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1. 0 General Introduction



1.1 The Emergence of SFTSV as a Global Health Threat

In recent years, emerging and re-emerging infectious diseases have not only persisted but also appeared in new and
unpredictable ways. Zoonotic RNA viruses are no exception and pose a particularly formidable threat to public health (Jones
et al., 2008). Climate change, agricultural intensification, increased human mobility, and greater human-animal interactions
are key drivers of pathogen spillover from wildlife and arthropod vectors into the human population (Morens et al., 2004).
Among these emerging threats, tick-borne viruses have gained significant notoriety, exemplified by the discovery of the

Severe Fever with Thrombocytopenia Syndrome Virus (SFTSV).

SFTSV was first identified in rural areas of the Hubei and Henan provinces in China, following investigations into
an unexplained febrile illness characterized by thrombocytopenia, leukopenia, and high mortality (Yu et al., 2011). Initial
genomic analysis revealed a novel virus, which was subsequently classified as a member of the genus Bandavirus within

the family Phenuiviridae and the order Bunyavirales (Yu et al., 2011).

Since its discovery, SFTS has proven to be a significant and expanding public health burden across East Asia. While
China remains the most heavily endemic region, the virus has also been reported as endemic in South Korea and Japan and
has more recently been detected in Vietnam and Taiwan (Kim et al., 2013; Takahashi et al., 2014; Tran et al., 2019; Lin et
al., 2020). SFTSV is primarily transmitted by the tick vector Haemaphysalis longicornis (Zhang et al., 2011). The clinical
spectrum of SFTSV infection ranges from mild, self-limiting febrile illness to severe hemorrhagic fever with multi-organ
dysfunction syndrome (MODS) and a staggering case fatality rate that can approach 30% in humans, underscoring its
clinical significance (Gai et al., 2012; Liu et al., 2014; Li et al., 2024; Kim et al., 2018). In light of the substantial disease
burden and the absence of effective vaccines or treatments, the World Health Organization has designated SFTSV as a high-

priority pathogen for research and development to improve therapeutic options (World Health Organization, 2018).

1.2 Virology of SFTSV

1.2.1 Genome Organization and Structural Proteins

SFTSV is an enveloped virus with a tripartite, single-stranded, negative-sense RNA genome comprising the Large
(L), Medium (M), and Small (S) segments (Yu et al., 2011). The L-segment (~6.4kb) encodes the viral RNA-dependent
RNA polymerase (RdRp), an enzyme critical for viral genome replication and transcription (Brennan et al., 2015; Lei et al.,

2015; Reguera et al., 2016). The M segment (~3.4kb) encodes a single glycoprotein precursor (GPC), which is post-

2



translationally cleaved by host proteases into two surface glycoproteins, Gn and Ge (Lei et al., 2015; Brennan et al., 2015;
Yu et al., 2011). These glycoproteins form heterodimeric spikes on the virion surface. The Gc subunit contains a class 11
fusion loop, while Gn likely shields the fusion loop in the prefusion state (Halldorsson et al., 2018). The SFTSV envelope
glycoproteins Gn and Gc mediate host-cell attachment and low-pH-dependent membrane fusion during endosomal entry.
They are the major targets of virus-neutralizing antibodies. (Hofmann et al., 2013; Kim et al., 2019). The S-segment, using
an ambisense coding strategy, encodes the nucleocapsid protein (N) and the non-structural protein (NSs). The N protein
encapsidates the viral RNA to form the ribonucleoprotein (RNP) complex, which is essential for viral transcription and

replication (Yu et al., 2011; Zhou et al., 2013; Lokupathirage et al., 2021).

