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ABSTRACT

Recognition of viral pathogens by the retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) family results in the activation of
type I interferon (IFN) responses. To avoid this response, most viruses have evolved strategies that target different essential steps
in the activation of host innate immunity. In this study, we report that the nonstructural protein NSs of the newly described se-
vere fever with thrombocytopenia syndrome virus (SFTSV) is a potent inhibitor of IFN responses. The SFTSV NSs protein was
found to inhibit the activation of the beta interferon (IFN-�) promoter induced by viral infection and by a RIG-I ligand. Aston-
ishingly, we found that SFTSV NSs interacts with and relocalizes RIG-I, the E3 ubiquitin ligase TRIM25, and TANK-binding ki-
nase 1 (TBK1) into SFTSV NSs-induced cytoplasmic structures. Interestingly, formation of these SFTSV NSs-induced structures
occurred in the absence of the Atg7 gene, a gene essential for autophagy. Furthermore, confocal microscopy studies revealed that
these SFTSV NSs-induced structures colocalize with Rab5 but not with Golgi apparatus or endoplasmic reticulum markers. Alto-
gether, the data suggest that sequestration of RIG-I signaling molecules into endosome-like structures may be the mechanism
used by SFTSV to inhibit IFN responses and point toward a novel mechanism for the suppression of IFN responses.

IMPORTANCE

The mechanism by which the newly described SFTSV inhibits host antiviral responses has not yet been fully characterized. In
this study, we describe the redistribution of RIG-I signaling components into virus-induced cytoplasmic structures in cells in-
fected with SFTSV. This redistribution correlates with the inhibition of host antiviral responses. Further characterization of the
interplay between the viral protein and components of the IFN responses could potentially provide targets for the rational devel-
opment of therapeutic interventions.

An important component of the innate immune response to
viral infection is the production of type I interferons (IFNs).

Activation of this response occurs when cytosolic receptors sense
the presence of viral nucleic acids or other virus-specific compo-
nents (1–5). The retinoic acid-inducible gene I (RIG-I)-like recep-
tor (RLR) family constitutes one of these groups of cytosolic re-
ceptors that are important in sensing the viral RNA of invading
pathogens. To date, three members of the RLR family have been
described: RIG-I, melanoma differentiation-associated gene 5
(MDA-5), and laboratory of genetics and physiology 2 (LGP2) (1,
6–8). Both RIG-I and MDA-5 have been shown to play a pivotal
role in the recognition of RNA viruses, and they may differentially
contribute to this function in a cell type-specific manner (9–11).
How these viral sensors distinguish self RNA from viral RNA has
been an area of extensive study. It is now well accepted that 5=-
triphosphate groups within viral genomic RNAs and short, dou-
ble-stranded RNA (dsRNA) are recognized by RIG-I, whereas the
long dsRNA that is thought to be produced during replication of
many positive-strand RNA viruses serves as a ligand for MDA-5
(12–16). RIG-I has been shown to be critical for the recognition of
most single-stranded RNA (ssRNA) viruses studied to date, in-
cluding all negative-strand RNA viruses and some positive-strand
RNA viruses, such as hepatitis C virus and Japanese encephalitis
virus (17, 18).

In regard to RIG-I activation, studies have shown that upon

RNA binding, the E3 ubiquitin ligase Riplet mediates K63-linked
polyubiquitination of the RIG-I repressor domain, leading to the
interaction with the E3 ubiquitin ligase, tripartite motif 25
(TRIM25), and TANK-binding kinase 1 (TBK1). The N-terminal
caspase recruitment domains (CARDs) of RIG-I undergo Lys-63-
linked ubiquitination by TRIM25, inducing RIG-I oligomeriza-
tion, interaction with the mitochondrial antiviral signaling pro-
tein (MAVS), and downstream signaling events that lead to the
transcription of IFNs and other innate response genes (8, 19, 20).
Recently, it has also been shown that TRIM25-synthesized K63-
polyubiquitin binds directly to the exposed CARDs of RIG-I, me-
diating downstream binding to MAVS without the need of ubiq-
uitin conjugation to RIG-I (21–23).

Due to the critical role of IFN responses in controlling virus
infection, many pathogens have developed strategies to evade or
counteract these responses (18, 24, 25). Among bunyaviruses, the
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nonstructural protein NSs has been found to be a major virulence
factor acting as a global inhibitor of host cell transcription and
antagonist of the IFN system (26–28). The Rift Valley fever virus
(RVFV) NSs protein is probably one of the best-characterized
examples and has been shown to be a multifunctional protein with
the capacity to evade host antiviral responses through different
mechanisms, including inhibition of beta interferon (IFN-�) gene
transcription through a Sin3A-associated protein 30 (SAP30)-de-
pendent mechanism, inhibition of host cell transcription by se-
questering the p44 subunit, and promotion of the proteasomal
degradation of the p62 subunit of the basal transcription factor
TFIIH. Furthermore, RVFV NSs inhibits the phosphorylation of
eukaryotic initiation factor 2 alpha (eIF2�) by posttranslational
downregulation of the dsRNA-dependent protein kinase R (PKR)
through the proteasomal pathway (29–34).

Recently, the isolation of a novel bunyavirus closely related to
Uukuniemi virus and RVFV was documented (35, 36). The severe
fever with thrombocytopenia syndrome virus (SFTSV) was iso-
lated from patients presenting with hemorrhagic manifestations
(35, 37). The disease was first recognized in China in 2009, and an
initial case fatality rate of 12 to 30% was reported (37). Due to the
recent emergence of this pathogen, limited knowledge about the
mechanisms involved in disease pathogenesis is currently avail-
able. A recent report suggests that key innate immune molecules
are downregulated in human monocytes upon infection with
SFTSV (38, 39); however, the molecular mechanism(s) by which
SFTSV suppresses innate immune responses has not been well
defined. SFTSV is known to encode an NSs protein which differs
significantly from RVFV NSs, having only 11% similarity at the
amino acid sequence level (35). It has previously been reported
that this protein inhibits the activation of the IFN-� promoter
induced by viral infection and dsRNA and that it interacts with
TBK1, a protein critical for the activation of IFN responses (39).
However, it is not yet clear whether this interaction affects TBK1
functions accounting for the inhibition of IFN-� responses. Fur-
thermore, it is unknown if other RLR proteins may be targeted by
SFTSV NSs to inhibit IFN responses.

