa 
was present in VR-SFTS-NSs-HA transfected cells (Fig. 2a) 
and the results of mass spectrometry identified a critical 
molecule in the activation of IFN-β signaling pathway, TBK1 
(GenBank: No.XM_005268810.1).

To examine whether authentic SFTS virus particles interact 
with TBK1, mock infected or SFTSV infected THP-1 cells were 
lysed in lysis buffer and incubated with anti-TBK1 and anti-NSs 
antibodies. Results showed that TBK1 could be detected in both 
uninfected and infected cells while NSs could only be detected 
in SFTSV infected cells. Mock- or SFTSV infected THP-1 cells 
were incubated with anti-NSs antiserum and protein A/G-
agarose, followed by Western blot analysis using anti-TBK1 and 
anti-NSs antibodies, respectively. Our results showed that either 

NSs or TBK1 could be detected in SFTSV infected cells, but in 
uninfected THP-1 cells, neither of these two proteins could be 
found, indicating that SFTSV could specifically interact with 
endogenous intracellular TBK1 (Fig. 2b).

The interaction between SFTSV NSs protein and TBK1 
was further assessed by immunoprecipitation analysis and 
immunofluorescent confocal microscopy. HEK293T cells 
were transfected with VR1012 blanket vector, VR-SFTS-NSs-
HA and VR-RVFV-NSs-HA, together with TBK1 expression 
plasmid with V5 tag. The results of immunoprecipitation and 
Western blot analysis demonstrated that SFTSV NSs proteins 
did not affect either the expression or the phosphorylation 
levels of TBK1 (Fig. 2c). For RVFV, NSs protein did not 
interact with TBK1, suggesting that these two viruses in the 

Fig. 4

SFTSV NSs functional sites for binding with TBK1
(a) HEK293T cells were transfected with a series of SFTSV-NSs deletion mutants with HA tag and identified by Western blot analysis using rabbit anti-
NSs polyclonal antibodies. (b) HEK293T cells were cotransfected with IFN-β reporter plasmid along with each SFTSV NSs deletion mutant, followed 
by SeV stimulation. The results of IFN-β luciferase activities were described by RLU. (c) Co-immunoprecipitation of NSs deletion mutants and TBK1. 
HEK293T cells were transfected with empty VR1012, HA-tagged SFTS NSs or NSs deletion mutants, together with TBK1 expression plasmid with V5 tag, 
respectively. At 48 h post-transfection, total cell lysates (left panel) and anti-HA antibody immunoprecipitated cell lysates (right panel) were subjected to 
Western blot analysis with anti-V5 and anti-HA antibodies.

(a)

(b)

(c)
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genus Phlebovirus might suppress IFN-β promoter activation 
through different mechanisms.

Furthermore, immunofluorescence staining of SFTSV 
or RVFV NSs and TBK1 was performed to determine their 
co-localization inside the host cells. TBK1 was diffusely 
distributed in cytosol in absence of NSs, however, when co-
expressed with SFTSV NSs they co-localized in cytoplasm. 
These results indicate that NSs interact with the kinases 
TBK1 and relocate to the inclusion bodies. However, cells 
transfected with RVFV NSs expression plasmid showed 
morphology changes, nucleus swelling, or even rupture and 
RVFV NSs protein did not co-localize with TBK1 in cyto-
plasm, but could be detected in the nucleus (Fig. 2d).

SFTSV NSs inhibits phosphorylation and dimerization 
of IRF3

IRF3 is phosphorylated by TBK1, resulting in the dimeri-
zation and subsequent nuclear translocation of IRF3 and 
activates transcription factors during virus infection. Thus, 
the effects of SFTSV and RVFV NSs on IRF3 were investi-
gated. Firstly, the expression level of IRF3 was evaluated by 
Western blot analysis. HEK293T cells were transfected with 
IRF3-Flag expression plasmid along with VR-SFTSV-NSs-
HA or VR-RVFV-NSs-HA in different amounts. The results 

showed that levels of IRF3 were not obviously affected when 
co-transfected with SFTSV NSs expression plasmid whereas 
RVFV NSs protein could suppress the expression levels of 
IRF3, in a dose dependent manner (Fig. 3a).

Further, levels of IRF3 phosphorylation were also evalu-
ated by Western blot analysis. SeV infection noticeably 
triggered IRF3 phosphorylation, which however, was sig-
nificantly inhibited by SFTSV and RVFV NSs expression 
(Fig. 3b). The effect of NSs on IRF3 dimerization was ana-
lyzed by native-PAGE. As shown in Figure 3c, SeV-induced 
dimerization of IRF3 was reduced significantly by the expres-
sion of SFTSV NSs showing a dose dependent manner. As 
for RVFV, NSs could reduce the SeV-induced dimerization 
of IRF3, due to the suppression of IRF3 monomer levels.

SFTSV NSs functional sites for binding with TBK1

To study the functional sites of SFTSV NSs, a series of NSs 
deletion mutants with HA tag were constructed and identified 
by Western blot analysis. After transfection into HEK293T 
cells, deletion mutants NSsΔN10, NSsΔN25 and NSsΔC50, 
like wild type NSs protein, could be detected by rabbit anti-
NSs antibodies whereas NSsΔN50 and NSsΔC100 could not 
be detected (Fig. 4a), suggesting antigenic changes after 
deleting the 50 N-terminal amino acids and 100 C-terminal 

Fig. 5

Pathways analysis of antiviral IFN response in SFTSV and RVFV infected cells
Recognition of RNA viral pathogens by TLRs or RLRs results in the activation of type I interferon (IFN) response. SFTSV nonstructural protein NSs 
interacts with and relocalizes TBK1 into NSs-induced cytoplasmic structures, then inhibits downstream phosphorylation and dimerization of IRF3, 
resulting in the suppression of antiviral signaling and IFN induction. RVFV-NSs inhibits the production of IFN-β mainly by suppressing the expression 
and then phosphorylation and dimerization of IRF3.
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amino acids of SFTSV NSs protein. Further, each NSs dele-
tion mutant was transfected into HEK293T cells together with 
IFN-β reporter plasmid. SeV infection noticeably enhanced 
the RLU of IFN-β promoter activity, NSsΔN10 and NSsΔC50 
could significantly reduce IFN- β promoter activity down to 
20% of the original level just as NSs protein while activity of 
IFN-β promoter could not be reduced by deletion mutants 
NSsΔN25, NSsΔN50 and NSsΔC100 (Fig. 4b).