1.2.2 Interaction Between the Viral NSs Protein and Interferon

The non-structural protein is a major virulence factor of SFTSV, functioning as a potent type-I interferon (IFN-1)
antagonist (Wu et al., 2014). Interferons are cytokines that bridge innate and adaptive immunity and are classified into type-
I IFNs (IFN-alpha/beta), type-Il (IFN-gamma), and type-IIl (IFN-lambda) (Kopitar-Jerala, 2017; Dalskov et al., 2023).
Interferons (IFNs) represent the first line of defense against viral pathogens (Kopitar-Jerala, 2017; Dalskov et al., 2023).
The induction of IFN-1 is a cornerstone of the host’s antiviral defense, activating a signaling cascade through pattern
recognition receptors (PRRs) such as Retinoic-acid Inducible Gene 1 (RIG-I), which subsequently activates the kinases
TANK-Binding Kinase 1 (TBK1) and Inhibitor of kB kinase epsilon (IKKg) (Brisse & Ly, 2019). SFTSV’s NSs, however,
actively subvert this pathway by forming characteristic cytoplasmic inclusion bodies (IBs). It sequesters key host proteins
and factors within these IBs, thereby isolating them and blocking their functions, paving the way for unchecked viral
replication (Wu et al., 2014; Ning et al., 2015; Lee & Shin, 2021). Furthermore, NSs has been reported to inhibit the host
gene transcription machinery and disrupt signal transducer and activator of transcription 2 (STAT2)-mediated interferon
signaling, thereby crippling the IFN response (Yoshikawa et al., 2019, 2023). This potent IFN-antagonist activity is central

to SFTSV pathogenesis, and NSs dysfunction results in marked attenuation (Bryden et al., 2022).

1.2.3 Replication of SFTSV in Mammalian Cell Lines

SFTSV infection begins when virus particles attach to host cell surface receptors. Among these, the C-type lectin
DC-SIGN has been identified as an important entry receptor, and the viral glycoproteins Gn/Gc mediate pH-dependent,
cathepsin-mediated endocytosis (Hofmann et al., 2013). Following internalization, the acidic endosomal environment
triggers a conformational rearrangement of the Ge glycoprotein, enabling fusion of the viral envelope with the endosomal

membrane and the release of RNP complexes into the cytoplasm. (Halldorsson et al., 2016). As a negative-sense RNA virus,
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SFTSV relies on its L protein, which possesses RdRp activity, to carry out transcription of viral mRNAs and replication of
the genomic RNA. During genome replication, the negative-sense viral RNA (VRNA) is first copied into positive-sense
complementary RNA (cRNA), which then serves as a template for the production of progeny VRNA. These processes take
place within specialized cytoplasmic replication compartments (Reguera et al., 2016; Brennan et al., 2015). The ambisense
coding strategy of the S segment directs the production of both the N protein, which encapsidates nascent VRNA, and the
NSs. The NSs protein rapidly forms cytoplasmic IBs that sequester key signaling molecules, including TBK1 and IKKe,
thereby blocking interferon regulatory factor 3 (IRF3) phosphorylation and suppressing the induction of IFN-I responses.
(Ning et al., 2014; Wu et al., 2014). The M segment encodes the GPC that is translated in the endoplasmic reticulum,
glycosylated, and cleaved into the mature glycoproteins Gn and Ge. (Plegge et al., 2016). These proteins then traffic to the
Golgi apparatus, where virion assembly takes place (Lundu et al., 2018). Mature virions form when RNPs bud into
Gn/Gce-containing membranes of the Golgi and are then transported to the plasma membrane within secretory vesicles.
Finally, progeny virions are released from the cell via exocytosis, enabling spread to neighboring cells and systemic

dissemination within the host. (Overby et al., 2007; Elliott, 2014; Yan et al., 2022)

1.3 Host Immune Response and Pathogenesis

1.3.1 Pathogenesis: The Cytokine Storm

Severe SFTS is characterized by a profoundly dysregulated host immune response, commonly referred to as a
cytokine storm. Clinical studies consistently show that fatal cases have markedly elevated serum levels of multiple pro-
inflammatory cytokines and chemokines, including interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis factor-alpha
(TNF-a), interferon gamma (IFN-y), interferon gamma-inducible protein 10 (IP-10), and monocyte chemoattractant protein-
1 (MCP-1), compared with survivors (Sun et al., 2012; Xu et al., 2024). This hypercytokinemia is strongly associated with
vascular leakage, disseminated intravascular coagulation (DIC), and multi-organ failure, collectively defining the terminal

pathophysiology of SFTS (Gai et al., 2012).