In this study, we describe the SFTSV NSs protein to be a potent
inhibitor of IFN responses. Surprisingly, the inhibition of IFN
responses by SFTSV NSs correlates with the sequestration of not
only TBK1 but also that of RIG-I and TRIM25 within NSs-in-
duced LC3-positive (LC3�), Rab5-positive (Rab5�) cytoplasmic
structures. Hence, SFTSV has adopted an elegant, previously un-
described mechanism to circumvent IFN responses.

MATERIALS AND METHODS
Cells, plasmids, and viruses. Human embryonic kidney (HEK293T) cells
were obtained from ATCC and maintained with Dulbecco’s minimal es-
sential medium (Lonza) supplemented with L-glutamine, sodium pyru-
vate, and 10% fetal bovine serum (Atlanta Biologicals). HeLa and Vero76
cells were obtained from ATCC and maintained with Eagle minimal es-
sential medium (Lonza) supplemented with L-glutamine, penicillin-
streptomycin, and 10% fetal bovine serum. The Atg7�/� and Atg7�/�

mouse embryonic fibroblast (MEF) cells have been previously described
and were kindly provided by Masaaki Komatsu (40). The plasmids carry-
ing SFTSV NSs and nucleoprotein (NP) were constructed by PCR using
overlapping deoxyoligonucleotides corresponding to a published
GenBank sequence (accession no. NC_018137.1). An expression plasmid
carrying green fluorescent protein (GFP)-tagged LC3 (GFP-LC3) (plas-
mid 21073) was obtained from Addgene (41), and plasmids carrying
RIG-I, TRIM25, MAVS, TBK1, interferon regulatory factor 3 (IRF3), con-

stitutively activated IRF3 (IRF3-5D), dominant negative Rab5 (S34N),
and the corresponding fusion proteins were previously described (42–44)
or constructed following standard cloning procedures. Plasmids carrying
red fluorescent protein (RFP)-tagged B4GalT1 (B4GalT1-RFP), TGOLN-
RFP, CALR-C–RFP, Rab5-RFP, and Rab4-RFP were obtained from Ori-
Gene. The Sendai virus (SeV) Cantell strain was obtained from ATCC and
grown in embryonated chicken eggs to generate viral stocks. SFTSV strain
HB29 was provided by the Chinese Center for Disease Control and Pre-
vention and passaged twice in Vero E6 cells to generate viral stocks for this
study. The SFTSV titers were determined by plaque assays. Briefly, virus
stock was diluted 10-fold, added to 1 ml of medium containing 1.5 � 105

BHK21 cells, and then incubated at 37°C with 5% CO2 for 3 h. A 1-ml
volume of 4% methylcellulose was placed in each well, and the plates were
incubated for 6 days at 37°C. The plates were then fixed with methanol-
acetone (1:1), and foci were stained immunologically using anti-SFTSV
mouse hyperimmune ascitic fluid and counted to determine virus titers.

Reporter assays and detection of IFN-�. Reporter assays and assays
for detection of IFN-� were performed as previously described (45, 46).
Chloramphenicol acetyltransferase (CAT) activity was assessed by using a
CAT enzyme-linked immunosorbent assay (ELISA) kit following the
manufacturer’s recommendations (Roche). To confirm that the presence
of SFTSV NSs inhibits production of IFN-�, HeLa cells expressing SFTSV
NSs-mCherry or mCherry alone were infected with SeV, and at 24 h after
infection, cell supernatants were cleared by centrifugation and production
of IFN-� was measured using a human IFN-� ELISA kit (PBL Assay
Science, Piscataway, NJ). Statistical analyses were carried out using one-
way analysis of variance followed by Dunnett’s multiple-comparison test
implemented in GraphPad Prism (version 6) software for Windows
(GraphPad Software, La Jolla, CA). P values of �0.05 were considered
statistically significant.

Transfection, immunoblotting, and immunoprecipitation. Unless
otherwise stated, all transfections were carried out by using 500 ng of
plasmid DNA and the Lipofectamine 2000 reagent (Invitrogen) following
the manufacturer’s recommendations. At 16 to 24 h posttransfection, the
cells were harvested and lysed with NP-40 lysis buffer containing 1% Halt
protease inhibitor cocktail (Thermo Scientific). For immunoblotting,
proteins were separated by SDS-PAGE and subsequently transferred into
a 0.2-�m-pore-size polyvinylidene difluoride (PVDF) membrane (Milli-
pore). The PVDF membranes were blocked for 45 min with 5% nonfat dry
milk in Tris-buffered saline with 1% Tween 20 (TBST). Membranes were
incubated with primary antibodies for 16 to 18 h at 4°C. The membranes
were washed in TBST and incubated with secondary horseradish peroxi-
dase (HRP)-conjugated antibodies for 1 h. Blots were developed by using
Western Lightning ECL substrate (PerkinElmer) according to the manu-
facturer’s recommendations. For protein immunoprecipitation, lysates
were incubated in the presence of anti-FLAG M2 affinity gel (Sigma) or
anti-hemagglutinin (anti-HA) agarose (Pierce). Eluted proteins and the
corresponding lysates were separated by SDS-PAGE, followed by immu-
noblotting as described above. The following primary antibodies were
utilized for immunoblotting procedures: rabbit anti-FLAG (1:1,000;
Sigma), rabbit anti-HA (1:1,000; Sigma), mouse anti-V5 (1:5,000; Invit-
rogen), rabbit antiactin (1:1,000; Cell Signaling), mouse anti-�-tubulin
(1:1,000; Abcam), rabbit anti-pIRF3 (1:10,000; Epitomics), and rabbit
anti-IRF3 (1:1,000; Cell Signaling). The secondary antibodies utilized
were donkey anti-rabbit IgG HRP-conjugated antibody (1:5,000) and
sheep anti-mouse IgG HRP-conjugated antibody (1:5,000) (GE Health-
care).

