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ABSTRACT Severe fever with thrombocytopenia syndrome (SFTS) virus (SFTSV) is an
emerging highly pathogenic phlebovirus. The syndrome is characterized by the sub-
stantial production of inflammatory cytokines and chemokines, described as a cytokine
storm, which correlates with multiorgan failure and high mortality. SFSTV nonstructural
(NSs) protein was suggested to mediate the pathogenesis by inhibiting antiviral inter-
feron signaling in the host. However, whether SFTSV NSs protein mediates the induc-
tion of a fatal cytokine storm remains unaddressed. We demonstrated that SFTSV NSs
promotes the hyperinduction of cytokine/chemokine genes in vitro, reminiscent of a
cytokine storm. Using gene deletion and pharmacological intervention, we found that
the induced cytokine storm is driven by the transcription factor NF-«B. Our investiga-
tion revealed that TANK-binding kinase 1 (TBK1) suppresses NF-kB signaling and cyto-
kine/chemokine induction in a kinase activity-dependent manner and that NSs seques-
ters TBK1 to prevent it from suppressing NF-kB, thereby promoting the activation of
NF-kB and its target cytokine/chemokine genes. Of note, NF-kB inhibition suppressed
the induction of proinflammatory cytokines in SFTSV-infected type | interferon (IFN-I)
receptor 1-deficient (Ifnar1~/~) mice. These findings establish the essential role of NSs
in SFTS pathogenesis and suggest NF-kB as a possible therapeutic target.
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evere fever with thrombocytopenia syndrome (SFTS) is a life-threatening hemor-

rhagic fever-like disease caused by tick-borne SFTS virus (SFTSV), a member of the
Phlebovirus genus, Phenuiviridae family, Bunyavirales order (1, 2). SFTSV was first identi-
fied in China in 2009 and subsequently detected in South Korea and Japan (3-6).
Moreover, another phlebovirus that is genetically closely related to SFTSV, Heartland
virus, was isolated from patients in the United States a few years later (7).

Due to its high fatality rate (between 12 and 30%), the heavy disease burden, and
the lack of specific and efficient medical countermeasures, SFTSV was listed by the
World Health Organization as one of the top prioritized pathogens for research and de-
velopment (8). Since its identification in 2009, significant progress has been achieved
regarding our understanding of the molecular biology of the virus and the develop-
ment of diagnostic assays and reagents. On the other hand, little progress has been
made on its pathophysiology, immunological responses, and treatment regimens.
Thus, there is a growing and urgent need for a detailed understanding of the pathol-
ogy of SFTS, which is essential for the development of medical interventions.

The hallmarks of SFTSV infection are high fever and low platelet count (thrombocyto-
penia). Other commonly reported symptoms include vomiting, diarrhea, and elevated
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liver enzymes. The disease has three clinical phases: fever, multiorgan dysfunction, and
convalescence. Pathological and clinical studies on SFTS revealed that the mechanisms
behind the high fatality rate are the virus-induced cytokine storm, coagulopathy due to
disseminated intravascular coagulation, and the progression of multiorgan dysfunction
into multiorgan failure in severe cases (9, 10). The cytokine storm is an excessive inflam-
matory reaction characterized by the hyperproduction of proinflammatory cytokines and
chemokines in response to virus detection. It is a sign of severe inflammation, which can
cause serious pathological changes and result in multiorgan dysfunction commonly
observed in Ebola, dengue, and Crimean-Congo hemorrhagic fever (11-13).

Several reports have described the cytokine storm in SFTS patients and the kinetics
of cytokines and chemokine induction. Based on these reports, tumor necrosis factor
alpha (TNF-a), interferon gamma (IFN-y), interleukin-10 (IL-10), interleukin-6 (IL-6), and
C-X-C motif ligand 10 (CXCL10), among others, were found to correlate with disease se-
verity. Serum levels of TNF-a and monocyte chemoattractant protein 1 (MCP-1) were
significantly higher in SFTS patients than in healthy persons, and in severe SFTS
patients than in mild SFTS patients. Interleukin-8 (IL-8), among other chemokines,
exhibited a unique pattern of increase in fatal cases but not in nonfatal cases (14-18).
Moreover, increased levels of soluble interleukin-2 receptor alpha (IL-2Ra) correlated
with a lower platelet count, decreased platelet-derived growth factor BB levels, and
increased serum alanine aminotransferase, aspartate aminotransferase, and creatinine
kinase levels in SFTS patients (17).

These data support the hypothesis that the cytokine storm is a prognostic marker
in the acute phase of SFTSV infection.

Several transcription factors were reported to mediate the cytokine storm in
response to virus detection, one of which is nuclear factor kB (NF-kB), which is a major
regulator of the inflammatory response. NF-kB activation is a rapid event that does not
require protein synthesis and functions in essential regulatory processes in the host
cell. Indeed, many viruses have developed different strategies to alter the NF-kB path-
way, including human immunodeficiency virus type 1, herpesviruses, human T-cell leu-
kemia virus type 1 (HTLV-1), and influenza virus (19-25).

