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Preface

Emerging zoonoses, which accounts for approximately 60% of emerging infectious
diseases, are an extensive and growing threat to public health (1-3). Among these
zoonoses, viral diseases such as Ebola virus (EBOV) disease cause severe symptoms and
high mortality. Severe fever with thrombocytopenia syndrome (SFTS) is also an emerging
zoonosis, which was first reported in 2011, and endemic in East Asia. In Japan, 60 to 90
cases are reported every year mostly in the south-western half of the country (4). SFTS is
caused by SFTS virus. Treatments and vaccines for EBOV disease and SFTS are currently
only limitedly available.

SFTSV and Heartland virus (HRTV), both of which belong to the species Dabie
bandavirus and Heartland bandavirus, respectively, in the genus Bandavirus, family
Phenuiviridae, order Bunyavirales (5-7). SFTSV and HRTV found in East Asia and the
United States, respectively, are known to be transmitted by ticks and cause acute febrile
illness with leukopenia and thrombocytopenia in humans. The case fatality rate for SFTS
ranges from 6% to 30%, and several fatal cases have also been reported in HRTV infection
(8-10).

SFTSV and HRTV have the genomic S-segment-derived non-structural (NSs)
protein (11). The NSs protein acts as an antagonist against type I interferon (IFN-I)
induction by targeting the host TANK-binding kinase 1 (TBK1), an essential competent
of the signaling pathway of IFN-I production (12). Although serological and genetic
surveys demonstrated the prevalence of SFTSV infection in multiple animal species (e.g.,
goat, sheep, deer, cattle, pig, dog, cat, and chicken) (13, 14), it is unclear whether/how
TBK1 of nonhuman animal species are functionally affected by the NSs protein. In
addition to this genetic variation of TBK1 among animal species, it also remains elusive
whether genetic polymorphisms including non-synonymous single-nucleotide variants
(nsSNVs) of human TBKI1 affect the antagonism of IFN response and/or severity of
SFTSV infection. A previous study reported the genetic polymorphisms in the promoter
region of human tumor necrosis factor-a (TNF-a) were involved in the pathogenesis of
SFTSV infection (15). Since TBK1 is a direct target of the SFTSV NSs protein, it might
be possible that the human TBK1 polymorphisms affect the disease outcome of SFTSV
infection due to the altered IFN response.

EBOYV belongs to the genus Ebolavirus in the family Filoviridae. EBOV disease is
a severe acute infectious disease with high mortality ranging from 25% to 90% (16). It
has been suggested that cytokine storm which represents hyperactive innate immune
responses, and on the contrary, suppression of adaptive immune responses are the main
pathogenic features of EBOV disease and its lethal outcome (17). Viral protein 35 (VP35)
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of EBOV is a multifunctional protein that mainly acts as a viral polymerase cofactor and
an interferon antagonist (18, 19). VP35 is composed of 2 major domains, the N-terminal
coiled-coil domain and C-terminal IFN inhibitory domain (IID) (20, 21). IID of VP35
interacts with the viral nucleoprotein (NP) and double-stranded RNA for viral RNA
transcription/replication and inhibition IFN-I production, respectively (21-23). Previous
studies have also identified some regions on IID, which are important for VP35 function,
using an alanine substitution approach (21, 22). However, it was indeed unclear whether
these alanine substitutions fully altered the VP35 functions and whether the overall
stability/structure of the molecule was unchanged by each substitution.

In this study, I performed site-directed mutageneses to analyze amino acid residues
important for protein function, focusing on TBK1 and EBOV VP35. The present thesis
consists of two chapters. In Chapter I, inhibitory effects of the SFTSV NSs protein on
TBK1-mediated IFN induction was compared among various animal species. I first found
that the IFN-f promotor activity induced by the transient expression of chicken TBK1
was not impaired by the expression of the SFTSV NSs protein whereas it was
significantly inhibited in the cells expressing TBK1 orthologues derived from mammalian
species including humans. Then, I generated nsSNVs of human TBK1 and evaluated their
permissiveness of TBK1 to the IFN-inhibitory ability of SFTSV and HRTV NSs proteins.
The results suggest the possibility that TBK 1 polymorphisms including nsSNVs influence
the bandavirus NSs protein function as an IFN-I antagonist.

In Chapter 1II, I analyzed the physical properties of the surface of the VP35 IID
molecule, focusing on hydrophobic patches, which are expected to be functional sites to
interact with other molecules. Based on the known structural information of VP35 IID,
three hydrophobic patches were identified on its surface and their biological importance
was investigated using minigenome and IFN- promoter reporter assays. Site-directed
mutagenesis revealed that some of the amino acid substitutions that were predicted to
disrupt the hydrophobicity of the patches significantly decreased the efficiency of viral
genome replication/transcription due to the reduced interaction with NP, suggesting that
the hydrophobic patches on VP35 IID are critical for the formation of a replication
complex through the interaction with NP. It was also found that the hydrophobic patches
were involved in the IFN-inhibitory function of VP35. These results highlight the
importance of hydrophobic patches on the surface of EBOV VP35 IID and also
demonstrate that patch analysis is useful for the identification of amino acid residues that

directly contribute to protein functions.



Chapter I:
Polymorphisms of TANK-binding kinase 1 affecting interferon-inhibiting activity

of bandavirus non-structural proteins

Introduction

SFTSV and HRTV were first identified in China in 2009 and in the United States
in 2012, respectively (8, 11). SFTSV and HRTV belong to the species Dabie bandavirus
and Heartland bandavirus, respectively, in the genus Bandavirus, tamily Phenuiviridae,
order Bunyavirales (7). These emerging viruses are mainly transmitted by tick bites and
cause fatal diseases in humans (5, 6). Clinically, SFTSV infection often results in acute
inflammatory responses accompanied by abnormal induction of immune and
inflammatory cytokines in patients’ sera (23). While they cause serious diseases with
various outcomes from severe and fatal disease to asymptomatic infection, the case
mortality rate has been reported as 6-30%, and 0.1%-0.6% subclinical infection of SFTSV
in humans has also been observed (24, 25). SFTSV-specific drugs and vaccines are
currently unavailable.

Like other phenuiviruses, the SFTSV and HRTV genome consists of three-
segmented single-stranded RNA; large (L), medium (M), and small (S). The L and M
segments are of negative polarity, which encode the RNA-dependent RNA polymerase
and glycoproteins, respectively. On the other hand, the S segment encodes the
nucleocapsid protein and the NSs protein with an ambisense strategy (11). Some previous
studies have demonstrated that NSs proteins of SFTSV and HRTV antagonize the IFN-I-
inducing signal via the retinoic acid-inducible gene-1 (RIG-I) cascade by targeting the
downstream kinases TBK1/IkB kinase-¢ (IKKeg) (12, 26, 27). TBKI1 mediates the
activation of IFN regulatory factor 3 (IRF3), leading to the induction of IFN-I (IFN-o/p)
following viral infections. TBK1 is an 84 kDa (729-amino acid) protein containing 4
domains; N-terminal kinase domain (KD), ubiquitin-like domain (ULD),
scaffold/dimerization domain (SDD) and C-terminal coiled-coil domains (CTD) (Figure
1A and B)(28, 29). In fact, IFNs are almost undetectable in the blood during the course
of SFTSV infection in humans (30). While both SFTSV and HRTV NSs proteins target
TBK1, they associate with different domains of TBK1: the SFTSV NSs protein interacts
with the KD region (31) and the HRTV NSs protein requires the interaction with the SDD
region (32).

Besides the host species difference, single nucleotide variants (SNVs) have also
been found to alter susceptibility to infectious diseases. For example, in the case of

bandaviruses, TNF-a gene polymorphisms found in the promoter region were reported to
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contribute to the severity of SFTS in Chinese Han population (15). In general, the
identification of SNVs potentially involved in the permissiveness or resistance to viral
infections has been conducted so far by statistical comparative analysis of whole genome
sequences of patients and uninfected individuals. On the other hand, there are few studies
to experimentally clarify molecular mechanisms by which SNVs are involved in viral
pathogenesis. In addition, to know the impact of SNV, which are infrequent in the global
population, molecular studies to identify disease-associated SNV are needed.

Here, I investigated the anti-IFN-I effect of SFTSV and HRTV NSs proteins on the
IFN-production signaling induced by the TBKI1 molecule, focusing on genetic
polymorphisms in TBK1. It was found that chicken TBK1 was resistant to the SFTSV
NSs protein-induced IFN antagonism and that some TBK1 nsSNVs tested in this study
retained the function to induce the signaling even in the cells expressing SFTSV and
HRTV NSs proteins. The present data demonstrate that bioinformatic approaches with
SNV data available on public databases in combination with biological assays could be
useful resource for identifying molecular determinants that are potentially associated with

pathogenesis of virus infections.



654 677 729

CTD

1418

Figure 1. TBK1 protein structure.

(A) Schematic diagram of major domains of the TBK1 protein. TBK1 has the N-terminal
serine/threonine protein KD (residues 1-307), the ULD (residues 309-384), the SDD
(residues 408-654), and the CTD (residues 677-729). (B) Structural model of TBK1 KD,
ULD, and SDD regions (PDB ID: 6NT9 (33)). Blue, green, and pink ribbons represent
KD, ULD, and SDD regions, and red residues represent the positions of the amino acid

tested in this study. The crystal structure of CTD is not available.



Materials and Methods
Cell culture
Human embryonic kidney (HEK) 293 (ATCC1 CRL-1573™) cells and human
hepatocellular carcinoma (HuH-7) cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum (FCS). Cells were incubated in a
humidified 5% CO- incubator at 37°C.

SNV selection

nsSNV substitutions located in the coding region of TBK 1 were identified using the
Single Nucleotide Polymorphism Database (dbSNP) on the National Center for
Biotechnology Information (NCBI) website (data retrieved June, 2019) (34), and nsSNVs
used for the site-directed mutagenesis were selected based on the following criteria: (i)
nsSNVs with known minor allele frequency (MAF) that are more than 0.001, (i1)) nsSNVs
that are located in the KD and SDD regions and substitute amino acid residues identical
to those found in chicken TBKI.