Immunofluorescence. HeLa, Vero76, and Atg7�/� and Atg7�/� MEF
cells were seeded in poly-L-lysine (Sigma)-treated coverslips and trans-
fected following standard procedures. Cells were incubated overnight at
37°C in 5% CO2. Following this incubation, cells were either fixed with
4% paraformaldehyde or infected with SFTSV (multiplicity of infection
[MOI] 	 0.5) for 48 h and then fixed and permeabilized with a solution of
phosphate-buffered saline (PBS) containing 0.1% Triton X-100 (Sigma).
Following permeabilization, the cells were washed and blocked with 10%
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goat serum and 3% bovine serum albumin (BSA; Thermo Scientific) in
PBS (Lonza). If required by the experiment, cells were stained for 1 h with
primary antibodies. Cell nuclei were stained with Hoechst 33342 (1:1,000;
Invitrogen), and the coverslips were mounted onto glass slides by using Pro-
Long Gold antifade reagent (Invitrogen). The following primary antibodies
were used in immunofluorescence experiments: polyclonal rabbit anti-
SFTSV NSs generated by GenScript (Piscataway, NJ) (1:500), rabbit anti-
FLAG (1:100; Sigma), and mouse anti-HA (1:1,000; Covance). The following
antibodies were used as secondary antibodies for immunofluorescence exper-
iments: Alexa Fluor 488-conjugated goat antirabbit (1:1,000; Molecular
Probes) and Alexa Fluor 594-conjugated goat antirabbit (1:2,000; Molecular
Probes) antibodies. All samples were visualized in a Zeiss LSM510META laser
scanning confocal microscope or an Olympus spinning disc confocal micro-
scope.

Immunogold electron microscopy studies. For visualization of
SFTSV NSs cytoplasmic vesicles, we modified the protocol of Cao et al.
(47). Briefly, HeLa cells expressing SFTSV NSs fused to mCherry were
rinsed three times in PBS, followed by one rinse in solution D (78 mM
KCl, 4 mM MgCl2, 8 mM CaCl2, 10 mM EDTA, 50 mM HEPES-KOH, pH
7.0). Cells were then scraped off in 10 ml of solution D, centrifuged at 400
relative centrifugal force (rcf) for 5 min, and resuspended in 25 ml of
solution D. Cells were lysed with an equal volume of glass beads and
vortexed at top speed. Supernatant was transferred to a Beckman tube and
subjected to sequential centrifugation and OptiPrep discontinuous gradi-
ent centrifugation. After centrifugation, fractions were collected, resolved
by SDS-PAGE, and blotted for SFTSV NSs. The 35% top fraction was used
for visualization of vesicles by electron microscopy. Negative staining was
carried out on both the pellet and the purified fraction. Briefly, 10 �l of
pellet and fraction was allowed to adsorb onto nickel grids for 10 min,
followed by incubation in primary antibody (rabbit anti-NSs, 1:10) for 30
min at room temperature in a dark moist chamber. After incubation, grids
were washed 4 times with 1% BSA-PBS and incubated with secondary
antibody (goat antirabbit, 15-nm gold particles, electron microscopy
grade, 1:20 dilution; Electron Microscopy Sciences, Hatfield, PA) for 30
min at room temperature. Grids were washed with ultrapure water 3 times
for 1 min each time and fixed with 2% aqueous glutaraldehyde for 10 min.
Following fixation, the grids were then washed 3 times with ultrapure
water. Lastly, the grids were stained with 2% aqueous uranyl acetate for 30
s and blotted dry.

RESULTS
SFTSV NSs inhibits type I IFN responses. It was previously re-
ported that both SFTSV NSs and NP inhibit the activation of the
IFN-� promoter induced by virus infection and dsRNA treatment
(39). To confirm those findings, we conducted reporter gene as-
says with the goal of determining whether SFTSV NSs and NP
were able to prevent in cells the establishment of an IFN-�/�-
induced antiviral state by blocking the activation of the IFN-�/�
promoter. Thus, HEK293T cells were cotransfected with plasmids
expressing Ebola virus VP35 (VP35), SFTSV NSs, or SFTSV NP,
alongside an IFN-� promoter CAT reporter plasmid. VP35 has
previously been described to inhibit the activation of the IFN-�
promoter by binding dsRNA and by suppressing the kinase activ-
ity of the IkappaB kinase epsilon (IKKepsilon) (46, 48–50). Con-
sistent with previous observations (39, 46), VP35 and SFTSV NSs
inhibited the activation of the IFN-� promoter induced following
Sendai virus (SeV) infection or transfection with the RIG-I ligand
short dsRNA (Fig. 1A and B). The magnitude of this inhibition,
resulting in 
5- to 20-fold differences in reporter activation be-
tween the empty vector pCAGGS and SFTSV NSs, was compara-
ble to that observed for VP35. To confirm that the expression of
SFTSV NSs results in inhibition of IFN-� production in the con-
text of viral infection, HeLa cells expressing either mCherry or the

SFTSV NSs fused to mCherry were infected with SeV for 24 h, and
supernatants were collected to measure the production of IFN-�.
Interestingly, HeLa cells expressing the SFTSV NSs secreted ap-
proximately 3.5-fold less IFN-� than mCherry-expressing cells
following SeV infection (Fig. 1C). It should be noted that these
experiments, which rely upon transient transfection, leave some
percentage of cells untransfected and therefore likely underesti-
mate the inhibitory effect of SFTSV NSs on IFN-� production.
These results further suggest that SFTSV NSs interferes with the
induction of type I IFN responses. Contrary to a previous report
(39), we did not observe inhibition of the activation of the IFN-�
promoter induced by virus infection or dsRNA in the presence of
SFTSV NP (Fig. 1A and B).