Of note, it has been reported that the nonstructural protein of SFTSV, NSs, forms
cytoplasmic granules and adsorbs the TANK-binding kinase 1 (TBK1) therein to block
its functions (26-28). NSs also targets retinoic acid-inducible gene | (RIG-I) and signal
transducer and activator of transcription 1 and 2 (STAT1 and STAT2) (27, 29, 30). Thus,
NSs is an important viral immune evasion component. However, its relationship with
the cytokine storm is unclear.

Wild-type mice are resistant to SFTSV infection for lethal symptoms; however, type |
interferon (IFN-I) receptor 1-deficient (Ifnar1~/~) mice are highly susceptible and used
as a lethal SFTS model (31). SFTSV infection in Ifnar1~/~ mice revealed the hyperpro-
duction of inflammatory cytokines, resembling human SFTS. However, mice deficient
for both mitochondrial antiviral-signaling protein (MAVS) and myeloid differentiation
primary response protein (MyD88), which are responsible for both IFN-I and cytokine
production, survived upon SFTSV infection (32). These results further emphasized the
relationship between the fatality of SFTS and cytokine hyperproduction.

We aimed to delineate the mechanism of cytokine overexpression in response to
SFTSV, particularly the role of the essential viral effector NSs. We demonstrated that
NSs is involved as a hyperactivator of NF-kB, which mediated the cytokine storm in
vitro. Of note, inhibition of NF-kB signaling rescued the cytokine storm by SFTSV infec-
tion both in vitro and in vivo. These findings present new insights into the pathogene-
sis of fatal SFTS and may promote the understanding of virus-host interactions and the
development of antiviral therapeutics.

RESULTS

SFTSV-NSs altered the expression of cytokine and chemokine genes and their
suppression by an NF-kB inhibitor. As NSs of SFTSV has been linked to host immune
alteration and evasion of innate antiviral immunity, we utilized a Flag-tagged SFTSV-NSs
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expression vector to transfect Hela cells and investigated the effects of NSs on host
immune gene expression related to cytokine/chemokine signaling. Overexpression of NSs
marginally altered basal expression of the IL-8, IL-6, CXCL1, CXCL2, CCL2, and IL2RA genes
(Fig. 1A). However, their expression induced by Sendai virus (SeV) infection was markedly
increased by NSs. These results are consistent with the increased expression of MCP-1
(encoded by CCL2) and IL-2Re in severe SFTS cases (Fig. 1B). Of note, an inhibitor of NF-kB,
TPCA-1, strongly inhibited expression of these genes in Hela cells, consistent with the
reports that NF-kB plays an essential role in their regulation (33-38). To further demon-
strate NF-kB involvement, we knocked down the p65 subunit of NF-kB by small interfering
RNA (siRNA) (Fig. 1Q). Efficient knockdown of p65 abolished the hyperactivation of the IL-8
gene by NSs. As an alternative approach, we generated mutant Hela cells with an IKKA—/~
IKKB~"~ (IKKA,B double knockout [DKO]) or IKKG~"~ (IKKG KO) genotype by gene editing.
As expected, the strong IL-8 gene activation by NSs/SeV was undetectable in the mutant
cells (Fig. 1D). These results prompted us to hypothesize that NSs targets NF-kB for hyper-
activation of these genes.

NSs facilitated SeV- and TNF-a-induced activation of NF-kB. Next, we examined
the activation of NF-kB in the presence and absence of NSs. In unstimulated cells, NF-
KB resides in the cytoplasm as an inert complex with its inhibitor IkB, and upon stimu-
lation, NF-kB is liberated from inhibition and translocates to the nucleus. To monitor
these processes, we performed subcellular fractionation and monitored nuclear NF-kB
by immunoblotting (Fig. 2A). In unstimulated Hela cells, the p65 subunit of NF-kB is
absent in the nuclear fraction. Overexpression of NSs alone resulted in the detection of
p65 in the nucleus, albeit at a lower level than that induced by SeV infection. Combined
stimuli by NSs and SeV infection or NSs and TNF-« (Fig. 2B) further augmented the nuclear
p65 translocation and the phosphorylation of NF-kB inhibitor IkB-c. It is noteworthy that
such augmentation of nuclear NF-kB is absent in IKKA~/~ IKKB~/~ or IKKG~/~ Hela cells
(Fig. 2B), indicating that NSs induces IKK complex-dependent nuclear translocation of
NF-kB. As an alternative approach, we examined nuclear translocation of p65 by im-
munostaining and fluorescence quantification (Fig. 2C). Consistent with subcellular
fractionation, p65 nuclear translocation induced by SeV was further increased by NSs.
Moreover, TNF-a-induced p65 nuclear translocation was markedly augmented by
NSs, suggesting that increased NF-kB nuclear translocation by NSs is stimulus inde-
pendent. Next, the effects of NSs on transcriptional activity of NF-kB were examined
using an NF-kB-dependent luciferase reporter gene (Fig. 2D). A small but significant
increase was observed by overexpression of NSs alone (mock). Upon stimulation by
different viral infections and TNF-« treatment, the reporter was activated and further
enhanced by NSs. Taken together, the results show that NSs potently augments NF-«kB
activation induced by viral or TNF-« treatment.