A key upstream driver of this dysregulated inflammatory response is the early suppression of IFN-1 signaling.
SFTSV’s NSs interferes with antiviral signaling by forming cytoplasmic inclusion bodies that sequester essential
components of the RIG-I/TBK1/IKKe pathway, thereby delaying or preventing the induction of IFN-1 (Ning et al., 2014;
Wau et al., 2014). This early IFN blockade permits uncontrolled viral replication during the initial phase of infection. As
viral burden escalates, the host mounts an abrupt and overwhelming inflammatory response, culminating in the cytokine

storm characteristic of severe and fatal SFTS.



1.3.2 Animal Models of SFTSV Infection

The study of SETSV pathogenesis relies heavily on appropriate animal models. Immunocompetent mice, such as
C57BL/6 and BALB/c, are largely resistant to SFTSV disease, owing to a rapid and robust IFN-1 response that suppresses
viral replication before significant pathology can occur (Jin et al., 2012). To circumvent this limitation, researchers employ
the A129 mouse, which carries a targeted deletion of the interferon alpha/beta receptor subunit 1 (IFNAR1) gene and
therefore lacks the IFN-1 receptor IFNAR”) (Miiller et al., 1994). In the absence of IFN-1 signaling, A129 mice become
highly susceptible to SFTSV infection and develop a fulminant, often lethal disease that strikingly recapitulates severe
human SFTS. This includes marked thrombocytopenia, leukopenia, high viral loads in blood and tissues, and pronounced
elevations in pro-inflammatory cytokines (Liu Q et al., 2014; Matsuno et al., 2017). Because A129 mice recapitulate the
essential clinical and immunopathological features of human SFTS, they are widely used as an established small animal
model for evaluating viral virulence, testing antiviral therapeutics, and dissecting the intrinsic pathogenic potential of
diverse SFTSV isolates, independent of the host’s primary antiviral defense (Matsuno et al., 2017; Yoshikawa et al., 2019;

Bryden et al., 2022).
1.4 Genetic Diversity and the Role of Amino Acid Substitutions

SFTSV, like other RNA viruses, exists as a heterogeneous quasispecies population generated by the intrinsically
error-prone activity of its RdRp and shaped by host and environmental selective pressures (Duffy, 2018). Comparative
genomic analyses of circulating SFTSV strains reveal substantial genetic diversity across all three genomic segments, with
notable sequence divergence particularly in the M and S segments. Phylogenetic analyses demonstrate marked geographic
structuring, with predominant lineages associated with China, Japan, and South Korea. Nevertheless, occasional cross-
regional clustering and reassortment events indicate ongoing interregional transmission and viral genomic mixing
(Yoshikawa et al., 2015; Lv et al., 2017; Wang et al., 2023). Although purifying selection predominates across the genome,
a limited number of codon sites in the L, M, and S segments exhibit signatures of positive selection, suggesting ongoing

adaptive evolution at discrete amino acid sites (Liu et al., 2016; Wang et al., 2023; Park et al., 2024).

Functional studies have begun to link specific amino acid substitutions to measurable phenotypic differences. A
well-characterized example is the R962S (arginine-to-serine) substitution in the Gc glycoprotein, which modulates
membrane fusion activity and is critical for viral infection. Strains carrying the Serss> variant exhibited enhanced fusion

activity and increased infectivity (Tani et al., 2019). More recently, two additional residues in Ge, Glyss1 and Seross were
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identified as key determinants of virulence. Experimental studies showed that the strain Tk-F123 carrying the Glyssi/Seros4
combination caused severe and lethal disease in A129 mice, whereas the Ng-F264 strain harboring the Argssi/Asnoss variants
was markedly attenuated (Wulandari et al., 2025). These findings underscore that single or paired amino acid substitutions
can profoundly influence viral entry, infectivity, and in vivo pathogenicity. Despite these advances, the amino acid
determinants underlying temperature-dependent stability, a phenotype central to this thesis, remain unknown. Moreover,
although individual virulence-associated residues have been identified, our knowledge of systematic comparisons of
pathogenicity across a panel of naturally occurring strains and of correlations between these phenotypes and specific amino
acid substitutions in the IFNAR” model remains limited. Addressing this gap is essential to understanding how natural

sequence variation shapes SFTSV virulence and environmental fitness.
1.5 The Aim of This Study

In the absence of vaccines or targeted therapeutics, SFTSV prevention relies on interrupting transmission pathways.
Given documented incidence of animal-human and human-human transmissions, understanding viral inactivation is critical
for infection control. Characterizing SFTSV’s environmental persistence and inactivation conditions were investigated as
a measure to mitigate infection risk. The specific aims of this study, presented in chapters 1 and 2 of this thesis, were as

follows:
Chapter 1: Temperature-dependent infectious stability of SFTSV

° To evaluate the temperature-dependent infectious stability of the SETSV at 4°C, 23°C, and 37°C,
representing seasonal environmental temperatures.