Construction of plasmids

To construct TBK1-expressing plasmids, total intracellular RNA was extracted
from HuH-7 cells, Madin-Darby bovine kidney (MDBK) cells, swine kidney (SK-L) cells,
Madin-Darby canine kidney (MDCK) cells, straw-coloured fruit bat spleen cells
(ZFBS13-75A), and primary cultures of chick embryo fibroblasts using TRIzol Reagent
(Thermo Fisher Scientific). mRNA was prepared using SuperScript III First-Strand
Synthesis System and oligo(dT20) (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Then, cMyc-tagged TBK1 were cloned into the mammalian
expression vector pCAGGS (17). Plasmids expressing SFTSV or HRTV NSs-FLAG and
a plasmid expressing the activated mutants of RIG-I (RIG-IN) were kindly provided by
Dr. Hideki Ebihara (NIID, Japan) and Dr. Sonja Best (NIAID, USA), respectively.
Generation of the recombinant plasmids and proteins was approved by Hokkaido

University Safety Committee for Genetic Recombination Experiments (21[4]).

Immunoprecipitation assay

HEK?293 cells were transfected with the pCAGGS plasmids encoding FLAG-
tagged NSs proteins and cMyc-tagged TBK1 using the polyethylenimine (PEI) reagent.
At 24 hours after transfection, the cell lysates were prepared with cold lysate buffer (50
mM Tris-HCI, pH 8.0, 150 mM NaCl, 2 mM EDTA, 10% glycerol, and 0.05% NP-40)

containing EDTA-free protease inhibitors (Roche). The cell lysates were subsequently
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mixed with EZview Red Anti-FLAG Affinity Gel beads (Sigma) and incubated at 4°C
overnight with gentle rocking. After washing with lysate buffer, precipitated proteins
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot analyses with an anti-FLAG monoclonal antibody (600-401-383,
ROCKLAND) diluted at 1:1000 and anti-TBK1 antibody (#3504S, Cell Signaling
Technology) diluted at 1:1000. The bound antibodies were visualized using Immobilon
Western (Millipore). Band intensities were quantified using Amersham Imager 600

Analysis Software.

IFN-p promoter reporter assay

HEK293 cells (3 x 10°) on 24-well plates were transfected with the RIG-IN- or
cMyc-tagged TBK1-expressing plasmids and the plasmids for the expression of the
human IFN- promoter-driven firefly luciferase reporter gene (pIFNB-luc., kindly gifted
by Sonja Best, NIH/NIAID) and of the Renilla luciferase gene cloned into pRL-TK vector
(Promega) along with or without the plasmid expressing the SFTSV or HRTV NSs protein
(IFN-antagonist). The cells were lysed in Passive Lysis Buffer (Promega), and then
luciferase assays were performed using the Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s directions. Firefly luciferase values were
normalized to Renilla luciferase values. Normalized values were then compared to
negative control (i.e., conditions without induction by the expression of RIG-IN or human
wildtype TBK1) to obtain fold induction values. Generation of the recombinant plasmids
and proteins was approved by Hokkaido University Safety Committee for Genetic

Recombination Experiments (21[4]).

Statistical analysis

Statistical analyses were carried out using Dunnett’s multiple-comparison test
implemented in R (35). Significance was defined as a p-value using the following
notations: *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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Results

Suppression of IFN production induced by TBK1 derived from various animal
species

To compare the effect of the expression of the SFTSV NSs protein on TBKI-
mediated IFN-production signaling among animal species, the IFN-f3 promoter activity
induced by the expression of TBK1 from various animal species were analyzed in the
cells expressing the SFTSV NSs protein (Figure 2). The mammalian and chicken TBK1
genes were cloned into the expression plasmid and transfected into HEK293 cells together
with reporter plasmids. It was confirmed that all the TBK1 orthologues tested, including
chicken TBK1, induced IFN-production signaling in this human cell line (Figure 3A). As
expected, the reporter activities in the cells expressing mammalian TBK1 (i.e., human,
bovine, swine, canine, and bat) were significantly reduced by co-expression of the SFTSV
NSs protein (Figure 3B). In contrast, the reporter activity was not impaired by the
expression of the SFTSV NSs protein in the cells expressing chicken TBK1. To confirm
the interaction between the SFTSV NSs protein and TBK 1, immunoprecipitation assay
was carried out using HEK293 cells transfected with the pCAGGS plasmids encoding
FLAG-tagged NSs protein and cMyc-tagged TBK 1 (Figure 4). As well as human TBK1,
TBK1 derived from various mammalian species were also co-immunoprecipitated with
the SFTSV NSs protein. Unexpectedly, chicken TBK1 whose signaling function was not
suppressed by the SFTSV NSs protein, was also co-immunoprecipitated with the NSs

protein.
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In Figure 3 In Figure 6
- N ™
pIFNB-luc. Renilla luc. pIFNB-luc. Renilla luc.
TBK1-cMyc RIG-IN SNV TBK1- human wildtype
cMyc TBKs-cMyc
Q or ( ’ Q or ( ’ or ( )
(A)pCAGGS (B) SFTSV NSs (A)pCAGGS (B) SFTSV NSs (C)HRTYV NSs
(Vector) -FLAG (Vector) -FLAG -FLAG
/ y
HEK?293 cells
A
d
Oh 24 h
Transfection Luciferase activity

Figure 2. Schematic diagram of IFN- promoter reporter assays.
HEK?293 cells were transfected with the plasmids expressing the reporter genes, TBK1 or

RIG-IN as a control, along with or without NSs-expressing plasmid, and luciferase

activities under the control of the IFN- promoter were measured at 24 h post-transfection.
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Figure 3. Relative IFN-B promoter activity induced by TBK1 of different animal
origins.

HEK?293 cells were transfected with the plasmids expressing the reporter genes, TBK1 or
RIG-IN (A). HEK293 cells were transfected with above-mentioned plasmids together
with that expressing the SFTSV NSs protein (B). The fold activation compared with the
vector-transfected cells (A) and the relative induction compared with RIG-IN plasmid-
transfected cells without the expression of SFTSV NSs (B) are shown. The origin of each
TBKI1 gene was indicated on the bottom. Data are presented as means + standard error
(SE) (n = 3). Dunnett’s multiple-comparison test was used for the comparison to RIG-IN
in the absence of the NSs protein. **p < 0.005.
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Figure 4. Immunoprecipitation of TBK1 and NSs protein.

HEK293T cells were transfected with the plasmids expressing TBK1-cMyc and/or
SFTSV NSs-FLAG. Following lysis of the cells, SFTSV NSs was immunoprecipitated
(IP) using anti-FLAG antibodies. Each protein was visualized by immunoblotting using
anti-FLAG and anti-cMyc antibodies for both IP samples and whole-cell lysates (WCL).
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SNV profile of human TBK1

I then investigated nsSNVs of human TBK1. According to the SNVs information
collected from NCBI SNP database (dbSNP), at least 368 nsSNVs are present in the
human TBK1 gene (data not shown). Among them, I conducted subsequent experiments
focusing on the ten selected nsSNVs (Table 1). First, five nsSNVs with MAF of 0.001 or
higher were selected. These SNVs cause the following amino acid substitutions. H322Y,
V464A, L5081, L613F, and R724C were located outside of the KD region important for
the interaction with the SFTSV NSs protein. V464A, L5081, and L613F were located in
the SDD region which is important for the interaction with the HRTV NSs protein. In
addition to these five nsSNVs selected by focusing on MAF, other five nsSNV
substitutions were selected by the sequence comparison with chicken TBK1 (Figure 5)
since chicken TBKI1-mediated IFN-production singling was not inhibited by the
expression of SFTSV NSs proteins (Figure 3B). These nsSNV TBKI1 (I37V, N42S,
E253A, V2651, and 1418V in the KD or SDD region) have amino acid residues that are

the same as those of chicken TBK1 at the respective positions (Figure 5).
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Table 1. Amino acid substitutions and frequencies of TBK1SNVs examined in this study.

dbSNP ID AA substitution Alleles MAF Domain
rs780879936 137V Ato G <10*
rs748061846 N42S Ato G <10*
18767796656 E253A AtoC <107 kb
rs780177120 V2651 GtoA <10*
rs145905497 H322Y CtoT 0.001 ULD
rs138839127 1418V Ato G <10*
rs35635889 V464A TtoC 0.004
rs144424516 L5081 CtoA 0.003 Sbb
rs368859659 L613F GtoT 0.002
rs185524052 R724C CtoT 0.001 CTD
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Figure 5. Multiple alignment of TBK1 amino acid sequences.

TBK1 amino acid sequences of different animal species are shown; human (HuH-7),
monkey (Vero E6), bovine (MDBK), swine (SK-L), canine (MDCK), bat (ZFBS13-75A),
and chicken. Highlighted are the amino acid positions tested in this study. Dark gray
highlight represents the SNV positions selected for the mutagenesis based on the amino

acid difference between chickens and humans.
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IFN-B-inducing capacity of wildtype and mutant TBK1 with nsSNV substitutions

It was previously shown that nsSNVs of an IFN-inducing factor (i.e., RIG-I) had
an impaired capacity for IFN production (36). Therefore, to confirm the IFN-inducing
ability of the 10 nsSNV mutants of TBK1, the IFN-3 promoter reporter assay was carried
out (Figures 2 and 6A). As previously reported, the exogenous expression of wildtype
human TBK1 induced IFN-3 promoter activity. It was also confirmed that all the TBK1
mutants with the nsSNV substitutions showed similar levels of the IFN- promoter
activity to that of wildtype human TBK1 (Figure 6A) and there was no statistically
significant difference among these TBK1. These data suggested that none of the nsSNV
substitutions introduced in this study impaired the signaling ability of TBK1 for the IFN-

B promoter activation.
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Figure 6. Relative IFN-f§ promoter activity induced by human SNV TBKI.