Importantly, we also attempted to measure the production of
IFN-� in SFTSV-infected HEK293T and HeLa cells; however, de-
spite high levels of virus replication (�105 focus-forming units
[FFU]/ml), IFN-� levels were undetectable.

SFTSV NSs inhibits phosphorylation of IRF3. It is well-
known that induction of the IFN-� promoter following SeV in-
fection is the culmination of a signaling cascade that begins with
viral RNA recognition by RIG-I and results in the activation of
IRF3 (5, 12). IRF3 is a transcription factor that is present in an
inactivated state in the cytoplasm and whose activation occurs
through hyperphosphorylation of its autoinhibitory, carboxy-ter-
minal domain, resulting in IRF3 dimerization and nuclear accu-
mulation (51, 52). In light of our and previous observations (39)
concerning the inhibition of IFN-�/� promoter activation by
SFTSV NSs, we employed previously described methodologies to
assess if SFTSV NSs inhibits SeV infection-induced activation of
IRF3 (48). Results from cotransfection assays that used expression
plasmids carrying VP35 (a known inhibitor of IRF3 phosphoryla-
tion [48]), SFTSV NP, and SFTSV NSs together with an IRF3
expression plasmid showed a marked inhibition of SeV-mediated
phosphorylation of IRF3 by SFTSV NSs. Notably, the SeV-medi-
ated activation of IRF3 was similarly inhibited in cells expressing
either VP35 or SFTSV NSs, and this inhibition was not due to
reduced IRF3 expression levels (Fig. 1D). Consistent with the re-
sults from the IFN reporter gene assays, we did not observe inhi-
bition of IRF3 phosphorylation by SFTSV NP. This finding sug-
gests that inhibition of type I IFN by SFTSV NSs occurs upstream
of IRF3 phosphorylation.

SFTSV NSs inhibits activation of the IFN-� promoter in-
duced by signaling components upstream of IRF3. RIG-I activa-
tion results in IRF3 phosphorylation due to a cascade of signaling
events involving binding of activated RIG-I to MAVS followed by
activation of IRF3 kinases, such as TBK1. It has also been previ-
ously reported that SFTSV NSs interacts with TBK1, but how this
interaction affects TBK1 functions has not been elucidated (39).
To gain insights into the mechanism by which SFTSV NSs inhibits
IRF3 phosphorylation, we conducted reporter gene-based assays
to determine if the interaction of SFTSV NSs with TBK1 affects
TBK1 signaling. Furthermore, we examined another relevant in-
nate signaling component(s) as a potential target of the SFTSV
NSs. HEK293T cells were cotransfected with an IFN-� promoter
fused to CAT, an empty vector, or plasmids carrying genes ex-
pressing SFTSV NSs and SFTSV NP, together with a plasmid car-
rying a gene expressing constitutively activated RIG-I–FLAG
(RIG-I–CARDs), MAVS-HA, TBK1-FLAG, or constitutively acti-
vated IRF3 (IRF3-5D), whose overexpression results in activation
of the IFN-� promoter. Notably, SFTSV NSs, but not SFTSV NP,
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inhibited the activation of the IFN-� promoter induced by RIG-
I–CARDs, MAVS, and TBK1 (Fig. 2). These results indicate that
SFTSV NSs specifically inhibits the RIG-I signaling pathway up-
stream of IRF3, resulting in the suppression of IFN responses.
Interestingly, a substantial portion of the expressed TBK1 protein,
but not RIG-I or TRIM25, was retained in the cellular pellet (Fig.
2C and data not shown). Since it has previously been shown that
SFTSV NSs interacts with TBK1 (39), these results suggest that the
SFTSV NSs/TBK1 interaction negatively impacts TBK1 signaling
functions by relocalizing the signaling protein into a different
compartment. However, our data suggest that it may be possible
for SFTSV NSs to target other RLR signaling components besides
TBK1.

SFTSV NSs interacts with TBK1, RIG-I, and TRIM25. In light
of the findings described above, we sought to determine the pos-
sible physical interactions between SFTSV NSs, RIG-I, MAVS,
TBK1, and TRIM25. In these experiments, SFTSV NSs-HA, RIG-
I–FLAG, MAVS-FLAG, TBK1-FLAG, and TRIM25-V5 were

cotransfected in HEK293T cells. SFTSV NSs was precipitated from
cellular lysates by using anti-HA-tagged beads. Protein complexes
resulting from the protein-protein interaction with the SFTSV
NSs were resolved by SDS-PAGE and Western blotting. As previ-
ously reported (39), we observed that TBK1 coprecipitated with
SFTSV NSs (Fig. 3A, lane 5). Interestingly, we also observed that
TRIM25, but not MAVS, coprecipitated with SFTSV NSs (Fig. 3B,
lane 4, and A, lane 4, respectively). Furthermore, RIG-I also co-
precipitated with SFTSV NSs (Fig. 3B, lane 6); however, the
amount of coprecipitated RIG-I (relative to its total expression
levels) was smaller than the amount of TBK1 and TRIM25 that
coprecipitated with SFTSV NSs. Interestingly, when TRIM25 and
RIG-I were expressed together with SFTSV NSs-HA, the amount
of coprecipitated RIG-I, determined using anti-HA antibodies,
increased by approximately 2-fold (Fig. 3B [compare lanes 6 and
7] and C). Taken together, these data suggest that SFTSV NSs
interacts primarily with TBK1 and TRIM25 and that the interac-
tion with RIG-I may be indirect and promoted via TRIM25.