° To evaluate the effect of heat (56°C and 94°C) on SFTSV infectivity.

. To assess the inactivation efficacy of 70% ethanol and 1% sodium hypochlorite against SFTSV
infectivity.

) To determine the effect of ultraviolet (UV) wavelengths (254nm, 265nm, and 275 nm) on SFTSV

infectivity.

Chapter 2: Comparison of pathogenicity in [FN-I receptor-deficient A129 mice and characterization of amino acid

substitutions among severe fever with thrombocytopenia syndrome virus strains

. To compare the pathogenicity of 14 cat-derived SFTSV strains (isolated from naturally infected

cats) in the A129 (IFNAR ) mouse model.



° To quantify viral RNA loads in representative tissues, such as the liver, kidney, and brain of infected
mice.

. To sequence full-length genomes and identify potential amino acid substitutions that may be
associated with the observed pathogenicity.

. To characterize the growth kinetic properties of five representative strains with a fatality range of
20-100% in highly susceptible SFTSV cell lines.

. To perform phylogenetic analysis to identify the dominant genotypes circulating among the studied

isolates.



Chapter 1: Temperature-Dependent Infectious Stability of Severe Fever with Thrombocytopenia

Syndrome Virus



2.1 Abstract

Severe fever with thrombocytopenia syndrome virus (SFTSV) is an emerging tick-borne zoonotic pathogen of
increasing concern in East Asia, including Japan. Not only humans but also domestic cats are highly susceptible and
frequently develop severe disease. Despite its public and veterinary health significance, data on the environmental stability
of SFTSV remain limited. In this study, we evaluated the stability profiles of SFTSV under various temperature and
inactivation conditions. As comparative controls, Kabuto Mountain virus (KAMV) which belongs to the same class and
order as SFTSV, Japanese Encephalitis virus (JEV) representing a different type of enveloped virus, and Feline Calicivirus
(FCV) representing an example of non-enveloped virus, were also tested. SFTSV showed higher infectious stability at 4 °C,
23 °C and 37 °C compared to KAMYV, JEV and FCV. In addition, SFTSV demonstrated comparatively higher resistance to
heat inactivation at 56°C and 94°C. On the other hand, SFTSV was easily inactivated by ethanol, hypochlorite and
ultraviolet irradiation. These findings provide important insights into the environmental persistence and inactivation
requirements of SFTSV, suggesting that appropriate inactivation procedures are important to reduce the risk of SFTSV

infection from the contaminated samples at clinical sites and laboratories.



2.2 Introduction

Severe fever with thrombocytopenia syndrome (SFTS) virus (SFTSV) is an emerging tick-borne pathogen that first
emerged in China (Yu et al., 2011). Currently, it is known that SFTSV is distributed in East to Southeast Asian countries,
including Japan, South Korea, Vietnam, and Taiwan (Kim et al., 2013; Takahashi et al., 2014; Tran et al., 2019; Lin et al.,
leukopenia, and multi-organ failure, with a fatality rate of as high as 30% (Liu Q et al., 2014; Kim et al., 2018). SFTSV is
classified within the family Phenuiviridae, genus Bandavirus, and species Bandavirus dabieense. It is an enveloped virus
with a genome composed of three RNA segments: S, M, and L (Zhang et al., 2011; Lei et al., 2015). SFTSV is transmitted
by ticks such as Haemaphysalis longicornis and Amblyomma testudinarium (Zhang et al., 2011, 2012; Yun et al., 2014),
and virus infections typically occur through tick bites, and human-to-human transmission from SFTS cases has also been

reported (Gai et al., 2012; Fang et al., 2021).