(A) HEK293 cells were transfected with an empty vector (Control), wildtype (WT)-, or
SNP-introduced TBKI1-expressing plasmids, and expression plasmids of Renilla
luciferase along with pIFNf-luc. IFN-B promoter activity was quantified by measuring
luciferase, and normalized to the level of expression of Renilla luciferase. Each bar
represents mean + SE from three independent experiments. Dunnett’s multiple-
comparison test was used for the comparison to WT (**p < 0.01). (B, C) The relative
IFN-B promoter activity in HEK293 cells co-transfected with the above-mentioned
plasmids and that expressing the SFTSV NSs (B) or HRTV (C) NSs protein are shown.
The relative IFN-B promoter activity was calculated setting the values of each TBK1
expression alone [NSs (-)] as 100%. Each bar represents mean + SE from three
independent experiments. Dunnett’s multiple-comparison test was used for the
comparison to WT (¥p <0.05, **p <0.01, ***p <0.001).
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Effects of TBK1 nsSNV substitutions on the anti-IFN-I function of SFTSV and
HRTYV NSs proteins

Next, | tested the 10 nsSNV substitutions for the effects on the IFN-f signaling-
inhibitory activity of the NSs protein (Figures 2, 6B, and C). As previously reported (32,
37). the IFN-B promoter activity was remarkably reduced when SFTSV and HRTV NSs
proteins were expressed together with wildtype human TBK 1. On the other hand, nsSNV's
with 137V, N42S, E253A, L5081, or R724C substitution induced significantly higher IFN-
B promoter activity than wildtype human TBK1 in the presence of the SFTSV NSs protein
(Figure 6B). This suggested that these amino acid substitutions altered the permissiveness
of TBK1 to the SFTSV NSs protein function as an IFN-I antagonist. The nsSNV
substitutions in the KD region (I37V, N42S, and E253A) had the significant impact on
the resistance of TBK1 to the inhibition of signaling activity by the SFTSV NSs protein.
In the same way, effects of the nsSNV substitutions of TBK1 against the HRTV NSs
protein were evaluated (Figure 6C). It was found that 37V, N42S, E253A, 1418V, V464A,
L5081, and R724C substitutions resulted in significantly higher IFN-B promoter
activation than wildtype human TBK1 in the cells co-expressing the HRTV NSs protein,
although the impact of 137V and V464A was relatively slight (Figure 6C). The nsSNV
substitutions in the SDD region (1418V, V464 A, and L508]1) had impact against the HRTV
NSs protein, whereas no significant difference from wildtype human TBK1 was found in
nsSNV with the L613F substitution, which was also located in this domain. The
significant impact of the nsSNV substitutions 1418V and V464 A were only found against
the HRTV NSs protein. Interestingly, some nsSNV substitutions (L5081 and R724C for
SFTSV NSs: 137V, N428S, E253A, and R724C for HRTV NSs), which were located in the
domains other than the respective interaction sites of SFTSV and HRTV NSs proteins,
were also found to affect the ability of the NSs protein to suppress TBK1-mediated IFN-
I signaling. These data suggest some unknown mechanisms for the interaction between
the NSs proteins and TBK1.
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Discussion

It is reported that the inhibition of TBK1-mediated signaling by SFTSV and HRTV
NSs proteins is important for pathogenicity of these viruses (30, 32). Previous studies
have demonstrated that the target molecule of the NSs proteins is TBK1 in host cells (12,
26, 27). In the present study, I focused on genetic polymorphisms in TBKI and
investigated the difference among animal species and nsSNVs for their permissiveness or
resistance to the SFTSV and HRTV NSs protein function as an IFN-I antagonist.

I first found that the IFN-f3 promotor activation induced by chicken TBK1 was not
impaired by the expression of the SFTSV NSs protein whereas it was significantly
inhibited in the cells expressing TBK1 of mammalian species tested. A previous study
suggested that chicken TBK1, like human TBK1, is ubiquitously expressed in chicken
tissues and acts as an important factor for IRF3 activation and IFN-f} induction in response
to avian leukosis virus infection (38). Chicken and human TBK1 amino acid sequences
showed high identity (86.4%). When focusing on the KD region, although the identity of
human TBK1 with other animal species (i.e., bovine, swine, canine, and bat,) is almost
100%, chicken TBK1 has relatively low identity to human TBK1 (94.8%). This difference
found in the KD region of chicken TBK1 might be responsible for the resistance to the
NSs protein function. On the other hand, the immunoprecipitation assay suggested that
chicken TBK1 interacted with the SFTSV NSs protein as well as mammalian TBK1.
Therefore, some other factors in addition to the interaction with the TBK1 KD region may
be required for the suppression of TBK1-mediated signaling by the SFTSV NSs protein.

The present study then focused on nsSNVs of human TBK1. I have identified some
TBK1 nsSNVs that were resistant to the NSs protein-induced inhibition of IFN-f
promotor activity. As expected, the nsSNV substitutions in the KD and SDD regions,
which are known as the interaction sites of SFTSV and HRTV NSs proteins, respectively,
were found to affect the IFN-signaling inhibition by the NSs proteins. Interestingly, it was
also found that some nsSNV substitutions present outside these interaction sites also
showed resistance to the IFN antagonism by the NSs proteins. Furthermore, most of the
nsSNV substitutions that affected the IFN-inhibition activity of both SFTSV and HRTV
NSs proteins were located in the KD region. Therefore, it is speculated that the IFN-
signaling inhibition by the NSs proteins may be closely related to the kinase function of
TBK1. These results suggest that the NSs proteins inhibit the TBK1-mediated IFN
signaling not only through the interaction of the NSs proteins with the KD and SDD
regions but also some other mechanisms. The R724C substitution, which caused
resistance to both SFTSV and HRTV NSs protein function, is present in the CTD region.

The CTD region is reported to be important for the interaction with some adaptor proteins
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(i.e., optineurin and NAK-associated protein 1), which are known to contribute to the [FN
production via RIG-I during viral infection (39, 40). Thus, it may be interesting to explore
whether the R724C substitution alters the interaction between the adaptor proteins and
TBKI.

The present study suggests the possibility that TBK1 polymorphisms affect the IFN
antagonism of the bandavirus NSs proteins and could potentially be one of the factors for
differences in the severity of SFTSV and HRTV infections. Mechanisms by which TBK1
became resistant to the IFN-inhibition activity of the NSs proteins is not clarified in this
study. It would be interesting to examine phosphorylation of TBK1 and IRF3 to determine
if their interaction is affected by nsSNV substitutions. In addition, since TBKI is also a
target for other viral proteins such as EBOV VP35, which is also known as an IFN
antagonist, it is also of interest to investigate TBK1 nsSNVs resistant to the IFN

antagonism of VP35.
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Summary
Human-pathogenic tick-borne bandaviruses, SFTSV and HRTV have posed serious
threats to public health. The genomic S-segment-derived NSs protein of SFTSV and
HRTYV act as antagonist against IFN-I induction by targeting the host TBK 1, an essential
competent of the signaling pathway of IFN-I production. We first found that the IFN-f3
promotor activity was not impaired by the expression of SFTSV NSs in the cells
expressing chicken TBK1 whereas it was significantly inhibited in the cells expressing
TBK1 orthologues derived from mammalian species including humans. Then, nsSNVs of
human TBK1, which are thought to be an important factor involved in viral pathogenesis,
were tested for their permissiveness to SFTSV and HRTV NSs proteins. The nsSNV
substitutions 137V, N42S, E253A, L508I, and R724C in human TBK1 were found to
reduce the IFN-B signaling-inhibitory activity of SFTSV and HRTV NSs proteins.
Interestingly, the nsSNV substitutions 1418V and V464A were less resistant to SFTSV
than to HRTV NSs proteins. These results suggest the possibility that TBKI1
polymorphisms including nsSNVs influence the bandavirus NSs protein function as an
IFN-I antagonist and may potentially be one of the factors involved in differences in the

severity and/or pathogenesis of SFTSV and HRTV infections.
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Chapter II:
Functional importance of hydrophobic patches on the Ebola virus VP35 IFN-

inhibitory domain

Introduction

EBOV is an enveloped, negative-stranded RNA virus that belongs to the genus
Ebolavirus in the family Filoviridae. The genus Ebolavirus consists of six species
represented by EBOV, Sudan virus (SUDV), Tai Forest virus (TAFV), Bundibugyo virus
(BDBYV), Reston virus (RESTV), and Bombali virus (BOMV) (41, 42). The genus
Marburgvirus, other principal members of the virus family, includes 2 viruses, Marburg
virus (MARV) and Ravn virus (RAVV) in a single species. EBOV, SUDV, TAFV, BDBYV,
MARY, and RAVV cause hemorrhagic fever in humans and nonhuman primates with high
mortality rates of up to 90%, for which clinically approved antivirals and vaccines remain
limited (43). In addition, other filoviruses such as Lloviu virus (LLOV) and Méngla virus
(MLAV) have been recently discovered and classified into the genus Cuevavirus and
genus Dianlovirus, respectively, in the family Filoviridae (44, 45).

EBOV has a non-segmented RNA genome (approximately 19 kb) encoding three
nonstructural and seven structural proteins (46). Among the viral structural proteins,
VP35, viral protein 30 (VP30), nucleoprotein (NP), and RNA-dependent RNA
polymerase L protein act as essential components of the viral replication complex. EBOV
VP35 is also known as an IFN antagonist that interacts with host proteins involved in
multiple IFN-production pathways and multiple IFN-stimulated genes (ISGs) (19). VP35-
mediated suppression of IFN production involves a variety of host factors: VP35 inhibits
IFN production by interacting with TBK 1 and IKKe and by suppressing post-translational
modifications of IRF3 and 7 (47).