FIG 1 SFTSV NSs inhibits type I IFN. (A and B) HEK293T cells were transfected with an IFN-�-CAT plasmid, along with the indicated expression plasmids. At
24 h posttransfection, cells were infected with SeV (A) or transfected with dsRNA (B), and at 24 h after infection or dsRNA treatment, cell lysates were collected
and assessed for CAT activity. Error bars represent the standard deviation of the mean percentage in three independent experiments. Asterisks specify statistically
significant differences (P � 0.05) between the indicated group and the pCAGGS-treated group. (C) HeLa cells were transfected with a plasmid expressing
mCherry or SFTSV NSs fused to mCherry and infected with SeV. At 24 h postinfection, supernatants were collected and assessed for IFN-� by ELISA. Error bars
represent the standard deviation of the mean percentage in three independent experiments. Asterisks indicate statistically significant differences (P � 0.05) in the
production of IFN-� between the mCherry- and SFTSV NSs-mCherry-expressing cells. (D) HEK293T cells were transfected with plasmids carrying IRF3 and the
indicated HA-tagged expression plasmids. At 24 h after transfection, cells were infected with SeV, and 10 h later cell lysates were collected and assayed for IRF3
phosphorylation by using phosphor and total IRF3 antibodies. Expression of the viral proteins was confirmed by using antibodies against the HA tag, and loading
was verified with antibodies against �-actin. n.d., not detected.
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SFTSV NSs sequesters RIG-I signaling molecules into NSs-
induced LC3� and Rab5� cytoplasmic structures. Upon viral
RNA recognition, RIG-I switches from a passive to an active con-
formation, exposing the CARDs for interaction with downstream
signaling proteins, including the adaptor protein MAVS. In addi-
tion, interaction of the exposed CARDs of RIG-I with the E3 ubiq-
uitin ligase TRIM25 results in RIG-I conjugation and/or binding
to K63 polyubiquitin, and this is critical for optimal RIG-I inter-
action with MAVS and activation of downstream signaling events
(21–23). In light of the results described above and to gain more

insight into the mechanism by which SFTSV NSs inhibits IFN
responses, we conducted a bimolecular fluorescence complemen-
tation (BiFC) assay (53) to investigate whether the inhibition of
IFN responses by SFTSV NSs has an inhibitory effect on RIG-I/
TRIM25 or RIG-I/MAVS interaction. In this cell-based assay, de-
tection of yellow fluorescent protein (YFP) is achieved upon RIG-
I/TRIM25 (Fig. 4B, upper left) or RIG-I/MAVS (Fig. 4B, upper
right) interaction, which occurs as a result of activation of RLR
signaling due to overexpression of these proteins. Thus, it would
be predicted that if SFTSV NSs inhibits the RIG-I interaction with

FIG 2 SFTSV NSs inhibits activation of IFN-� induced by different signaling factors. HEK293T cells were transfected with the indicated viral protein expression
plasmids and an IFN-�–CAT plasmid, along with the RIG-I N terminus (RIG-I N) (A), MAVS (B), TBK1 (C), or IRF3-5D (D), and at 16 h after transfection, cell
lysates were collected and assessed for CAT activity. Error bars represent the standard deviation of the mean percentage in three independent experiments.
Asterisks specify statistically significant differences (P � 0.05) between the indicated group and the pCAGGS-treated group. Expression of the proteins was
confirmed by Western blotting using anti-FLAG, anti-HA, anti-IRF3, and anti-�-tubulin antibodies.
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TRIM25 or MAVS, YFP expression would not be detected. Nota-
bly, transfection assays using an expression plasmid carrying
SFTSV NSs alone resulted in the formation of cytoplasmic struc-
tures with a vesicle-like morphology, as visualized by confocal and
immunogold electron microscopy studies (Fig. 4A). In the pres-
ence of SFTSV NSs, the formation of the BiFC RIG-I/TRIM25 and
BiFC RIG-I/MAVS complexes was not inhibited. However, we
observed that the RIG-I/TRIM25 complex, but not the RIG-I/
MAVS complex, relocalized within the SFTSV NSs-induced struc-
tures (Fig. 4B, left and right, respectively). These results differ
from those observed in SFTSV NP-expressing cells, where the lo-
calization and formation of the BiFC RIG-I/TRIM25 and BiFC
RIG-I/MAVS complexes were not affected (Fig. 4B, bottom). Fur-
thermore, results from cotransfection assays using expression

plasmids carrying an enhanced yellow fluorescent protein-tagged
RIG-I (YFP–RIG-I), TRIM25 (TRIM25-V5), or TBK1 (TBK1-
FLAG) together with SFTSV NSs resulted in the colocalization of
RIG-I, TRIM25, and TBK1 within these SFTSV NSs-induced
structures (Fig. 5A to C). The SFTSV NSs was observed lining the
membrane of these cytoplasmic structures, suggesting that there
might be a spatial organization between the viral protein and the
signaling components. Taken together, these data suggest that the
expression of SFTSV NSs promotes redistribution of the cytoplas-
mic proteins RIG-I, TRIM25, and TBK1, but not the mitochon-
drial signaling protein MAVS, into SFTSV NSs-induced cytoplas-
mic structures.