TBK1 negatively regulates NF-kB. We next investigated if the deletion of TBK1
causes hyperactivation of NF-kB. HelLa TBK7*/* and Hela TBK1~/~ cells were mock
treated or stimulated by SeV, and kB motif DNA binding activity was examined by elec-
trophoretic mobility shift assay (EMSA) (Fig. 3A). Deletion of TBK1 resulted in hyperacti-
vation of NF-kB DNA binding activity, which was confirmed by a blocking assay with
specific antibodies. Moreover, immunoblotting revealed enhanced phosphorylation of
IkB-« in stimulated and unstimulated TBK7~~ cells compared to their wild-type coun-
terpart (Fig. 3B), suggesting that TBK1 attenuates phosphorylation of IkB-a. We also
assessed the transcriptional activity of NF-kB using a kB motif-regulated reporter gene
in HEK293T cells (Fig. 3C). Consistent with kB binding activity, deletion of TBK1 resulted
in higher promoter activity stimulated by SeV. When TBK1 expression was comple-
mented by transfection, the increased reporter activity was reversed. Of note, TBK1~/~
cells exhibited basal kB binding (Fig. 3A) and reporter activities (Fig. 3C) compared
with TBK1+/* cells. We further compared TBK1+/* and TBK1~/~ cells for SeV-induced IL-
8, CXCL1, and CXCL2 gene expression (Fig. 3D). Again, deletion of TBKT resulted in
hyperexpression of these genes and the NF-kB inhibitor TPCA-1 inhibited their expres-
sion. To further explore the involvement of the catalytic activity of TBK1 in increased
gene expression, we used its pharmacological inhibitor, BX795 (Fig. 3E). The inhibition
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FIG 1 SFTSV NSs altered the expression of cytokine and chemokine genes and their suppression by an NF-kB inhibitor. (A) Expression of the
IL-8, IL-6, CXCL1, CXCL2, CCL2, and IL2RA genes in Hela cells expressing or not expressing NSs-Flag was quantified by reverse transcription-
quantitative PCR (gqRT-PCR) upon mock treatment or SeV infection for 9h in the absence or presence of TPCA-1 (20 uM) (n=3). DMSO,
dimethyl sulfoxide. (B) Serum MCP-1 and IL-2Ra levels in SFTS patients. Comparison of fatal and nonfatal cases is shown. (C) (Left) Hela cells
were transfected with expression vector for control (siNC) or siRNA targeting p65 of NF-kB (sip65). Expression of p65 was examined by
immunoblotting. (Right) Expression of the IL-8 gene in Hela cells transfected with either sip65 or siNC in the presence or absence of NSs
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of TBK1 kinase activity was sufficient to reproduce hyper-gene expression caused by
TBK1 deletion. As expected, inhibition of TBK1 abrogated SeV-induced IFNB1 gene
induction. Collectively, these results suggest that TBK1 is an essential negative regula-
tor of NF-kB in a catalytic-activity-dependent manner.

Physical interaction between TBK1 and IKKp is interrupted by NSs. As we found
negative regulatory function of TBK1 against NF-kB activation, we sought to reveal the
molecular mechanism. Physical interaction between TBK1 and IKK3 was examined by
coimmunoprecipitation. First, we pulled down TBK1 from HEK293T IKKB~/~ and IKKS3-
reconstituted HEK293T IKKB~/~ cells (Fig. 4A). This revealed an interaction between
IKKB and TBK1. Next, we used HEK293T TBK1~/~ cells and their derivatives reconsti-
tuted with TBK1 (Fig. 4B). This revealed an interaction between IKK3 and TBK1, con-
sistent with the previous result (39). To test whether NSs impacts this interaction,
we used the latter cells and their derivatives transfected with NSs and pulled down
with TBK1 antibody. Remarkably, the interaction between IKKB and TBK1 was com-
pletely disrupted by NSs, a finding that may explain the potent activating effect of
NSs on NF-kB.

NF-kB inhibition ameliorates SFTSV-induced cytokine induction. Finally, to
address the physiological relevance of our observations, cytokine and chemokine
gene expression was examined in an SFTSV infection model in vitro (Fig. 5A) and in
vivo (Fig. 5B). Consistent with our observations, SFTSV strongly induced the expres-
sion of the IL-8, TNFA, and CCL2 genes in HEK293T cells, in addition to /6, Cxcl1, Tnfa,
and Ccl2 in type | interferon (IFN-I) receptor 1-deficient (Ifnar1~/~) mice, which was
abrogated by TPCA-1. This was unlikely to be due to the inhibition of viral replica-
tion by TPCA-1 because TPCA-1 treatment did not affect viral nucleoprotein (NP)
expression.