VP35 is composed of 2 major domains, the N-terminal coiled-coil domain and C-
terminal I1ID (20). On one hand, the coiled-coil domain is essential for several VP35
functions, including viral genome replication and nucleocapsid formation (48). On the
other hand, IID is required and sufficient for binding to dsRNA, leading to IFN inhibition
(49-51). IID has a cluster of conserved basic amino acid residues that are important for
dsRNA binding (22). IID is also sufficient to interact with NP (21). Previous studies on
the VP35 IID structure have defined two highly conserved basic regions, designated “first
basic patch” and “central basic patch”, both of which are important for the VP35 functions
(21, 22). The first basic patch consisting of residues K222, R225, K248, and K251 is

critical for both polymerase cofactor function and the interaction with NP (21, 52) while
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the central basic patch consisting of R305, K309, R312, R319, R322, and K339 is critical
for IFN-antagonism (22, 52). Amino acid substitutions in these patches resulted in
increased IFN-a/B responses, reduced viral replication, and attenuation of EBOV in
animal models (22, 53). Thus, these basic patches in IID are thought to be important for
both polymerase cofactor activity and IFN antagonism (21, 54).

Protein patches generally reflect physical properties of molecular surfaces of
protein structures and patch analyses are used to predict surface regions involved in
protein-protein interactions (55). Among protein patches on protein surfaces defined by
physical properties (solvation potential, residue interface propensity, hydrophobicity,
planarity, protrusion, and accessible surface area), hydrophobic patches are particularly
expected to be functional sites that are involved in interactions with other proteins (55,
56). In the present study, I identified three hydrophobic patches on the IID surface using
the 3D structural information of the VP35 molecule (PDB ID: 3FKE). One of the
hydrophobic patches was found to be critical for the VP35 function as a viral polymerase
cofactor. I further found that a subset of amino acid residues located within this
hydrophobic patch was important for the VP35-NP interaction, which is required for
formation of the genome replication complex. Furthermore, two of the three hydrophobic
patches were also found to be important for the suppression of IFN production by VP35.
My data highlight the importance of the IID hydrophobic patches in the principal
functions of EBOV VP35.
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Materials and Methods

Patch analysis

Protein surface patches of EBOV (Variant Mayinga, species Zaire ebolavirus) VP35
IID (PDB code: 3FKE, chain B) were detected using Molecular Operating Environment
(MOE) software (version 2018; Chemical Computing Group, Montreal, QC, Canada).
Three hydrophobic patches were identified on the VP35 IID structure. To experimentally
investigate whether these patches were functionally important, amino acid substitutions
that eliminated each hydrophobic patch were determined by computational calculations
with MOE. When considering a patch consisting of n residues, » x19 mutants were
generated at each patch by mutating a residue to the other 19 amino acids in silico. Then,
for these mutants, I calculated the difference in the patch area and thermostability
(dStability) from wildtype VP35 to each mutant (Table 2-4). Finally, I chose the mutants
having the following three characteristics: (i) disappearance of the relevant patch area,
(i1) no effects on other patches (i.e., numbers and area), and (iii) dStability within 2.0
kcal/mol (Table 5).

Cell culture and construction of plasmids

HEK 293 (ATCC1 CRL-157) and HEK293T cells (ATCC1 CRL-321) were grown
in Dulbecco’s modified Eagle’s medium with 10% FCS. The cells were incubated in a
humidified 5% CO2 incubator at 37°C. The cDNA encoding hemagglutinin (HA)-tagged
VP35 of an EBOV variant, Mayinga (species Zaire ebolavirus), were cloned into the
mammalian expression vector pPCAGGS (57) as described previously (58). HA-tagged
mutant VP35 genes were also constructed by site-directed mutagenesis using KOD One
(Toyobo) and cloned into pCAGGS. The NP, VP35, VP30, VP24, and L genes of EBOV
Mayinga were similarly cloned into pCAGGS. An EBOV minigenome plasmid
containing the firefly luciferase gene, p3ESE-luc, was constructed as described previously
(58, 59).

Minigenome reporter assay

The EBOV minigenome assay was carried out using a previously described system
(58, 60). Briefly, HEK293T cells (2 x 10°) on 24-well plates were transfected with 50,
100, or 200 ng of plasmids encoding HA-tagged wildtype EBOV VP35, mutant VP35, or
the HA tag alone, along with the plasmids for the expression of EBOV NP (50 ng), VP30
(30 ng), L (400 ng), p3ESE-luc (100 ng), and the T7 polymerase (100 ng) using the PEI
reagent. At 36 hours after transfection, the cells were lysed with Passive Lysis Buffer

(Promega), and the luciferase activity was measured using the Dual-Glo luciferase assay
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system (Promega) according to the manufacturer’s instructions. These cell lysates were
also subjected to SDS-PAGE, followed by western blot analysis to examine the
expression of each protein with a monoclonal anti-f-actin antibody (Abcam, ab6276)
diluted at 1:5000 and a monoclonal anti-HA antibody (Abcam, ab1424) diluted at 1:5000.
The firefly luciferase activity was compared to a negative control (i.e., absence of HA
tagged-VP35) to obtain fold luciferase activity values. Generation of the recombinant
plasmids was approved by the Ministry of Education, Culture, Sports, Science, and
Technology, Japan (7T X EHRES 235 ).

Immunoprecipitation assay

HEK293T cells were transfected with the pPCAGGS plasmids encoding HA-tagged
VP35 and NP using the PEI reagent according to the manufacturer’s instructions. At 36
hours after transfection, the cell lysates were prepared with cold lysate buffer (50 mM
Tris-HCI, pH 8.0, 150 mM NaCl, 2 mM EDTA, 10% glycerol, and 0.05% NP-40)
containing EDTA-free protease inhibitors (Roche). The cell lysates were subsequently
mixed with EZview Red Anti-HA Affinity Gel beads (Sigma) and incubated at 4°C
overnight with gentle rocking. After washing with lysate buffer, precipitated proteins
were subjected to SDS-PAGE and Western blot analyses with a monoclonal anti-HA
antibody (Abcam, ab1424) diluted at 1:5000 and rabbit antiserum to EBOV NP (FS0169)
(61) diluted at 1:2000. The bound antibodies were visualized using Immobilon Western
(Millipore). Band intensities were quantified using Amersham Imager 600 Analysis

Software.

IFN-p promoter reporter assay

HEK293 cells (2 x 10°) on 24-well plates were transfected with the HA-tagged
VP35-expressing plasmid along with the plasmids for the human IFN-f3 promoter-driven
firefly luciferase reporter gene (pIFNf-luc., kindly gifted by Sonja Best, NIH/NIAID)
and for the Renilla luciferase cloned into pRL-TK vector (Promega). Twenty-four hours
after transfection, the cells were stimulated with 5 ng/ul poly(I:C) (InvivoGen). The cells
were lysed in Passive Lysis Buffer (Promega), and then luciferase assays were performed
using the Dual-Luciferase Reporter Assay System (Promega) according to the
manufacturer’s directions. These cell lysates were subjected to SDS-PAGE, followed by
Western blotting, to examine the expression of each protein. Firefly luciferase values were
normalized to Renilla luciferase values. Normalized values were then compared to a
negative control (no induction by poly(I:C)) to obtain fold induction values. Samples

were also used for Western blotting as described above. Generation of the recombinant
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plasmids and proteins was approved by Hokkaido University Safety Committee for
Genetic Recombination Experiments (21[4]).

Statistical analysis
Statistical analyses were carried out using Dunnett’s multiple-comparison test and
the Tukey-Kramer test implemented in R (35). Significance was defined as a p-value of

less than 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001 or Tp < 0.05, Tip < 0.01, 111 p
< 0.001).
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Table 2. Patch analysis in patch #1

Difference in patch area® Number of patches
Mutation dStability' Positively  Negatively Positively Negatively
Hydrophobic Hydrophobic
charged charged charged charged
F235F 0 0 0 0 4 8 6
F235A 0.732571702 -100 0 0 3 8 6
F235R 1.006989541 -100 70 0 3 9 6
F235N 1.326652932 -90 0 40 3 8 7
F235D 1.350250176 -90 -10 80 3 8 8
F235C 0.939680112 -40 0 0 4 8 6
F235Q 0.900006362 -100 0 40 3 8 7
F235E 0.983574176 -90 0 80 3 8 7
F235G 0.505783926 -100 0 0 3 8 6
F235H 1.171110151 -100 0 80 3 8 7
F2351 0.25064059 -20 0 0 4 8 6
F235L 0.371927627 -10 0 0 4 8 6
F235K 1.080934474 -100 80 -40 3 9 6
F235M 0.431841099 -40 0 40 4 8 7
F235P 6.260009515 -90 0 40 3 8 7
F235S 0.956733005 -100 0 0 3 8 6
F235T 0.951938437 -90 0 40 3 8 7
F235W 0.781937796 -10 0 40 4 8 7
F235Y 0.78841556 -10 0 0 4 8 6
F235v 0.473775789 -30 0 40 4 8 7

! dStability (kcal/mol) is defined as the change in stability with no amino acid substitution

as zero.