SFTSV-antibody-positive animals have been reported, including wild boars, deer, goats, cattle, pigs, and chickens
(Niuetal., 2013; Ding et al., 2014; Tabara et al., 2016). Of note, SFTS cases have been identified in cats, dogs, and cheetahs
(Matsuno et al., 2018; Matsuu et al., 2019; Park et al., 2019; Sakai et al., 2021). In particular, numerous cat cases have been
documented, and they appear to be highly susceptible to SFTSV infection, with mortality rates of up to 60% (Matsuu et al.,
2019). Notably, infectious SFTSV and viral genomes have been detected in body fluids such as saliva, tears, and urine
from SFTS cases (Yamanaka et al., 2020; Kirino et al., 2021; Tsuru et al., 2021), raising the risk of infection from animals
infected with SFTSV, especially for veterinarians, veterinary nurses, and pet owners. Therefore, to reduce the risk of this
zoonotic infection, implementing prevention measures is crucial in veterinary practice, including safe handling of animals,
the use of personal protective equipment, and proper disinfection and sterilization. In addition, understanding the
environmental stability of SFTSV and its susceptibility to inactivation is key for infection control in animal hospitals.
Previous studies showed that SFTSV was stable at relatively high temperatures (Harada et al., 2020), suggesting that the

infectious status of the virus may be stable at temperature-dependent conditions and resistant to heat inactivation.

In this study, we examined the infectious stability of SFTSV across a range of temperatures from as low as 4°C to
as high as 94°C. Additionally, we evaluated the inactivation effects of ethanol, sodium hypochlorite and ultraviolet (UV)
irradiation. Our results provide valuable information on preventive measures for SFTSV based on its temperature-dependent

stability.
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2.3.0 Materials and Methods

2.3.1 Cells and Viruses

SFTSV Tk-F123 strain was isolated from cat serum in Tokushima (Wulandari et al., 2025). Japanese encephalitis
virus (JEV) YD-1 strain, isolated from a mosquito collected in Yamaguchi, Japan, was kindly provided by Ken Maeda of
Japan Institute for Health Security (Kuwata et al., 2015). Kabuto mountain virus (KAMYV) Nag strain was isolated from
Haemaphysalis flava collected in Hirado, Nagasaki, Japan (unpublished results). Feline calicivirus (FCV) was purchased
from the American Type Culture Collection. SFTSV and KAMYV were propagated in Vero E6 cell lines, JEV in baby hamster
kidney (BHK)-21, FCV in Crandell-Reese feline kidney (CRFK) cell lines. Supernatants from virus-infected cells were
harvested after 2 days for JEV, 4 days for KAMV and FCV, and 5 days for SFTSV, prior to the appearance of significant
cytopathic effects, and viral stocks were prepared. Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM)
(Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Serena Europe GmbH, Pessin, Germany) and 1% penicillin-streptomycin (100 U/mL penicillin and 100 pg/mL
streptomycin; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), and maintained at 37°C in 5% COa..
Experiments with infectious SFTSV were conducted in a biosafety level (BSL)-3 laboratory at Yamaguchi University,

following standard BSL-3 guidelines. KAMYV, JEV, and FCV experiments were carried out in a BSL-2 laboratory.

2.3.2 Focus Forming Assay (FFA)

SFTSV infectious titers were determined by FFA as previously described (Hayasaka et al., 2015). Briefly, confluent
VeroE6 cells were inoculated with serially diluted culture supernatants of the SFTSV stock and incubated with overlaid 2%
FBS DMEM containing 1% methylcellulose (MC) (Wako Pure Chemical Industries, Ltd., Tokyo, Japan) for 3 days. The
viral foci were detected using SFTSV monoclonal antiserum, peroxidase-conjugated anti-mouse IgG (American Qualex,

San Clemente, CA, USA), and DAB substrate (Wako Pure Chemical Industries, Ltd.). Viral titers were expressed as ffu/mL.
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2.3.3 Plaque Forming Assay (PFA)

Infectious titers of KAMYV, JEV, and FCV were measured by PFA (Hu et al., 2024). Briefly, serially diluted viruses
were inoculated into each confluent cell culture and incubated for 90 min; thereafter, 1% MC DMEM was applied. Plaques

were visualized with 1% crystal violet (FUJIFILM Wako Pure Chemical Corp.). Viral titers were expressed as pfu/mL.