DISCUSSION

Wild-type mice survive SFTSV infection after limited viral replication. Ifnar1~/~ mice
are used as a lethal infection model for SFTSV. Therefore, the failure of type I IFN (IFN-I)
function was suspected as the basis of SFTS pathogenesis. However, it was previously
reported that viral NSs strongly inhibits the production and activity of IFN-I (27, 40).
These observations do not explain why Ifnar1*™/* mice resist fatal infection. On the
other hand, SFTS patients and infected Ifnar1=—/~ mice exhibit hyperproduction of
inflammatory cytokines and chemokines, termed the cytokine storm. In this study, we
demonstrated that NSs promotes the SeV-induced cytokine storm in cell culture (Fig.
1), suggesting that NSs plays a central role in the hyperinflammation. Our analyses
using a pharmacological inhibitor and gene knockdown and knockout revealed that
NF-kB plays an essential role in the hyperactivation of cytokines and chemokines.
Furthermore, we found that NSs strongly promotes SeV-induced activation of the nu-
clear translocation of NF-kB and NF-kB-dependent reporter gene activation (Fig. 2).
Similarly, TNF-a-induced nuclear translocation of NF-kB and NF-kB-dependent reporter
gene activation were promoted by NSs (Fig. 2).

In cells, NSs forms microscopic aggregates where TBK1 is sequestered, resulting in
the blockade of signaling to activate IFN-I genes (26, 28). We investigated if TBK1 inhi-
bition by NSs is also related to increased NF-kB activation. To address that, we gener-
ated TBK1~/~ cells and observed the effect on NF-kB signaling. TBK1~/~ cells exhibited
enhanced phosphorylation of IkB-e, an event that inevitably precedes NF-kB nuclear
localization (Fig. 3B), and increased NF-kB DNA binding activity (Fig. 3A). Furthermore,
a pharmacological inhibitor of TBK1 resulted in hyperinduction of the cytokines and
chemokines (Fig. 3E), suggesting that TBK1 negatively regulates NF-kB. Reconstitution

FIG 1 Legend (Continued)

expression and SeV infection, as indicated (n=3). (D) Wild-type HelLa cells and mutant Hela cells deficient in both IKKa and -8 (IKKA,B DKO)
or IKKy (IKKG KO) were stimulated by SeV infection in the presence or absence of NSs expression, as indicated. IL-8 gene expression was
monitored by qRT-PCR (n=3). Data are presented as means *= SEM. The Student t test was used for statistical analysis (¥, P<0.05; **,
P<0.01; ***, P<0.001).
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FIG 2 NSs accelerated the activation of NF-kB. (A) Hela cells (lanes 1 and 3) or those transfected with the expression vector for NSs-Flag (lanes 2 and
4) were mock treated (lanes 1 and 2) or infected with SeV for 9h (lanes 3 and 4). The cells were subjected to subcellular fractionation. Cytoplasmic and
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of TBK1~/~ cells with a TBK1 expression vector reversed the hyperactivation of NF-kB
transcriptional activity (Fig. 3C). We demonstrated the physical interaction between
TBK1 and IKKB (Fig. 4). Alarmingly, NSs disrupted this interaction, as validated by pull-
down and Western blot analysis (Fig. 4), suggesting that TBK1 inhibits the IKK complex
through phosphorylation of a hypothetical substrate, which has yet to be identified,
and that NSs releases the brakes on NF-kB by inhibiting TBK1 from interacting with IKK
complex, thereby activating an NF-kB-dependent cytokine storm. Of note, phosphoryl-
ation of TBK1 by IKKS is required for full TBK1 activation in TLR3/4-stimulated cells (39)
and IKKB inhibition inhibits IRF-3 activation. Thus, the cross talk between TBK1 and
IKKB is essential for homeostatic regulation. Our model is summarized in Fig. 6. Under
physiological conditions, TBK1 attenuates NF-kB activity, thereby limiting the activation
of cytokine and chemokine genes upon viral infection to avoid harmful inflammation.
In SFTSV-infected cells, NSs strongly blocks TBK1, resulting in the hyperactivation of
inflammation and blockade of IFN-I, causing the fatal cytokine storm. TNF-a, one of the
inflammatory cytokines, may participate in positive feedback of NF-kB activation, as
demonstrated in Fig. 2. This may explain why Tbk1=/~ mice exhibit embryonic lethality
(41).

Although several reports have addressed the activation of NF-kB by different viral
regulatory and nonstructural proteins, the mechanism provided for SFTSV NSs is novel
and unique. Other viruses activate NF-kB by yet-unknown mechanisms, such as human
respiratory syncytial virus (HRSV) through its NS1 and NS2 proteins (42) and hepatitis C
virus through its NS5A protein (43).0On the other hand, the regulatory Tax-1 protein of
human T-cell leukemia virus type 1 (HTLV-1) directly binds to the adapter protein
NEMO, thus causing the constitutive activation of the IKK complex and NF-kB (44).

NF-kB-mediated inflammation was also reported in severe acute respiratory syn-
drome coronavirus (SARS-CoV) disease. NF-kB inhibitors reduced inflammation seen in
infected lungs, with a decrease in the expression of proinflammatory cytokines and
chemokines. Like NSs in SFTSV, the viral E protein induced this NF-kB-mediated inflam-
matory response, with a possible role of the SARS-CoV nucleoprotein N (45, 46).
Another example is provided by the NS1 protein of dengue virus, which potentiates
proinflammatory cytokine production by upregulating Toll-like receptor 2 (TLR-2) and
TLR-6 (47). Collectively, these data show that the inflammatory cytokine storm can be
elicited by different regulatory viral proteins through various mechanisms.