Due to the observed colocalization of the signaling compo-
nents and their interaction with the SFTSV NSs-containing struc-

FIG 3 SFTSV NSs interacts with TBK1, RIG-I, and TRIM25. (A) HEK293T cells were transfected with the indicated expression plasmids, and at 24 h after
transfection, cell lysates were collected and subjected to immunoprecipitation (IP) by using anti-HA antibodies. Immunoprecipitates were analyzed by immu-
noblotting (IB) using anti-FLAG and anti-HA antibodies. Whole-cell lysates (WCL) were immunoblotted by using anti-FLAG and anti-HA antibodies. (B)
HEK293T cells were transfected with the indicated expression plasmids, and at 24 h after transfection, cell lysates were collected and subjected to immunopre-
cipitation by using anti-HA antibodies. Immunoprecipitates were analyzed by immunoblotting using anti-FLAG, anti-V5, and anti-HA antibodies. Whole-cell
lysates were immunoblotted by using anti-FLAG, anti-V5, and anti-HA antibodies. Numbers to the left of the gels in panels A and B are molecular masses (in
kilodaltons). (C) Densitometry analysis of immunoprecipitated RIG-I for panel B. The band signal intensity of the immunoprecipitated RIG-I protein was
normalized to the signal intensity of the RIG-I protein expressed in the whole-cell lysate. Signal intensities were obtained by using Image Studio Lite software.
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tures, we sought to further characterize the source of these puncta.
Formation of NSs containing cytoplasmic vesicles in the context
of SFTSV infection was first confirmed by indirect immunofluo-
rescence assays (IFA) using antibodies raised against the viral pro-
tein NSs (Fig. 6A). Colocalization of RIG-I, TRIM25, and TBK1
within these SFTSV NSs-induced structures was also confirmed in
SFTSV-infected cells (Fig. 6B to D). We observed that over 90% of
SFTSV-infected cells expressing these IFN signaling proteins dis-
played 3 or more colocalization events. Furthermore, the spatial
organization between the SFTSV NSs and the signaling compo-
nents was confirmed in the context of SFTSV infection.

Since some RNA viruses induce the formation of cytoplasmic
vesicles that display hallmarks of cellular autophagosomes, in-
cluding positive staining for LC3 (54), we next examined colocal-
ization of SFTSV NSs with GFP-LC3 following infection with
SFTSV. It is known that LC3 has a cytosolic distribution in its
inactive state, which is reflected as a diffuse low-level GFP-LC3
expression pattern; however, upon activation during upregula-
tion of autophagy, GFP-LC3 accumulates in autophagosomal
membranes, resulting in the presence of GFP-LC3 puncta. Ac-
cordingly, cells expressing GFP-LC3 showed low levels of diffuse
fluorescence in their cytoplasm, and only a minor percentage of

the cells displayed GFP-LC3 puncta. However, when these cells
were infected with SFTSV, we observed a substantial increase in
the number of cells with cytoplasmic structures containing GFP-
LC3, consistent with the formation of autophagosomes. More im-
portantly, colocalization of GFP-LC3 with SFTSV NSs-induced
structures was evident (Fig. 7A), suggesting that the SFTSV NSs-
induced cytoplasmic structures may be autophagosomes. To test
this possibility, we next investigated whether the knockdown of
Atg7, a gene essential for conventional autophagy (40), disrupted
the formation of the SFTSV NSs-induced cytoplasmic structures.
Thus, Atg7�/� and Atg7�/� MEF cells were transfected with an
expression plasmid carrying SFTSV NSs alone or in the presence
of plasmids carrying GFP-LC3, YFP-TRIM25, or TBK1-FLAG,
and the formation of cytoplasmic structures and relocalization of
TRIM25 and TBK1 within these structures were evaluated by con-
focal microscopy. Surprisingly, the formation of SFTSV NSs-in-
duced cytoplasmic structures and the redistribution of RLR sig-
naling proteins within these structures were evident in both
Atg7�/� and Atg7�/� cells (Fig. 7B and C). Furthermore, colocal-
ization of GFP-LC3 structures with SFTSV NSs was still observed
in Atg7�/� cells (data not shown). It is worth noting that the size
and morphology of the SFTSV NSs-induced cytoplasmic struc-

FIG 4 SFTSV NSs targets the RIG-I/TRIM25 complex to cytoplasmic structures. (A) HeLa cells were transfected with a plasmid carrying SFTSV NSs fused to
mCherry, and at 24 h after transfection, cells were fixed and analyzed by confocal microscopy (top). In another set of experiments, the SFTSV NSs-induced
structures were purified from cells stably expressing SFTSV NSs-mCherry using serial centrifugation and OptiPrep density gradient centrifugation and subjected
to immunogold labeling and electron microscopy analyses (bottom). Red arrowhead, SFTSV NSs protein staining. (B) HeLa cells were transfected with BiFC
RIG-I/TRIM25 (left) or BiFC RIG-I/MAVS (right) construct pairs along with an empty plasmid or a plasmid carrying SFTSV NSs-HA. Transfected cells were
incubated for 24 h at 37°C and then incubated at 30°C for 2 h to promote fluorophore maturation. Cells were fixed and analyzed by confocal microscopy. Rabbit
anti-HA and Alexa Fluor 633 were used for detection of SFTSV NSs. Cell nuclei were visualized by using Hoechst dye.
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tures differed from those observed in human cell lines and the
structures appeared to be more heterogeneous in shape (compare
Fig. 7 to Fig. 4 to 6). Taken together, the results suggest that SFTSV
NSs-induced structures are not conventional autophagosomes.

Since it is known that bunyaviruses assemble in association
with Golgi membranes and components of the endoplasmic retic-
ulum (ER) (55–57), we next investigated if the SFTSV NSs-in-
duced cytoplasmic structures colocalized with Golgi apparatus
and ER markers. HeLa cells were transfected with the Golgi appa-
ratus markers B4GalT1-RFP and TGOLN-RFP or the ER marker
CALR-C–RFP, along with a plasmid carrying SFTSV NSs. Inter-
estingly, confocal microscopy studies did not reveal an association
of the SFTSV NSs-induced structures with the Golgi apparatus or
ER membranes (data not shown). The lack of colocalization be-
tween SFTSV NSs and the corresponding markers was confirmed
in the context of SFTSV infection (Fig. 8A). Next, we evaluated
whether other cellular markers (including mitochondria, peroxi-
somes, lysosomes, EDEMosomes, and early and late endosome
markers) colocalized with the SFTSV NSs-induced cytoplasmic
structures, and we observed that the early endosome marker Rab5,
but not Rab4, colocalized with the SFTSV NSs-induced cytoplas-
mic structures (Fig. 8B), suggesting that SFTSV NSs uses the en-
dosomal system to inhibit IFN responses.