2 The patch area (A?) of VP35 IID with the wildtype amino acid is zero, and the difference
in patch area with each amino acid substitution is shown.
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Table 3. Patch analysis in patch #2

Difference in patch area® Number of patches
Mutation  dStability' Positively Negatively Positively ~ Negatively
Hydrophobic Hydrophobic
charged charged charged charged
L2321 0 0 0 0 4 7 8
L232A 2.6275545 0 0 0 4 7 8
L232R 38.611566 -20 40 0 4 7 9
L232N 2.2629841 0 0 0 4 7 8
L232D 2.5580598 0 0 10 4 7 8
L232C 2.3945202 0 0 0 4 7 8
L232Q 2.0728772 0 0 0 4 7 8
L232E 2.0544426 0 0 0 4 7 8
L232G 3.6574852 0 0 0 4 7 8
L232H 2.8965719 0 0 -10 4 7 8
L2321 1.4270586 0 0 0 4 7 8
L232K 4.3843962 0 0 0 4 7 8
L232M 1.7285597 0 0 0 4 7 8
L232F 10.723272 20 0 0 4 7 8
L232P 29.928462 0 0 0 4 7 8
L2328 2.8143106 0 0 0 4 7 8
L232T 2.2331049 0 0 0 4 7 8
L232W 19.4083 20 0 0 4 7 8
L232Y 11.386522 -10 0 0 4 7 8
L232V 2.0320788 0 0 0 4 7 8
A238A 0 0 0 0 4 7 8
A238R 2.0994365 -70 40 0 3 7 9
A238N 0.9907217 -20 0 0 4 7 8
A238D 1.5951034 -10 0 60 4 8 8
A238C 0.8510315 0 0 0 4 7 8
A238Q 1.5488139 -70 0 0 3 7 8
A238E 2.7834175 -20 0 40 4 8 8
A238G 1.6270258 0 0 0 4 7 8
A238H 1.9547632 -20 0 60 4 8 8
A238I 5.7143486 -10 0 0 4 7 8
A238L 9.4618888 0 0 0 4 7 8
A238K 8.2175848 -20 50 0 4 7 8
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A238M
A238F
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F239F
F239A
F239R
F239N
F239D
F239C
F239Q
F239E
F239G
F239H
F2391
F239L
F239K
F239M
F239P
F239S
F239T
F239W
F239Y
F239V
Q274Q
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Q274D
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! dStability (kcal/mol) is defined as the change in stability with no amino acid substitution

as z€ro.

2 The patch area (A?) of VP35 IID with the wildtype amino acid is zero, and the difference

in patch area with each amino acid substitution is shown.
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Table 4. Patch analysis in patch #3

Difference in patch area® Number of patches
Mutation dStability" Positively Negatively Positively ~ Negatively
Hydrophobic Hydrophobic
charged charged charged charged
V245V 0 0 0 0 110 4 7
V245A 1.94009808 -10 0 0 4 7 8
V245R 1.73968582 -110 30 0 3 7 8
V245N 1.96042938 -10 0 0 4 7 8
V245D 2.16483607 -10 0 0 4 7 8
V245C 1.804856894 0 0 0 4 7 8
V245Q 2.52690014 0 0 0 4 7 8
V245E 4.685006891 -60 0 40 4 8 8
V245G 2.939590088 -10 0 0 4 7 8
V245H 10.29826373 -10 0 0 4 7 8
V2451 1.420383087 0 0 0 4 7 8
V245L 34.03914758 0 0 0 4 7 8
V245K 37.98844083 -110 0 0 3 7 8
V245M 2.76672884 0 0 0 4 7 8
V245F 825.8513853 -10 0 0 4 7 8
V245P 588.9697724 0 0 0 4 7 8
V2458 2.085385378 -10 0 0 4 7 8
V245T 2.209940464 -10 0 0 4 7 8
V245W 72.62961212 10 0 0 4 7 8
V245Y 95887186.48 -10 0 0 4 7 8
K248K 0 0 0 0 4 7 8
K248A 0.095168878 -10 -40 40 4 8 8
K248R -0.519800474 -100 -30 40 3 8 8
K248N 0.28260355 -10 -50 40 4 8 8
K248D 0.6330468 -50 -40 70 4 8 8
K248C 0.085650141 -10 -40 40 4 8 8
K248Q 0.29007365 -10 -40 0 4 7 8
K248E 0.532215671 -10 -50 70 4 8 8
K248G 0.552775281 -10 -40 40 4 8 8
K248H 0.291377256 -10 -50 90 4 9 8
K248I -0.68891395 40 -30 0 4 7 8
K248L -0.640784223 30 -40 0 4 7 8
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0
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1.946672273
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1.29713662
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1.628334062
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A290H
A2901
A290L
A290K
A290M
A290F
A290P
A290S
A290T
A290W
A290Y
A290V
P293P
P293A
P293R
P293N
P293D
P293C
P293Q
P293E
P293G
P293H
P2931
P293L
P293K
P293M
P293F
P293S
P293T
P293W
P293Y
P293V
12951
1295A
1295R
1295N

1.361392088
5.390960481
-0.123682767
1.037420222
0.526912091
0.542257567
1125.794701
1.023275747
0.941858651
1.004867449
0.616011644
3.577328926
0
1.067504566
0.133816822
1.035976962
1.328013011
1.023459389
0.68896101
0.707244618
1.856066142
1.538806997
0.019388362
-0.054958234
1.052286242
0.207329841
0.85928369
1.262504563
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0.894564793
0.963431749
0.022220093
0
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0.859431366
1.99553434

-110

20

30

-10
-110

0 40
0 -10
10 -10
70 -10
0 0
0 -10
0 -10
0 -10
0 0
0 -10
10 -10
0 -10
0 0
0 0
40 0
0 0
0 0
0 0
0 0
-10 0
0 0
-10 0
0 0
0 0
50 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 -40
10 0
0 0

[98)
9]

B = T - N s O U L Y U R L = T = T = T = T S - S - ~ N N N SN SN

B S S S N - V)

w

e =) T e e A e B B e e L I T L L e e o e e I B I R B e AN BN )



1295D
1295C
1295Q
1295E
1295G
1295H
1295L
295K
1295M
1295F
1295P
12958
1295T
1295W
1295Y
1295V
12971
1297A
1297R
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1297D
1297C
1297Q
1297E
297G
1297H
1297L
297K
1297M
1297F
1297P
12978
1297T
1297W
1297Y
1297V

2.253890578
2.039158126
1.479317877
1.916342451
2.763974997
1.957786738
0.751394736
1.623988688
1.176933426
0.704692173
82.9752419
2.240752554
1.789046233
0.879898913
0.974483428
1.08541018
0
2.217895682
2.275249985
2.026114101
2.536684628
2.030322076
2.05753488
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1.592453204
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F328F 0 0 0 0 4 7
F328A 2.983770293 30 0 0 4 7
F328R 1.92821213 -20 0 0 4 7
F328N 2.841497587 -10 0 0 4 7
F328D 2.925697332 -10 0 0 4 7
F328C 2.868945471 20 0 0 4 7
F328Q 2.543589049 0 0 0 4 7
F328E 2.859739658 -20 0 0 4 7
F328G 3.985298561 40 0 -40 4 6
F328H 2.421494646 -10 0 0 4 7
F3281 22.58227036 10 0 0 4 7
F328L 1.980802214 0 0 0 4 7
F328K 2.331466483 -20 0 0 4 7
F328M 1.87006816 -10 0 0 4 7
F328p 119.9410066 30 0 0 4 7
F328S 3.206147808 0 0 0 4 7
F328T 2.506706817 20 0 0 4 7
F328W 1.162626502 0 0 0 4 7
F328Y 0.941289061 0 0 0 4 7
F328V 2.672337747 20 0 0 4 7

! dStability (kcal/mol) is defined as the change in stability with no amino acid substitution
as zero.

2 The patch area (A?) of VP35 IID with the wildtype amino acid is zero, and the difference
in patch area with each amino acid substitution is shown.
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Table 5. Patch properties and effects of amino acid substitutions

Difference in patch area?

Number of patches

Patch Mutation dStability! Positively Negatively Positively Negatively
Hydrophobic Hydrophobic

charged charged charged charged
F235F 0.00 0 0 0 3 8 6
F235A° 0.73 -100 0 0 2 8 6
F235G® 0.51 -100 0 0 2 8 6
! F23583 0.96 -100 0 0 2 8 6
F235L¢ 0.37 -10 0 0 3 8 6
F235Y* 0.79 -10 0 0 3 8 6
A238A 0.00 0 0 0 3 8 6
A238Q° 1.55 -70 0 0 2 8 6
A238Pp* 0.56 0 0 0 3 8 6
F239F 0.00 0 0 0 3 8 6
F239Q° 1.31 -70 0 0 2 8 6
F239N3 1.86 -70 0 0 2 8 6
#2 F239H° 1.84 -70 0 0 2 8 6
F239K°® 1.90 -70 60 0 2 9 6
F239A° 1.91 -20 10 0 2 8 6
F239Y? 0.74 -70 0 0 2 8 6
F239v* 1.83 0 0 0 3 8 6
12781 0.00 0 0 0 3 8 6
127813 1.66 -80 0 0 2 8 6
P293P 0.00 0 0 0 3 8 6
P293N3 1.04 -110 0 0 2 8 6
P293D° 1.33 -110 0 0 2 8 6
#3 P293Q° 0.69 -110 0 0 2 8 6
P293S3 1.26 -110 0 0 2 8 6
P2931* 0.02 0 0 0 3 8 6
129514 0.75 0 0 0 3 8 6

! dStability (kcal/mol) is defined as the change in stability with no amino acid
substitution as zero.
2 The patch area (A?) of VP35 IID with the wildtype amino acid is zero, and the
difference in patch area with each amino acid substitution is shown.
3 Mutations that were used as patch-disrupted mutants in this study (shown in boldface).
4 Mutations that were used as the mutants that retained the properties of the patch in this

study.
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Results

Hydrophobic patches present on the surface of VP35 IID and amino acid
substitutions to modify the patch properties