Our study highlights TBK1 as a critical regulator between antiviral and inflammatory
responses upon viral infection. We propose the suppression of NF-kB as a promising
therapy for SFTS, and compelling evidence comes from our experiment in Ifnar—~
mice (Fig. 5B). This idea is supported by the observation that SFTSV infection in
Mavs—~ Myd88~/~ mice suppresses the induction of inflammatory cytokines as well
as IFN-I; however, no lethality was developed (32).

MATERIALS AND METHODS

Chemicals. TPCA-1 and BX795 were purchased from TOCRIS.

RNA isolation and real-time qPCR. Total RNA was harvested from cell lines using TRIzol reagent
(Invitrogen) and subjected to DNase | treatment (Roche Diagnostics). cDNA was generated using a high-
capacity cDNA reverse transcription kit (Applied Biosystems). Real-time quantitative PCR (QPCR) was per-

FIG 2 Legend (Continued)
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nuclear extracts were examined by immunoblotting using the indicated antibodies. (A) A representative results of three independent experiments is
shown. (B) Wild-type, IKKA,B DKO, and IKKG KO HelLa cells (lanes 1 and 3) or those transfected with the expression vector for NSs-Flag (lanes 2 and 4)
were mock treated (lanes 1 and 2) or treated with recombinant TNF-a (20 ng/ml) for 30 min (lanes 3 and 4). The cells were subjected to subcellular
fractionation. Cytoplasmic and nuclear extracts were examined by immunoblotting using the indicated antibodies. Comparison of nuclear p65 and
cytoplasmic p-IkB-a is shown, with a representative result of two independent experiments for each cell line. (C) Hela cells were transfected with the
empty or expression vector for Flag-NSs. Twenty-four hours later, cells were mock treated or infected with SeV for 9h or treated with TNF-a (20 ng/ml)
for 0.5 or 2h. Cells were fixed and stained for p65 for microscopy (left). Nuclear intensities were quantified (right). A representative result of two
independent experiments is shown. (D) HEK293T cells were cotransfected with the NF-kB-dependent reporter gene p55A2 and pRL-TK for normalization
with or without NSs-Flag. Twenty-four hours later, cells were mock treated or infected with different viruses (SeV, 9h; NDV, 9h; and EMCV, 12h) or
treated with TNF-a (20 ng/ml) for 4 or 24 h (n=3). Luciferase activity was assessed using pRL-TK activity as a reference. Data are presented as means *

SEM. The Student t test was used for statistical analysis.
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FIG 3 TBK1 negatively regulates NF-kB. (A) Wild-type and mutant Hela TBK1~/~ cells were mock treated or infected with SeV for 9h and subjected to
subcellular fractionation. Nuclear extracts were prepared and subjected to EMSA using a y-*?P-labeled kB motif DNA probe. The complex of NF-kB and
probe is indicated by an arrow. For blocking assay, the extracts were incubated with the indicated antibodies for 10 min prior to probe addition (left).
EMSA bands intensities were quantified (right). A representative result of three independent experiments is shown. (B) Wild-type and mutant Hela TBK1 '~
cells were either mock treated, infected with SeV for 9h, or treated with recombinant TNF-a (20 ng/ml) for 30 min before lysis. Whole-cell extracts were
examined by immunoblotting using the indicated antibodies. (C) Wild-type and mutant HEK293T TBK1~/~ cells were transfected with reporter genes p-
55A2 and pRL-TK. Where indicated, cells were cotransfected with the expression vector for TBK1. Twenty-four hours later, cells were left unstimulated
(mock) or stimulated with SeV infection as indicated. Luciferase activity was quantified using pRL-TK activity as an internal reference (n=3). (D) Wild-type
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FIG 4 Physical interaction between TBK1 and IKKB is disrupted by NSs. (A) Whole-cell lysates were prepared
from HEK293T IKKB~~ cells and IKKB-expressing HEK293T cells, prepared by stable complementation of the
HEK293T IKKB~/~ cells with an expression vector. The lysates were subjected to immunoprecipitation by anti-
TBK1 antibody, followed by immunoblotting with anti-IKK3 or anti-TBK1 antibody. A representative result of
two independent experiments is shown. (B) Whole-cell lysates were prepared from HEK293T TBK1~/~ cells and
TBK1-expressing cells, prepared by stable complementation of the HEK293T TBK1~/~ cells with the expression
vector for TBK1. The lysates were subjected to immunoprecipitation by anti-TBK1 antibody, followed by
immunoblotting with anti-IKK3 or anti-TBK1 antibody. A representative result of two independent experiments
is shown. (C) Whole-cell lysates (WCE) were prepared from HEK293T TBK1 ™/~ cells and TBK1-expressing cells,
prepared by stable complementation of the HEK293T TBK1~/~ cells with the expression vector for TBK1. The
cells were overexpressed with NSs-Flag for 24 h before lysis. The lysates were subjected to immunoprecipitation
by anti-TBK1 antibody or IgG antibody as a control, followed by immunoblotting with the indicated antibodies. A
representative result of two independent experiments is shown.