To investigate the interaction between NSs deletion mutants 
and TBK1, cells were co-transfected with each deletion mutant 
and TBK1 expression plasmid with V5 tag and then detected 
by immunoprecipitation and Western blot analysis as described 
above. Our results demonstrated that any NSs deletion mutants 
did not affect the expression level of TBK1, however NSsΔN10 
and NSsΔC50 could interact with TBK1 specifically. When 
deleting the 25 N-terminal mino acids, the interaction between 
SFTSV NSs and TBK1 was not observed (Fig. 4c).

Discussion

As a newly emerging infectious disease, SFTS is a seri-
ous public health concern. However, details about the viral 
pathogenesis as well as virus-host interactions are still un-
clear. Recognition of viral pathogens by TLRs, RLRs or NLRs 
results in the activation of IFNs response. IFN-β has been im-
plicated in many human diseases related to inflammation and 
recent clinical and laboratory findings have shed new light 
on the roles of IFN-β in human health and disease. IFN-β 
exerts a wide range of biological activities in the human 
immune system, including the initiation of antiviral protein 
synthesis, promotion of cytotoxic activity, and driving the 
differentiation and maturation of certain leukocytes (Vialat 
et al., 2000; Ito et al., 2001; Kito et al., 2002; Longhi et al., 
2009; Nguyen et al., 2002; Su and David, 1999). Viruses, in 
turn, were found to interfere with induction of IFN synthesis, 
IFN-induced signaling events, the antiviral effector proteins, 
or simply shut-off of the host cell macromolecule synthesis 
machinery to avoid booting of the antiviral host defense. For 
instance, the influenza A virus NS1 protein prevents IRF3 
activation and subsequent IFN production by binding to 
and sequestering dsRNA (Garcia-Sastre, 2001; Talon et al., 
2000); the paramyxoviral V protein as well as the rabies virus 
P protein have a dual anti-IFN function as they block both 
IFN induction (Andrejeva et al., 2004; Childs et al., 2007; 
Brzozka et al., 2005) and STAT signaling (Andrejeva et al., 
2002; Didcock et al., 1999; Brzozka et al., 2006).

The nonstructural NSs protein of phleboviruses has been 
reported to be a major virulence factor subverting the innate 
immune defenses of the host and adopted different strategies 
to counteract the innate immune system. For example, RVFV 
NSs associate with the cellular partner Sin3A-associated 
protein 30 (SAP30) and YY1 proteins to inhibit IFN-β gene 

transcription and phosphorylation of eukaryotic initiation 
factor 2 alpha (eIF2) by posttranslational downregulation of 
the dsRNA-dependent protein kinase R (PKR) through the 
proteasomal pathway, and induce a general transcriptional 
shut-off through proteasomal degradation of the p62 subu-
nit of the basal transcription factor TFIIH. Toscana virus 
(TOSV) NSs counteract subsequent IFN gene transcription 
by specific degradation of PKR and RIG-I in infected cells. 
As for SFTSV, a deadly bunyavirus newly identified in China, 
the mechanism of NSs suppressing IFN production was not 
fully identified. In this study, we analyzed SFTSV and RVFV 
NSs proteins with the ability to inhibit type I IFN responses 
and sought to describe the mechanism. Consistent with 
previous reporting, we found that the SFTSV NSs functions 
as IFN antagonist mainly by suppressing TBK1/IKKε-IRF3 
signaling pathway. NSs interact with and relocalize TBK1 
into NSs-induced cytoplasmic structures, and this interac-
tion effectively inhibits downstream IRF3 phosphorylation 
and dimerization, thus suppresses antiviral signaling and IFN 
induction (Fig. 5). Furthermore, functional sites of SFTSV 
NSs associated with TBK1 were then studied. Results showed 
that NSs had lost their TBK1-binding and IFN-inhibiting 
activities after deleting the 25 N-terminal amino acids and 
100 C-terminal amino acids but hadn't after deleting 10 N-
terminal amino acids and 50 C-terminal amino acids. This 
result suggests that 10-25 N-terminal amino acids and 50-100 
C-terminal amino acids of SFTSV NSs are required for TBK1 
association and subsequent IFN inhibition.

In contrast, the mechanism of RVFV NSs blocking IFN-β 
response was different from that of SFTSV. The preliminary 
result of our study showed that RVFV NSs protein could neither 
interact with nor co-localize with TBK1 in cytoplasm, but could 
suppress the expression levels and then phosphorylation and 
dimerization of IRF3 in the subsequent steps and finally inhibit 
the production of IFN-β (Fig. 5). However, our findings are in-
consistent with previous studies which showed that RVFV NSs 
do not affect IRF3 activation and do not prevent the activation 
of IFN-specific transcription factors but act at a subsequent step. 
Thus, further work needs to be done to explain the mechanism 
of RVFV NSs inhibiting IFN production.
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