To test the hypothesis that hydrophobic regions of IID are important for the
polymerase cofactor function and IFN-antagonist activity of VP35, I first aimed to
identify hydrophobic regions (i.e., hydrophobic patches) on the surface of EBOV VP35
IID. Using in silico analysis, I found three regions that had hydrophobic properties on the
IID surface (Figure 7A). These hydrophobic patches consisted of multiple amino acid
residues: Patch #1 consisting of F235, patch #2 consisting of L232, A238, F239, Q274,
and 1278, and patch #3 consisting of V245, K248, L249, A290, P293, 1295, 1297, and
F328. Some of these amino acid residues were located in the hydrophobic region that has
been previously described (22, 52, 62). Particularly, F239 has been previously described
as an essential amino acid that is important for dSRNA binding and suppression of the
IFN-B promoter activation, and K248 belonging to the basic patch has been shown to be
responsible for the VP35-NP interaction (21, 52). I then compared corresponding amino
acid residues among filoviruses (Figure 7B). Most of the amino acids comprising the
hydrophobic patches were shared among ebolaviruses but only partially with LLOV,
MLAYV, and MARV. Consistent with a previous study (52), it was noted that several amino
acids such as F239 and P293 were conserved among all filoviruses (Figure 7B). I
hypothesized that these hydrophobic patches might act as functional sites of VP35 and
investigated the biological importance of each amino acid residue in the following
experiments. For this purpose, I first sought amino acid substitutions that had little effect
on the overall stability of the VP35 IID but eliminated the hydrophobic patches. For each
amino acid that constituted the hydrophobic patches, the area size of the patch, the effect
on other patches, and the stability of the patch were calculated when substituted for by 19
other amino acids in silico. | identified 15 substitutions at 5 positions (235, 238, 239, 278,
and 293) (Table 5). Then plasmids for the expression of wildtype VP35, the previously
known dysfunctional VP35 R225E mutant (21), and 15 VP35 mutants with the identified

substitutions were constructed.
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Figure 7. Hydrophobic patches on the VP35 IID surface

(A) Three hydrophobic patches are shown on a structural model of VP35 IID (PDB ID:
3FKE). Patch #1 contains a single residue F235 (red). Patch #2 contains residues L232,
A238,F239,Q274, and 1278 (blue). Patch #3 contains residues V245, K248, 1.249, A290,
P293, 1295, 1297, and F328 (yellow). (B) Multiple amino acid sequence alignment of
VP35 IID among filovirus species. Highlighted amino acids represent those involved in
the respective hydrophobic patches (red: patch #1, blue: #2, yellow: #3). Amino acids that
are conserved among filoviruses and ebolaviruses are indicated by asterisks and daggers,

respectively.
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Reduced function as a polymerase cofactor in patch-disrupted VP35 mutants

Since VP35 is required for EBOV genome replication as a viral polymerase cofactor
(21, 63, 64), the modification of VP35 might affect polymerase activity. To investigate
the functionality of VP35 for the EBOV genome transcription and replication, a plasmid-
based EBOV minigenome assay was used (60). HEK293T cells were cotransfected with
the EBOV minigenome plasmid encoding the firefly luciferase and expression plasmids
encoding the T7 RNA polymerase, EBOV L, NP, VP30, and VP35. The luciferase activity
in the cell lysate was then analyzed (Figure 8A). The expression of the luciferase from
the EBOV minigenome was significantly impaired by F239K substitution in patch #2 and
all of the substitutions tested in patch #3 (positions 293), but no significant difference in
the VP35 expression in the transfected cells was observed in immunoblotting. On the
other hand, none of the substitutions in patch #1 significantly altered the luciferase
expression compared to that in the presence of wildtype VP35. These results suggested
that disruption of hydrophobic patch #2 and patch #3 decreased viral replication and that
the hydrophobic regions of IID were important for the polymerase cofactor activity of
VP35. The subcellular localization of the representative VP35 mutants in plasmid-
transfected HEK293T cells was found to be similar to that of the wildtype in
immunofluorescence assays (Figure 9).

To confirm the importance of the hydrophobic properties of patches #2 and #3 for
the polymerase cofactor function, I tested VP35 mutants having amino acid substitutions
that did not impair the hydrophobic patches and had little effect on the protein structure
in the patch analysis (Table 5 and Figure 8B). As expected, none of the amino acid
substitutions in patch #1 (F235L and F235Y) significantly reduced the luciferase activity
compared to the F235G mutant. In contrast, the mutants that retained the properties of
patch #2 (A238P and F239V) showed higher polymerase cofactor activity than the patch-
disrupted mutants (A238Q and F239K, respectively). For two patch-retained mutants of
patch #3 (I1295L and P2931), there was no significant difference in polymerase cofactor
activities compared to those of the patch-disrupted mutants (P293N and P293S),
suggesting that disruption of the hydrophobic property of patch #3 was not the principal
determinant for the reduction of the polymerase cofactor function of VP35. These results
suggested that the hydrophobic property of patch #2 on VP35 IID was important for the

polymerase cofactor function of VP35.
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Figure 8. Attenuation of polymerase cofactor activity of hydrophobic patch-
disrupted mutants of VP35.

Viral polymerase activity was assessed by minigenome assay. HEK293T cells were
transfected with an empty vector (VP35(-)), WT-, or mutant VP35-expressing plasmids
together with expression plasmids for EBOV NP, VP30, L, T7 RNA polymerase, and a
plasmid providing the EBOV minigenome encoding a fused firefly luciferase reporter
gene under the control of the T7 RNA polymerase promoter. A Renilla luciferase-

expression plasmid was cotransfected as a control for transfection efficiency.
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Minigenome activity was quantified by measuring firefly luciferase activity, and this was
normalized to the level of Renilla luciferase expression. Each patch-disrupted mutant was
analyzed to compare with wildtype VP35 (A) and patch-retained mutants (B). Each bar
represents mean + SE for three independent experiments. Lower panels show western
blots for VP35 proteins. Mutants shown in red boldface (also shown with dark bars) are
those that retained the hydrophobic patch. Dunnett’s multiple-comparison test was used
for the comparison to wildtype (WT) (*p < 0.05, **p < 0.01, ***p < 0.001)(A). The
Tukey-Kramer test was used for comparisons between the patch-disrupted and patch-
retained mutants in each amino acid position (fp < 0.05, ¥1p < 0.01, ¥7fp < 0.001, NS:
No significant difference)(B).
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Patch #1 Patch #2

Patch #3

Figure 9. Subcellular localization of VP35 mutants

Subcellular localization of VP35 was confirmed by immunofluorescence analysis.
HEK293T cells were transfected with an empty vector, WT, or mutant VP35-expressing
plasmids. HA-tagged WT or VP35 mutants were detected with a monoclonal anti-HA
antibody (Abcam) and Alexa488-labeled anti-mouse IgG (H+L)(Life Technologies).

DAPI (blue) was used for nuclear staining.
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Reduced interaction between NP and patch-disrupted VP35 mutants having lower
polymerase cofactor activity

The interaction between VP35 and NP is essential for EBOV polymerase activity.
Previously, IID was shown to be sufficient for the interaction with NP. It was also shown
that amino acid residues in one of the basic patches, consisting of residues K222, R225,
K248, and K251, was critical for both polymerase cofactor function and the interaction
with NP (21, 52). To determine whether the modification of the hydrophobic patches
could affect the VP35-NP interaction, VP35 (wildtype and mutants) and NP were
expressed in HEK293T cells and their interactions were analyzed by immunoprecipitation
assays (Figure 10A and B). I first selected the most stable patch-disrupted mutants (i.e.,
those with the lowest dStabilities predicted by the patch analysis shown in Table 5) in
each amino acid position (F235G for #1 and #2: A238Q, F239Y, and 1278T for #2, and
P293Q for #3) predicted by the patch analysis (Table 5) for this experiment. It was found
that the interaction between VP35 and NP was significantly weakened by the P293Q
substitution in patch #3 but not by the mutations in patch #1 and #2. To confirm the
importance of patch #3 in the VP35-NP interaction, the other patch #3 mutants were also
tested in immunoprecipitation assays (Figure 10C). I found that the amounts of NP
immunoprecipitated with these patch #3 mutants were at almost undetectable levels
although the band intensities of immunoprecipitated patch #3 VP35 mutants were weaker
than that of wildtype VP35. I also tested the patch #2 F239K mutant, which showed low
polymerase cofactor activity, and found that NP was not immunoprecipitated (Figure
10D). However, since the mutant was less effectively immunoprecipitated than wildtype
VP35, it was not clarified whether the low polymerase cofactor activity was due to
reduced interaction between NP and the F239K mutant. It is conceivable that the
substitution might cause decreased solubility and stability of the protein, resulting in

reduced immunoprecipitation efficiency.

45



HA-VP35

WT
P293Q
1278T
F239Y
A238Q

NP

NP

2

™
o

g
s §

F

1278T
F239Y

A238Q

F235G

NP

VP35

NP

Input

VP35

P293Q
P293s

NP

VP35

NP

-~ -

Input

VP35

=

|

Input

1201
£ 10012
o
-
e 801
s
2 601
[
o
= ]
& 40
2
3 201 l
x
0 s
E 8853 88
& 8 8 & K
F 2 E QN
#3 #2 #1
Patch
HA-VP35
___Np
> X
- S K
2¢ &8k g
NP o || =
VP35 P |
w| -
VP35

-

Figure 10. NP-VP35 interaction attenuated by hydrophobic patch modifications in
VP35 1IID. (A, C, and D) Representative western blot images of EBOV NP
immunoprecipitated from HEK293T cells transfected with the plasmids expressing
EBOV NP and with wildtype VP35 (WT) or VP35 mutants. Representative mutants for
patches #1, #2, and #3 (A), patch #3-disrupted mutants (B), and F239 mutants (patch #2)
(C) were analyzed. Cells were lysed with a lysate buffer 36 hours post-transfection. Then
NP-bound HA-tagged VP35 was precipitated from samples using anti-HA affinity gel
beads and analyzed by western blotting. (B) Band intensities of immunoprecipitated NP

relative to VP35 are quantified by western blotting. Each bar represents mean = SE from

three independent experiments. Dunnett’s multiple-comparison test was used to compare

to WT (*p < 0.05).
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Decreased IFN antagonism of patch-disrupted VP35 mutants