WCE

formed on the Step One plus real-time PCR system (Applied Biosystems) using TagMan fast universal
PCR master mix (Applied Biosystems), Thunderbird probe qPCR mix (Toyobo), and Fast SYBR green mas-
ter mix (Applied Biosystems) according to the manufacturers’ instructions. Sequences of the primers
used in real-time PCR are listed in Table 1.

Immunostaining. Cells in 8-well chamber plates (Matsunami) were fixed in 4% paraformaldehyde,
permeabilized with 0.5% Triton X-100, and treated with 0.5% bovine serum albumin (BSA) for 30 min at
room temperature before overnight incubation with the desired primary antibody at 4°C. A secondary
antibody was applied and incubated with the samples for 1h at room temperature. After the antibody
treatment, cells were counterstained with DAPI (4’,6-diamidino-2-phenylindole) and later observed
under a confocal microscope (TCS-SP8; Leica Microsystems). Fluorescence intensity was quantified by
ImagelJ software. For quantification figures, black background from mock cell images was considered
the blank, and nuclear fluorescence in mock cells was quantified accordingly. Then, fluorescence from
the nuclei of other cells was divided by fluorescence of mock nuclei to yield the folds of increase pre-
sented on the y axis in Fig. 2B.

Subcellular fractionation and electrophoretic mobility shift assay. HelLa cells were subjected to
the following subcellular fractionation protocol. Cell pellets obtained from centrifuging 10° cells from
10-cm dishes were suspended in 100 ul of 0.1% NP-40, mixed thoroughly, and immediately centrifuged.
The supernatant was labeled as the cytoplasmic fraction. Pellets were washed at least twice with 500 ul
of 0.1% NP-40 to prevent cytoplasmic contamination of the nuclear fraction. They were then lysed with
80 ul of radioimmunoprecipitation (RIPA) buffer (protease inhibitors added), mixed well, and incubated
at 4°C for 30 min before the last centrifugation step. The supernatant was kept as the nuclear fraction of
the sample.

Nuclear extracts (10 1g) were incubated for 30 min at room temperature with 0.1 pmol of y~3?P-la-
beled NF-kB oligonucleotide probe in a final reaction volume of 10 ul containing 10x binding buffer
(containing 0.1 M Tris [pH 7.5], 0.5 M NaCl, 1 mM dithiothreitol [DTT], 10 mM EDTA [pH 8], and 50% glyc-
erol) and 0.35 ug of herring sperm DNA as a nonspecific competitive inhibitor. For the blocking assay,
1 ul of phosphate-buffered saline (PBS)-diluted antibody (1:10) was incubated with the extract for 10
min before probe addition. Antibodies against the p50 and p65 subunits were produced by immunizing
recombinant proteins produced by the baculovirus system into rabbits. These antibodies showed spe-
cific blocking of kB DNA binding of recombinant (p50), and (p65),, respectively (48).

FIG 3 Legend (Continued)

and mutant Hela TBK1~/~ cells were mock treated or infected with SeV for 9h in the presence or absence of TPCA-1 (20 uM). The expression of the IL-8,
CXCL1, and CXCL2 genes was measured by gRT-PCR (n=3). (E) Hela cells were mock treated or infected with SeV for 9h in the presence or absence of
BX795 (10 uM). The expression of the IL-8, CXCL1, CXCL2, and IFNB1 genes was measured by gRT-PCR (n=3). Data are presented as means * SEM. The
Student t test was used for statistical analysis.
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FIG 5 NF-kB inhibitor inhibited the hyperinduction of cytokines by SFTSV infection. (A) HEK293T cells were mock treated or infected with SFTSV at a MOI
of 1x 10 or 1 x 10* TCID,, in the absence or presence of TPCA-1 (20 uM). The expression of the IL-8, TNFA, CCL2, and viral nucleoprotein NP genes was
quantified by qRT-PCR at 24 and 48 h of infection. (B) Fourteen Ifnar~’~ mice were intraperitoneally inoculated with 2 x 10° TCID,, of SFTSV on day 0. On
day 2, half of the mice were given 1 mg of TPCA-1 intraperitoneally, and the rest were given PBS as a control. On day 3, the spleen was harvested from
each mouse and RNA was extracted, purified, and reverse transcribed. Then, expression of Cxcl1, ll-6, Ccl2, Tnfa, and viral nucleoprotein NP genes was

quantified by qRT-PCR. Data are presented as means *= SEM. The Student t test was used for statistical

The 13% nondenaturing polyacrylamide gels were made and run using 10x Tris-borate-EDTA buffer.
After electrophoresis, the gels were dried and radioactivity was visualized with an image analyzer
(Fujifilm). Quantification of the bands was performed using ImageJ software.