2.3.4 Mice Experiments

IFNAR 7~ A129 mice were purchased from B&K Universal Limited and mated at Yamaguchi University, Japan.
Twenty-five mice were subcutaneously inoculated with 10° ffu of SFTSV. The mice were euthanized at 3 days post-infection
(dpi), and blood samples were collected and pooled. The animal experiments were conducted in accordance with the
Fundamental Guidelines for the Proper Conduct of Animal Experiments and Related Activities in Academic Research
Institutions under the jurisdiction of the Ministry of Education, Culture, Sports, Science, and Technology. The Animal Care

and Use Committee of Yamaguchi University approved all the experimental protocols (approval number: 05-31-565).

2.3.5 Virus Incubation at Different Temperatures

Each virus was diluted to 5x10° ffu/mL or pfu/mL in DMEM supplemented with 2% FBS, and 0.25 mL of each
virus aliquot was incubated at 4°C, 23°C, 37°C, 56°C, and 94°C in polypropylene tubes. Pooled blood samples were
aliquoted into 0.15 mL portions in tubes. Samples stored at 4°C, 23°C and 37°C were collected daily by 7 dpi, and those at
56°C and 94°C were collected after 1, 10, 30 and 60 min. Retrieved samples were stored at -80°C until titration. All

experiments were conducted in duplicate with three independent repetitions.

2.3.6 Inactivation of SFTSV by Ethanol and Sodium Hypochlorite

Each virus was mixed with 70% ethanol (Wako Pure Chemical Industries, Ltd.) or 100 ppm sodium hypochlorite
(Wish-s-SH, Chappie Co., Ltd., Yamaguchi, Japan) at the ratio of 1:9 and incubated for 1, 5, and 10 min. Retrieved samples
were stored at -80°C until use, and viral titers were determined by FFA. All experiments were conducted in duplicate with

three independent experiments.
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2.3.7 UV Irradiation of SFTSV

UV irradiation was performed as previously described (Shimoda et al., 2021). Briefly, virus solutions were placed
on a 50-mm dish (Sumitomo Bakelite Inc., Tokyo, Japan) and irradiated for 4, 8, 12 and 20 sec (254 nm UV-CCL), 7, 14,
21 and 28 sec (265 nm DUV-LED), and 15, 30, 45 and 60 sec (275 nm DUV-LED) (Stanley Electric Co., Ltd., Tokyo,
Japan). UV intensity (mW/cm?) was measured using a chemical actinometer, KI/KIO3 (Rahn et al., 2003), and calculated
with the Lambert-Beer law (Beniac et al., 2012). All experiments were performed in duplicate with three independent

experiments.
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2.4.0 Results

2.4.1 Infectious Stability of SFTSV, KMV, JEV, and FCV at 4°C, 23°C, and 37°C

We first examined the infectious stability of SFTSV at 4°C, 23°C, and 37°C, simulating conditions representative
of temperatures throughout the year. These temperatures also represent typical refrigerator, room and incubator for cell
culture, respectively. As comparative control belonging to the same class Bunyaviricetes, order Harenavirals as SFTSV,
KAMYV (family Phenuiviridae, genus Uukuvirus) was tested. In addition, JEV (family Flaviviridae, genus Orthoflavivirus)
and FCV (family Caliciviridae, genus Vesivirus) were used as representatives of a different enveloped virus and a non-

enveloped virus, respectively.

At 4°C, infectious titers of SFTSV and JEV showed almost no decrease over 7 days, while titers of KAMYV and
FCV decreased by 1.0 and 1.26 log10 ffu/mL (differences relative to the titers of day 0 controls) after 7 days, respectively
(Figure 1). At 23°C, SFTSV experienced a slight decrease with a 1.73 log10 ffu/mL reduction after 7 days (Figure 1). JEV
showed a 2.36 log10 ffu/mL reduction after 7 days (Figure 1). In contrast, KAMV and FCV markedly reduced their titers
to below detection limits by 5 days and 2 days, respectively (Figure 1). At 37°C, SFTSV declined gradually, but its titer
remained at 2.71 logl0 ffu/mL after 7 days (Figure 1). On the other hand, infectious titers of KAMYV, JEV, and FCV

decreased significantly to below detection limits by 3 days, 2 days, and 1 day, respectively (Figure 1).