Rab5 plays a central role in endosome biogenesis (58, 59). In

addition, the endosomal pathway has been shown to promote
internalization and/or virus replication (60–63). Indeed, entry
into Rab5� early endosomes has been previously described for
Uukuniemi virus, another member of the genus Phlebovirus (64).
Thus, we sought to determine if Rab5 was required for the forma-
tion of the SFTSV NSs-induced endosome-like structures. Inter-
estingly, we observed that Rab5 gene knockdown by transfection
of exogenous Rab5 small interfering RNA did not affect the for-
mation of cytoplasmic structures in SFTSV NSs-transfected cells
(data not shown). Furthermore, transient transfection with a
dominant negative (S34N) Rab5 mutant, which has been shown
to preferentially bind GDP over GTP, keeping Rab5 in an inactive
state (65), did not prevent the formation of the SFTSV NSs-in-
duced cytoplasmic structures in SFTSV NSs-transfected or
SFTSV-infected cells (data not shown and Fig. 8C). Taken to-
gether, these data suggest that activation of Rab5 and/or down-
stream endocytic trafficking is not necessary for the formation of
the SFTSV NSs-induced cytoplasmic structures.

DISCUSSION

Recognition of viral pathogens by RLRs results in the activation of
type I IFN responses. To avoid this response, most viruses have
evolved strategies that target different essential steps in the activa-
tion of host innate immunity. Our understanding of how phlebo-

FIG 5 SFTSV NSs targets TBK1, RIG-I, and TRIM25 to cytoplasmic structures. (A) HeLa cells were transfected with a plasmid carrying YFP–RIG-I (A),
TBK1-FLAG (B), or YFP-TRIM25 (C) along with an empty vector or a plasmid carrying SFTSV NSs-HA. Then, at 24 h after transfection, cells were fixed, stained
with anti-FLAG and anti-HA antibodies, and analyzed by confocal microscopy. Cell nuclei were visualized by using Hoechst dye. Arrows, sections selected for the
insets.
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viruses counteract host IFN responses has come principally from
studies involving RVFV. RVFV activates the cytoplasmic sensor
RIG-I through RIG-I recognition of its viral RNA (66). However,
it is known that the NSs protein of RVFV is a major virulence
factor with the capacity to block IFN-� gene expression early (3 to
4 h) after infection (30). Mechanistically, RVFV NSs was found to
interact with Sin3A-associated protein 30 (SAP30), a subunit of
the Sin3A/nuclear receptor corepressor (NCoR)/histone deacety-
lase repressor complex and a partner of the transcription factor
YY1 (67). The Sin3A-associated corepressor factors SAP30 and
NSs are then recruited to the IFN-� promoter site through YY1,
thereby inhibiting the recruitment of the coactivator CREB-bind-
ing protein, histone acetylation, and transcriptional activation
(30). RVFV NSs was also shown to inhibit host cell gene transcrip-
tion by sequestering the p44 subunit of the TFIIH basal transcrip-
tion factor into NSs filamentous structures that are characteristic
of RVFV infection (31). This process occurs relatively late (8 to 9
h) after viral infection. Recently, RVFV NSs was also shown to
promote the posttranslational downregulation of PKR through

the proteasomal pathway, which prevents the phosphorylation of
eIF2� and supports viral translation in infected cells (29, 32, 33).
In addition, RVFV NSs-mediated posttranslational downregula-
tion of the p62 subunit of TFIIH has recently been described (34).
Interestingly, this mechanism was not shared by sand fly fever
Sicilian phlebovirus, another member of the genus Phlebovirus
(68).

In this study, we sought to identify whether the novel phlebo-
virus SFTSV encodes proteins with the ability to inhibit IFN re-
sponses and to determine the mechanism by which the viral pro-
tein exerts its function. Not surprisingly, we found that the SFTSV
NSs serves as a potent inhibitor of host IFN responses, in agree-
ment with the role of other bunyavirus NSs proteins in suppress-
ing host cellular responses (28). We observed that cells expressing
SFTSV NSs produced less IFN-� in response to virus infection
than cells expressing an irrelevant protein. This result is also con-
sistent with that of a previous study reporting the ability of SFTSV
NSs to suppress activation of the IFN-� promoter induced by viral
infection and dsRNA treatment (39). Interestingly, we also at-

FIG 6 RIG-I and TRIM25 colocalize in SFTSV NSs-induced cytoplasmic structures following SFTSV infection. (A) HeLa and Vero cells were infected with
SFTSV (MOI 	 0.5), and at 24 h postinfection, cells were fixed and immunofluorescence staining was performed with antibodies against SFTSV NSs. Cell nuclei
were visualized by using Hoechst dye. Results from HeLa cells are shown. (B and D) HeLa cells were transfected with YFP-RIG-I (B), YFP-TRIM25 (C), or
TBK1-FLAG (D) expression plasmids and then mock infected or infected with SFTSV (MOI 	 0.5). Then, at 24 h postinfection, cells were fixed and immuno-
fluorescence staining was performed by using antibodies against SFTSV NSs and FLAG. Cell nuclei were visualized by using Hoechst dye. Arrows, sections
selected for the insets.
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tempted to measure the production of IFN-� in cells infected with
SFTSV, but IFN-� was undetected, despite high levels of virus
replication. This result provides further support for the ability of
SFTSV to block IFN-� responses. It was also previously reported
that the SFTSV NP had the capacity to inhibit activation of the
IFN-� promoter upon viral infection and poly(I·C) treatment
(39). However, the findings from our study contradicted those

observations, because in our assays the SFTSV NP was not able to
inhibit the phosphorylation of IRF3 induced by SeV infection or
the activation of the IFN-� promoter induced by dsRNA, RIG-I,
MAVS, TBK1, IRF3, or viral infection.