Immunoblotting and immunoprecipitation. Nuclear and cytoplasmic extracts were prepared as
described above. Twenty-microgram volumes of lysates were resolved by SDS-PAGE and transferred to
an Immobilon-P polyvinylidene difluoride (PVDF) membrane (Millipore) by semidry transfer at 100 V for
60 min. All membranes were blocked in 5% milk in Tris-buffered saline with 0.1% Tween 20 (TBST) and
probed with the desired antibodies in 5% milk overnight. Primary antibodies included mouse monoclo-
nal anti-Flag M2 (F1804) obtained from Sigma-Aldrich, goat polyclonal anti-lamin B (M-20) obtained
from Santa Cruz Biotechnology, rabbit polyclonal anti-p65 (C-20) obtained from Santa Cruz Biotechnology,
mouse monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH; 6C5) obtained from
Santa Cruz Biotechnology, rabbit monoclonal anti-IKK-beta (2C8) obtained from Cell Signaling, rabbit
monoclonal anti-TBK1 (ab40676) obtained from Abcam, and rabbit monoclonal anti-plkB-« obtained from
Cell Signaling. Appropriate horseradish peroxidase-conjugated secondary antibodies were incubated on
membranes in TBST at room temperature for 1 h, and bands were developed using the enhanced chemilu-
minescence reagent Chemi-lumi One Super (Nacalai Tesque) and imaged on an LAS-4000 imager (Fuji).

For immunoprecipitation, protein extracts from 6-well plates were incubated with 1 g of the anti-
body per sample and rotated at 4°C overnight. Then, protein G Mag Sepharose (GE Healthcare) was
added to each sample and rotated for 4 h at 4°C. After three washes with lysis buffer, immunocomplexes
were denatured in 2x SDS sample buffer and analyzed as described for immunoblotting.

Luciferase reporter assay. HEK293T cells seeded in 24-well plates were cotransfected with 100 ng
of the NF-kB luciferase reporter plasmid, 10 ng of the TK-Renilla luciferase plasmid, and 50 ng of the plas-
mid encoding NSs protein. Twenty-four hours after transfection, cells were stimulated with virus infec-
tion or recombinant TNF-« (PeproTech; human TNF-a lot 0607B25). After stimulation, whole-cell lysates
were prepared and subjected to the Dual-Glo luciferase assay according to the manufacturer’s instruc-
tions (Promega). Results are presented as firefly luciferase levels normalized by the Renilla luciferase
levels.

Plasmids. The coding sequence of NSs for the SFTSV SP010 strain was inserted into the multiple-
cloning site of the backbone vector pRK5-FLAG as described previously (49, 50). Where indicated, an
empty pRK5 vector was used as a control.
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FIG 6 A model for the regulation of type | IFN genes and inflammatory cytokine and chemokine
genes by TBK1. (A) Attenuation of NF-kB by TBK1. dsRNA, double-stranded RNA. (B) Derepression of
NF-kB by NSs through TBK1 inhibition. See text.

Generation of knockout cells by CRISPR/Cas9. Knockout cell lines were generated by transient
transfection of pSpCas9(BB)-2A-GFP (PX458) vector (Addgene) inserted with the double-strand oligonu-
cleotides containing single-guide RNA (sgRNA) sequences (Table 2) according to the manufacturer’s pro-
tocol for 24 h. Cells were subjected to sorting by green fluorescent protein (GFP) expression levels using
an SH800 cell sorter (Sony), followed by limiting dilution in 96-well culture plates to obtain single clones.
Knockout of each gene was examined by immunoblotting.

Lentiviruses and complementation of knockout cells. Lentiviruses encoding human IKKB or
mCherry-tagged human TBK1 were generated by cloning of the coding sequences into a pCSII-CMV-
MCS-IRES2-Bsd vector, followed by the standard packaging protocol.

Complementation of the knockout cells was carried out by ectopic expression of TBK1 or IKK3 by
lentiviral transduction. To generate cell lines stably expressing transgenes, lentiviral particles were pro-
duced by transfecting HEK293T cells with plasmids pCAG-HIVgp, pVSV-G-RSV-ReV, and pCSII-CMV-MCS-
IRES2-Bsd containing genes of interest. Plasmids were transfected into HEK293T cells in 10-cm dishes at
a confluency of 50% to 70% with Lipofectamine 2000 (Life Technologies). Medium was changed 8 h after
transfection, and viral supernatants were collected 48 h after transfection. Viral supernatants were spun

March 2021 Volume 41 Issue 3 e00542-20

mcb.asm.org

Molecular and Cellular Biology

1


https://mcb.asm.org

Khalil et al.

TABLE 1 Sequences for SYBR green real-time PCR primers

Target gene SYBR green forward primer (5'—3’') SYBR green reverse primer (5'—3’)
Human GAPDH CTGCACCACCAACTGCTTAG GTCTTCTGGGTGGCAGTGAT

Human IL-6 CCAGTTCCTGCAGAAAAAGGC AAGCTGCGCAGAATGAGATG
Human IL-8 CTGCGCCAACACAGAAATTA TGAATTCTCAGCCCTCTTCA

Human IFN-3 AGTCTCATTCCAGCCAGTGC AGCTGCAGCAGTTCCAGAAG
Human CXCL1 AACCGAAGTCATAGCCACAC GTTGGATTTGTCACTGTTCAGC
Human CXCL2 CCCATGGTTAAGAAAATCATCG CTTCAGGAACAGCCACCAAT