VP35 inhibits the RIG-I pathway for IFN production at multiple steps. For example,
it acts as a suppressor of the cellular kinases IKKe and TBK1 (47, 50). The VP35 IID is
thought to be required for suppression of IFN-o/p gene expression (53). Thus, I next
analyzed the effect of the patch modification on the inhibitory activity of VP35 with
regard to IFN-f activation. HEK293 cells were cotransfected with the reporter plasmids
carrying the IFN-B promoter and luciferase genes, and the expression plasmids for VP35
and Renilla luciferase. Then IFN production was induced by poly(I:C) stimulation and
IFN-B promoter activity was determined by a reporter assay (Figure 11). As previously
reported, wildtype VP35 inhibited IFN-B promoter activation. Consistent with the
previous finding (52), I found that the patch #1 mutants showed the same level of
suppression of the IFN-3 promoter activity as wildtype VP35 even though the expression
levels of the mutants were almost the same as or lower than that of wildtype VP35. On
the other hand, the patch #2 and #3 mutants showed little effect on the reduction of IFN-
B promoter activity compared to wildtype VP35, although the expression levels of the
mutants were almost the same as or lower than that of wildtype VP35, except for the
F239Y mutant. Interestingly, some patch #2 mutants (A238Q, F239Q, F239N, and
F239A) that did not affect the polymerase cofactor activity reduced the ability to suppress
the IFN-f promoter activity (Figure 11A). The same experiment was carried out with the
mutants that were predicted to have less significant changes in their patch properties
(Figure 11B). Unexpectedly, there were no significant differences between the patch-
disrupted mutants and the patch-retained mutants, except for A238P. The IFN- promoter
activity was significantly reduced by one of the patch #2 mutants (A238P), which was
comparable to wildtype VP35. Since the expression level of the A238P mutant was higher
than those of the other patch #2 mutants, it could not be ruled out that the strong inhibition
of IFN-B promoter activity by A238P might have been due to this difference. However,
the expression levels of VP35 did not generally correlate with the suppression of IFN-3
promoter activity. These findings suggested that amino acid residues in patches #2 and #3
of VP35 were important for the suppression of IFN production although the patch

hydrophobicity was not the only factor for the functional importance.
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Figure 11. Attenuation of polymerase cofactor activity of hydrophobic patch-
disrupted mutants of VP35.

Viral polymerase activity was assessed by minigenome assay. HEK293T cells were
transfected with an empty vector (VP35(-)), WT-, or mutant VP35-expressing plasmids
together with expression plasmids for EBOV NP, VP30, L, T7 RNA polymerase, and a
plasmid providing the EBOV minigenome encoding a fused firefly luciferase reporter
gene under the control of the T7 RNA polymerase promoter. A Renilla luciferase-
expression plasmid was cotransfected as a control for transfection efficiency.

Minigenome activity was quantified by measuring firefly luciferase activity, and this was
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normalized to the level of Renilla luciferase expression. Each patch-disrupted mutant was
analyzed to compare with wild-type VP35 (A) and patch-retained mutants (B). Each bar
represents mean +=SE for three independent experiments. Lower panels show Western
blots for VP35 proteins and -actin. Mutants shown in red boldface (also shown with dark
bars) are those that retained the hydrophobic patch. Dunnett’s multiple-comparison test
was used for the comparison to WT (¥p <0.05, **p <0.01, ***p <0.001) (A). The Tukey—
Kramer test was used for comparisons between the patch-disrupted and patch-retained
mutants in each amino acid position (7§7p < 0.001, NS: No significant difference) (B).
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Discussion

Previous studies have provided insights into the structure and biological activity of
EBOV VP35, which functions as a virulence factor that suppresses innate immunity and
as a polymerase cofactor that is essential for viral RNA replication/transcription (21, 22,
54, 62). Although it has been shown that the VP35 function as a part of the viral
polymerase complex appears to require its interaction with viral NP and L (18, 64) and
that the C-terminal IID of VP35 is essential for both interaction with NP and antagonism
of IFN production (21). The present study focused on the hydrophobic patches present on
the surface of VP35 IID and further characterized the properties of the domain using an
in silico analysis followed by site-directed mutagenesis in biological assays (Table 6).

The hydrophobic patches identified in the present study are partly overlapped with
the functional region described previously in the hydrophobic pocket end cap and the first
basic patch and some amino acid residues important for the VP35 functions have been
identified in the previous studies (21, 52). Amino acid residues F235 and F239 on VP35
IID, which were predicted to form hydrophobic patches in my patch analysis, have been
previously found to be functional amino acids by using alanine scanning mutagenesis (21,
52). The F235A substitution, but not F239A, was previously demonstrated to lose the
function as a polymerase cofactor (52). However, in my experiments, while the F239A
mutant retained the same level of polymerase cofactor function as wildtype VP35, the
F235A mutant did not show significant loss of polymerase cofactor activity, inconsistent
with previous reports. (Figure 8A). The discrepancy may be due to the difference in
experimental conditions, sensitivity, and/or evaluation methods. However, considering
that both F235A and F239A mutants were shown to retain the ability to bind to NP (21,
52), I assume that the F235A mutant does not completely lose its polymerase cofactor
activity. In this study, the effects of F235A and F239A substitutions on IFN antagonism
were similar to those found in a previous study (52); the F235A mutant had the ability to
suppress IFN production as well as wildtype VP35, whereas the F239A mutant had
reduced ability to suppress IFN production. These data suggest that my in silico patch
analysis may be a useful tool to identify functional amino acids on molecular surfaces of
proteins.

Although alanine scanning mutagenesis has been generally used to identify amino
acid residues critical for protein functions, it was indeed unclear whether mutations to
alanine fully altered the functions of the relevant proteins and whether each alanine
mutation affected the overall stability of molecules. In this study, therefore, in silico
analysis was performed to predict which amino acid residues could be used for

substitutions that would disrupt each hydrophobic patch but not affect the protein
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structure. In patch #2, among the mutations at position 239, only the F239K mutation
greatly reduced the polymerase cofactor activity. This finding suggests an important role
of the hydrophobicity in this VP35 function whereas it might also be possible that other
factors such as the difference in the properties of these amino acid residues caused a
structural change that might disrupt the polymerase cofactor function. As mentioned
above, both in a previous report and in the present study, the F239A mutant showed
polymerase cofactor activity comparable to that of wildtype VP35. This suggests that
mutations to alanine are not necessarily sufficient to fully affect protein functions, and
that substitutions to other amino acids should be considered for mutagenesis studies. On
the other hand, it should also be noted that some amino acid substitutions may alter
protein oligomerization or stability status, which potentially affect expression levels of
proteins. This might be one of the reasons for inconsistent VP35 band intensities seen in
this study.

In this study, I have shown for the first time that P293 of VP35 contributes to
polymerase cofactor activity and IFN-B suppression. Using computer analyses, the P293
residue has been predicted to be important for the interaction with small molecule
compounds that may potentially inhibit VP35 functions (65-67). However, the actual
importance of this amino acid residue had not been evaluated in biological assays in vitro.
In this study, I provide direct evidence that P293 is important for both polymerase cofactor
function and suppression of IFN production, supporting the previous in silico studies that
predicted the functional importance of this amino acid position (65—67). Interestingly, the
VP35 functions were impaired even by the P293 mutants with amino acid substitutions
that had little effect on the patch #3 hydrophobicity (Figure 8). This suggests that the
unique properties of the proline residue at this position, as well as the hydrophobic feature
of patch #3, are also important for VP35 functions.

In addition to the direct interaction with dSRNA, VP35 suppresses IFN production
by interacting with TBK1 and IKKe and inhibiting post-translational modifications of
IRF-3/7 (46). In this study, I was not able to clarify the detailed mechanisms by which the
hydrophobic patches contribute to the suppression of IFN production. It has been reported
that F239 and 1278 interact with dsRNA in a van der Waals manner (52, 68), suggesting
that the loss of patch #2 results in a decrease in the IFN-inhibitory capacity due to
decreased binding to dsRNA. On the other hand, patch #3 is located far from the
interaction site of dSRNA, suggesting that the contribution of patch #3 to the suppression
of IFN production may be owing to other mechanisms (Figure 12).

Previous reports have shown that MARV, LLOV, and MLAV VP35s, as well as
EBOV VP35, are involved in the suppression of IRF3 activation and IFN-I production
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(46, 69, 70). MARV VP35 also binds to dsRNA, but it recognizes a longer nucleotide
length than EBOV VP35: EBOV and MARV VP35s bind to 8 bp and 18 bp of dsRNA,
respectively (68). Amino acid F239 (patch #2), which was found to affect the VP35
functions by point mutations (Figures 2 and 4), has been reported to be important for
hydrophobic interactions with dsSRNA (52, 68). However, since F239 is highly conserved
among filoviruses (Figure 7), this residue may not mainly contribute to the difference in
the RNA length of dsRNA recognition between EBOV and MARYV. On other hand, amino
acid P293 (patch #3), which is also conserved among filoviruses and important for the
VP35 functions, is located far from the dsSRNA recognition site (Figure 11). The common
roles of P293 in IFN antagonisms among VP35s of filoviruses need to be clarified in
future studies.

Although the development of therapeutic agents for Ebola virus disease is highly
desirable, drug screening using infectious filoviruses such as EBOV can only be
performed in biosafety level-4 facilities. For this reason, there are many computational
attempts to create viral protein-specific inhibitors against EBOV by screening more than
several million compounds in silico. Inhibitors against EBOV VP35 have also been
screened based on structural information (52). My approach will help to establish a
research basis for the development of filovirus therapeutics by linking computational

analyses and biological experiments that do not need to use infectious viruses.
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Figure 12. Structure of the VP35 IID-dsRNA complex.