Consistent with previous observations, we confirmed the ca-
pacity of SFTSV NSs to interact with TBK1 (39). Astonishingly, we
found that SFTSV NSs induces the formation of cytoplasmic

FIG 7 SFTSV NSs-induced cytoplasmic structures colocalize with LC3 but are not autophagosomes. (A) HeLa cells were transfected with a plasmid carrying
GFP-LC3, and at 24 h after transfection, cells were mock infected or infected with SFTSV (MOI 	 0.5). Cells were fixed, and immunofluorescence staining was
performed by using antibodies against SFTSV NSs. Cell nuclei were visualized by using Hoechst dye. (B and C) Atg7�/� and Atg7�/� MEF cells were transfected
with plasmids carrying YFP-TRIM25 (B) or TBK1-FLAG (C), together with a plasmid carrying SFTSV NSs-HA. At 24 h posttransfection, cells were fixed and
immunofluorescence staining was performed with antibodies against SFTSV NSs and FLAG. Cell nuclei were visualized by using Hoechst dye. Arrows, sections
selected for the insets.
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structures and that it targets TBK1 into these structures. In an
attempt to determine whether SFTSV NSs may affect the function
of other RLR signaling components, we observed that SFTSV NSs
also interacts with and relocalizes the viral recognition receptor
RIG-I and the E3 ubiquitin ligase TRIM25 into these SFTSV NSs-
induced structures. The interaction of SFTSV NSs with RIG-I ap-
pears to be indirect on the basis of the fact that (i) some protein
still remains in the cytoplasm, (ii) RIG-I is still able to interact with
MAVS, as evidenced by the BiFC data, and (iii) TRIM25 enhances

this interaction. Since the association of SFTSV NSs with TBK-1
and other IFN signaling components was assessed only upon over-
expression, it is also possible that these associations are not direct
and may be mediated through another still unidentified cellular
factor(s). Future studies involving recombinant proteins are
needed to fully characterize these associations.

In our study, we also observed that SFTSV NSs colocalizes with
GFP-LC3 structures, prompting us to investigate if SFTSV NSs
might target TBK1, RIG-I, and TRIM25 to autophagosomes. This

FIG 8 The early endosomal marker Rab5 is associated with the SFTSV NSs-induced cytoplasmic vesicles. HeLa cells were transfected with plasmid carrying the
Golgi apparatus marker B4GalT1-RFP (A), the endosomal marker Rab5-RFP (B), or the a dominant negative (DN) variant of Rab5 fused to mCherry (C). At 24
h posttransfection, cells were infected with SFTSV (MOI 	 0.5). At 24 h postinfection, the cells were fixed, stained with anti-SFTSV NSs antibody, and analyzed
by confocal microscopy. Cell nuclei were visualized by using Hoechst dye. Arrows, sections selected for the insets.
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possibility was explored in cells lacking Atg7, a gene essential for
conventional autophagy, and the results demonstrated that the
SFTSV NSs-induced structures were still formed in Atg7�/� cells.
Furthermore, redistribution of TBK1, RIG-I, and TRIM25 into
these SFTSV NSs-induced structures still occurred in cells lacking
Atg7, suggesting that the cytoplasmic structures induced by
SFTSV NSs are not conventional autophagosomes. An alternative
Atg7-independent autophagy pathway has recently been recog-
nized. In this pathway, autophagosomes are generated in a Rab9-
dependent manner and do not involve the lipidation of LC3-I to
LC3-II and, thus, lack the classical formation of LC3 puncta (69,
70). The SFTSV NSs-induced structures do not appear to be un-
conventional autophagosomes, since formation of GFP-LC3
structures was still observed in Atg7�/� cells in the presence of
SFTSV NSs. Notably, it has recently been recognized that LC3 can
also play an autophagy-independent role in vesicle-trafficking
events (71, 72). Specifically, it has been shown that LC3 is associ-
ated with EDEMosomes, which are double-membrane vesicles re-
leased from the ER and contain certain ER-associated degradation
(ERAD) factors, such as EDEM1 and OS-9. In our studies, we did
not find colocalization of EDEMosome markers with SFTSV NSs-
induced LC3� cytoplasmic structures.

In an attempt to identify the source of the SFTSV NSs-induced
structures, we investigated the involvement of the endosomal
pathway and observed the colocalization of SFTSV NSs with the
early endosome marker Rab5 but not Rab4. Some of the SFTSV
NSs-induced cytoplasmic structures are reminiscent of vesicles
produced upon overexpression of a constitutive active form of
Rab5 (73). However, the formation of SFTSV NSs-induced struc-
tures was still observed even in the presence of dominant negative
(S34N) Rab5, suggesting that activation of Rab5 and downstream
endocytic trafficking are not necessary for the formation of these
cytoplasmic structures. Thus, it is possible that SFTSV NSs could
be functioning in a Rab5-like manner. This could potentially open
interesting avenues to explore in future studies.

It was earlier reported that cytomegalovirus redirects the
NF-�B essential modulator (NEMO), a regulatory subunit of the
IKK complex, to autophagosomes to avoid activation of the inflam-
matory cascade (74). The cytomegalovirus protein M45 was found to
bind NEMO and to target the protein to autophagosomes for degra-
dation, blocking the host inflammatory response. However, redirec-
tion of critical components of the IFN signaling pathways to LC3�

and Rab5� structures as a potential mechanism to inhibit host innate
immune responses has not yet been described. These results show a
correlation between the sequestration of RIG-I signaling proteins and
the inhibition of IFN responses. This points toward a novel mecha-
nism for the suppression of IFN responses by a viral pathogen. Future
studies are needed to conclusively demonstrate that the sequestration
of these signaling proteins is conducive to the inhibition of IFN re-
sponses.
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