Human CCL2 AGCAAGTGTCCCAAAGAAGC TCTTCGGAGTTTGGGTTTGC

Human IL-2Ra TGGGAAAATGAAGCCACAGAG TGAGGCTTCTCTTCACCTGGA
Human TNF-a AGCCCATGTTGTAGCAAACC TGAGGTACAGGCCCTCTGAT

Mouse GAPDH CCCCAGCAAGGACACTGAGCAAG GGGGTCTGGGATGGAAATTGTGAGG
Mouse CXCI1 ACCCGCTCGCTTCTCTGT AAGGGAGCTTCAGGGTCAAG
Mouse IL-6 CATGTTCTCTGGGAAATCGTGG GTACTCCAGGTAGCTATGGTAC
Mouse CCL2 AAAAACCTGGATCGGAACCAA CGGGTCAACTTCACATTCAAAG
Mouse TNF-« GGCATGGATCTCAAAGACAACC CAGGTATATGGGCTCATACCAG

at 500 x g to remove cellular debris and then filtered (0.45 mm). Polybrene (Nacalai Tesque) was added
to the filtered supernatants (10 wg/ml), and the viral supernatants were then used to infect the cells. The
infected cell lines were then treated with blasticidin (10 xg/ml) 48 h after infection to select pCSII-CMV-
MCS-IRES2-Bsd-containing cells.

Viruses. SFTSV strain SPLO10, an isolate from a Japanese SFTS patient (6), was used after propaga-
tion in Vero cells. Sendai virus (SeV; Cantell strain) and Newcastle disease virus (NDV) were propagated
in 9-day embryonated chicken eggs for 2 days. The viral titer for SeV was measured by the hemaggluti-
nation test using chicken red blood cells. Virus was added to cells at 3.2 x 10> hemagglutination units
(HAU). NDV was titrated by plaque assay using HEp-2 cells and added to cells at a multiplicity of infec-
tion (MOI) of 1. Encephalomyocarditis virus (EMCV) was propagated and titrated with L929 cells. Cells
were infected with EMCV at 1 PFU/cell.

SFTSV infection in vivo. We used a group of 14 Infar’~ mice from the C57BL/6 (B6) strain for the
infection experiment. On day 0, all mice were intraperitoneally inoculated with 2 x 10° 50% tissue cul-
ture infective doses (TCID,,) of SFTSV, strain SPL010. On day2, half of the inoculated mice were given
1mg of TPCA-1 intraperitoneally. The remaining were given PBS as a control. Twenty-four hours later,
spleens were harvested and frozen with RNAlater. Later, spleens were moved to tubes containing 1 ml
of TRIzol and two beads and shaken by a Qiagen TissueLyzer Il for 1 min 6 times. RNA was purified as
described above for cell lines. This experiment was performed in a biosafety level 3 (BSL3) facility at the
National Institute of Infectious Diseases.

siRNA and transfection. Lipofectamine 2000 agent (Invitrogen) was used as the transfection rea-
gent in our experiments to effectively transfect HeLa or HEK293T cells. Small interfering RNA (siRNA) tar-
geting human p65 (sequence, 5’ to 3’, [RNA] AAA CUC AUC AUA GUU GAU GGU GCU C; purchased from
Life Technologies Japan) was transfected into Hela cells using Lipofectamine 2000. After 48 h of incuba-
tion, cells were seeded into 12-well plates for transfection with pRK5-NSs-Flag vector the next day.
Twenty-four hours after transfection with pRK5-Flag-NSs vector, the virus was introduced to the cells. An
siRNA-negative control (silencer Select, catalog no. 4390843; Ambion) was included as a nontargeting
21-mer siRNA.

Serum cytokine assay. Before the measurement of cytokines/chemokines, sera were mixed with
Nonidet P-40 (1% final concentration) and exposed to UV light for 10 min (NTM-10 minitransilluminator;
Funakoshi) to inactivate infectious SFTSV. A cytokine 25-plex human panel (Thermo Fisher Scientific)
and Luminex 100 (Luminex) were used according to the manufacturer’s instructions.

Statistical analysis. Statistical analyses were performed using Prism software (version 8). The two-
tailed Student t test was used. A Pvalue of <0.05 was considered significant.

TABLE 2 Target sequences of sgRNAs for CRISPR-Cas9 gene knockout

Primer name Sequence (5'—3’')

IKKa-targeting sgRNA, forward CACCGGTACCAAAAACAGAGAACGA
IKKa-targeting sgRNA, reverse AAACTCGTTCTCTGTTTTTGGTACC
IKKB-targeting sgRNA, forward CACCGTCAGCCCCCGGAACCGAGAG
IKK3-targeting sgRNA, reverse AAACCTCTCGGTTCCGGGGGCTGAC
TBK1-targeting sgRNA, forward CACCGAAATATCATGCGTGTTATAG
TBK1-targeting sgRNA, reverse AAACCTATAACACGCATGATATTTC
NEMO-targeting sgRNA, forward CACCGGCTGCACCTGCCTTCAGAACA
NEMO-targeting sgRNA, reverse AAACTGTTCTGAAGGCAGGTGCAGCC
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