Three-dimensional structures of the VP35 1ID 401 tetramer complexed with dsRNA are
shown (PDB ID: 3L26). The crystallographic asymmetric unit 402 contains four VP35
IID molecules and one 8 base-pair dSRNA (green). Hydrophobic patch regions 403 #1,

#2, and #3 are shown in pink, blue, and yellow, respectively.
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Table 6. Summary of patch analysis, minigenome replication, NP-interaction, and IFN-[3

promoter-suppression data

Hydrophobic Effect on Minigenome Interaction Suppression of
VP35
patch patch replication with NP IFN-B promoter
Wildtype ++ + 4t
R225E - ND! ot
F235A +++ ND 4+
Disrupted F235G ++ + -+
#1 F235S ++ ND A+
F235L ++ ND 4
Retained?
F235Y ++ ND 4
Disrupted A238Q ++ + +
Retained A238P ++ ND 4t
F239Q ++ ND -
F239N 4+ ND -
F239H ++ ND -
#2 Disrupted
F239K - - -
F239Y ++ + 4t
F239A ++ ND -
Retained F239V ++ ND -
Disrupted 1278T ++ ND -+
P293N - - +
P293D - - +
Disrupted
P293Q - - +
#3
P293S + - -
P2931 - ND -
Retained
1295L + ND -
'ND: Not done

ZPatch-retained mutants are shown in boldface.
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Summary
VP35 of EBOV is a multifunctional protein that mainly acts as a viral polymerase cofactor
and an interferon antagonist. VP35 interacts with NP and double-stranded RNA for viral
RNA transcription/replication and inhibition of IFN-I production, respectively. The C-
terminal portion of VP35, which is termed the IID, is important for both functions. To
further identify critical regions in this domain, I analyzed the physical properties of the
surface of VP35 IID, focusing on hydrophobic patches, which are expected to be
functional sites that are involved in interactions with other molecules. Based on the
known structural information of VP35 IID, three hydrophobic patches were identified on
its surface and their biological importance was investigated using minigenome and IFN-
B promoter-reporter assays. Site-directed mutagenesis revealed that some of the amino
acid substitutions that were predicted to disrupt the hydrophobicity of the patches
significantly decreased the efficiency of viral genome replication/transcription due to
reduced interaction with NP, suggesting that the hydrophobic patches might be critical for
the formation of a replication complex through the interaction with NP. It was also found
that the hydrophobic patches were involved in the IFN-inhibitory function of VP35. These
results high-light the importance of hydrophobic patches on the surface of EBOV VP35
IID and also indicate that patch analysis is useful for the identification of amino acid

residues that directly contribute to protein functions.
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Conclusion

In viral infections, both host and viral protein factors are involved in molecular
mechanisms that cause detrimental reactions in a host animal. A single amino acid
substitution in host and/or viral proteins can affect their function and it often alters
pathogenesis of viral infections. The host protein that I focused on in Chapter I is TBK1.
TBK1 is a target for suppression of IFN production by the NSs proteins of SFTSV and
HRTYV, both of which are human-pathogenic tick-borne bandaviruses. In Chapter II, I
focused on a viral protein, EBOV VP35. EBOV is known to be highly pathogenic to
humans. VP35 is a multifunctional protein that acts as a viral polymerase cofactor and an
interferon antagonist that plays an important role in the pathogenesis of EBOV infection.

In Chapter I, I first compared IFN-producing capacity of TBK1 among various
animal species in the presence of the SFTSV NSs protein since it is unclear whether TBK 1
of nonhuman animals are also targeted by the SFTSV NSs protein while SFTSV is known
to infect various animal species. Interestingly, chicken TBK1-mediated IFN induction
was not suppressed by the SFTSV NSs protein whereas the function of TBK1 from other
tested mammals including human were uniformly inhibited. These data indicate that
chicken TBK1 is resistant to the I[FN-inhibitory activity of the SFTSV NSs protein. Next,
I focused on genetic polymorphisms in human TBK1. I selected nsSNVs from public
database sequences of human TBK1 and investigated the function of TBK1 with the
nsSNV substitutions. It was found that some of the nsSNV substitutions in human TBK 1
significantly reduced the IFN-inhibitory activity of SFTSV and/or HRTV NSs proteins
whereas the magnitude of the effect differed among the nsSNVs. These results suggest
that TBK1 polymorphisms may affect the IFN antagonism of the bandavirus NSs proteins
and could potentially be one of the factors for differences in the severity of SFTSV and
HRTYV infections in humans.

In chapter II, the physical properties of the surface of VP35 IID were analyzed,
focusing on hydrophobic patches. By patch analysis in silico, 3 hydrophobic patches were
found on the surface of VP35 IID. Site-directed mutagenesis targeting these 3
hydrophobic patches revealed that disruption of the hydrophobicity of the patches
significantly decreased the efficiency of viral genome replication/transcription due to
reduced interaction with NP. It was also found that the hydrophobic patches were involved
in the IFN-inhibitory function of VP35. These data indicate the importance of
hydrophobic patches on the surface of EBOV VP35 IID for the protein functions. It was
also demonstrated that patch analysis is a useful tool to identify amino acid residues

important for protein functions.
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The present study demonstrates that combination of bioinformatics approach (i.e.,
SNV data and patch analyses) and biological assays is a useful way to identify the
molecular determinants that are potentially associated with pathogenesis of virus
infections. Although further analyses are needed to clarify the detailed mechanisms how
the tested mutants of TBK1 and EBOV VP35 affect their protein functions, the present
study advanced my knowledge on the fundamental properties of these proteins.
Application of this approach to other viral and host proteins may provide new insights

into strategies to develop new therapeutic agents and vaccines.
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Abstract in Japanese

FEUERYE DY 60%7% 5 & 5 NEAHOHERGYE X, HERHUE CAREE Lo&
e 7o T35, NBIGEEGSED I B, =R 774 )V R (EBOV) Wk ED
7 AV A MBI EE CHEROEWRETH 5, 7. HATYH IM/IRIHK
D7 R INBIEE DB\ A )V A BT & % B BV /I ANE e i

(SFTS) AMER] 60~90 FlfHi e X 41T\ %, EBOV W% SFTS 2%t L CTHERI %
BEEP7 7 F VIFBHED L ZARSNT WS, 246 DY A )L ARYREDI
BERET I T AD=ALCIE, BEB IOV ANV AEAEDOHANEH
{Bb->Tw3, ZOMAEEHZZILIEE 1507 ) BERTIZL, ¥
A VA DIEFE R EYRRE R i T 2 AlReE D H 5

91 E X, [EEEAE TBK1 OEAICEH L, & MIWEEEZ R T =
BN 7 A VA TH D SFTS 74 )V A (SFTSV) EN—F 7V Ko AL
2 (HRTV) DIEMEE (NSs) HEEIZ, /1 v ¥ —7xnv ¥ (IFN) ¥ 7 F Lt
#% D TANK-binding kinase 1 (TBK1)%Z 1y & L T IFN DA %2 T T %, SFTSV
TR A BRI T 2 2 BRI N TW BT, & FUANDOERED
TBK1 23 NSs HHEDIRN L % 5 DPAHTH -7, 22 TFEF. NSs EHHHE
DIFAE T T4 28D TBK1 @ IFN FHEREIC O\ CRUBET L 726558,
k2 E T DWHFLEE D TBK1 12 X % IFN #5E (X, SFTSV O NSs HH'HEIZ L -
THflENns—4T, =7 bV TBK1 ZHH| 22T w2 &30 o7, I
X, =7 ;YD TBKI1 %3 SFTSV D NSs ZHE 12 & % TFN PHERGME ISR L TR
PMETHE I EEZRWL TS, RIZ, EFDTBKI DT &/ BERZ S5
TS (nsSNVs) ICEH L, BT —% X—226 &  TBK1 D
nsSNVs ZEHBOEIR L 72, {Hl4 D nsSNVs E[Hl—D 7 3 /) BEHZEA L 7225
& TBK1 Z1EHI L. NSs HHEGAE FICE T 5 IFN FEENDFE % T,
ZDFER, B b TBKI1 THE 41T\ % nsSNVs DHIIZ X SETSV % HRTV D
NSs FHH D IFN FHEEEZZ LR TS E 2 b0 EENT0b 2 L, £
nsSNV 225212 X - T IFN [HEEEANDHEDREN R L 2 2 EBHE 2 T 5
7o 205 DFERIZ, nsSNVs Z & T TBK1 DERIDINY 577 4 )L 2 NSs HE
B D IFN #2252 . & MIZEIT 5 SFTSV & HRTV D EGWRREIC
WERZLZ 31D 1 DL B0REMEZ KRBT 5,

F2RTIX, B MWL TEVWIEEREZRT Z E23%H540TWw»™5 EBOV DY
A NABEEAED 2 TH 5 RV X 7 —XHiKT (VP35) ZEHL 72,
VP35 IZZEREEHETH D, TR 7 7 A N AFEORRAEIC EE 2 %8 %2 J7e ¢
PLIFN 7T H 5, AWZETIE, BEHEDO G FRAREICEEL, avva
— ZEHREIC X 28y FNTIC X 5T, VP35 DA v ¥ —7 zu VIIflicEE 2
F X4 > (IID) OEIMIC 3 DDBKME Sy F2FAE L, I T, BKE Sy
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FORHEZHR I IR RNAERZEA L 7 VP35 Z1EH UBKHE % @b L

72 2 A, BUKME Sy FERMKTIZ EBBOV ZEIE (NP) & DM AERH MK
TL. YVANVARY ) LOWE - GRHOMBEPAREIVET T2 2 Lo ER
o7, 51T, 205 DERYKIZ VP35 D IFN FHEKEEZ LE T I ¥, Ih
5 DfERIZ, VP35STID ORIGIZH BRI Sy FOREEDOREREIC L > CHE
HTHBHIEZRL TS, F/, AT K 5T, Ny FENTHE N ERERE
ICHEBER T IV BEREEZAET 2-O00EHRY —VLTHB Z LRI NI,

RpPam X TlE, BETFEHET -V ETE KOy FETED AL F AL v 7
AT 4 7 A LG TEYFNTIRIC X 5 &AM 2 A S bE AT
12 X > T, SFTSV. HRTV & XN EBOV IR DEGWREICBIS L 9 37 2 /g
EREREZE LT, TBKIBXU VP35 D1 73/ BERNEHEKEICHEES

5.2 237 A = XL DFEHICIZ X & 78 TN ETH 205, ARFZEIC X
STINGDEHEDHAREICET 2B EE -7, AFEEZMOT AL
AR EEIEICIGN T2 2 &T, BERE XY 7 F BFFEISIH 7 2
Hedo3 2 LlifFEns,
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