These observations indicate that SFTSV was remarkably stable at 4 to 37°C compared with other viruses,
suggesting that SFTSV-contaminated samples may retain infectious ability in a clinical environment for a long time
throughout the year. The data also provide useful information indicating that SFTSV samples can be stored at 4°C without

a significant reduction of infectious titers for diagnosis by viral detection.
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Fig. 2.1 Viral infectious titers of Severe fever with thrombocytopenia syndrome virus (SFTSV), Kabuto Mountain virus
(KMYV), Japanese Encephalitis virus (JEV), and Feline Calicivirus (FCV) after incubation at 4°C, 23°C, and 37°C.
Approximately 1.25x10° ffu/mL of each virus in 0.25 mL of 2% FCS MEM were incubated at these temperatures, with
samples collected daily. Viral titers were measured as ffu/mL (SFTSV) or pfu/mL (KAMYV, JEV, FCV). Control viral titers
(day 0) were 10°* ffu/mL (SFTSV), 10*™ pfu/mL (KAMV), 10> pfu/mL (JEV), and 10>% pfu/mL (FCV). Each data

point was obtained from three independent experiments at the indicated time points. Error bars represent standard errors.

The dotted line indicates the detection limit of SFTSV (10" ffu/mL).
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2.4.2 Infectious Stability of SFTSV, KMV, JEV, and FCV at 56°C and 94°C

We next evaluated the heat stability of SFTSV at 56°C and 94°C, simulating typical serum complement inactivation
and near-boiling temperature, respectively. Interestingly, infectious SFTSV remained at 56°C with a 2.32 log10 ffu/mL
reduction after 60 min, whereas KAMYV, JEV, and FCV titers decreased significantly to below detection limits by 30, 10,
and 1 min, respectively (Figure 2). Furthermore, even at 94°C, infectious SFTSV somehow persisted for 1 min with just
1.94 logl0 ffu/mL reduction, whereas KAMYV, JEV, and FCV were rapidly inactivated to below detection limits within 1

min (Figure 2). These results suggest that SFTSV potentially possesses a resistance against heat inactivation.
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Fig. 2.2 Viral infectious titers of Severe fever with thrombocytopenia syndrome virus (SFTSV), Kabuto
Mountain virus (KMYV), Japanese Encephalitis virus (JEV), and Feline Calicivirus (FCV) after incubation at 56°C
and 94°C. Approximately 1.25x10° ffu/mL of each virus in 0.25 mL of 2% FCS MEM were incubated at 56°C and 94°C,
and samples were collected after 1, 10, 30, and 60 min. Viral titers were measured as ffu/mL (SFTSV) or pfu/mL (KAMY,
JEV, and FCV). Control viral titers (day 0) were 10°* ffu/mL (SFTSV), 10*” pfu/mL (KAMV), 10>* pfu/mL (JEV), and
10> pfu/mL (FCV). Each data point was obtained from three independent experiments at the specified time points. Error

bars indicate standard errors. The dotted line indicates the detection limit of SFTSV (10" ffu/mL).

2.4.3 Infectious Stability of SFTSV-Infected Mice Blood at 4°C, 23°C, 37°C, 56°C and 94°C

To confirm the infectious stability of SFTSV in clinical samples and assess the potential risk of infection in clinical
practice, blood samples were prepared and evaluated for stability at different temperatures. A pooled blood sample from
SFTSV-infected A129 mice was prepared to contain a high viral titer of 10%* ffu/mL. Those aliquots were incubated at 4°C,
23°C, 37°C, 56°C, and 94°C, and infectious titers were measured daily (Figure 3). Infectious titers did not decrease over 7
days at 4°C and 23°C and showed just a 1.72 log10 ffu/mL reduction at 37°C after 7 days (Figure 3A). At 56°C, infectious
titers did not significantly decrease after 10 min, and the reductions were limited even after 60 min with a 1.98 log10 ffu/mL
reduction (Figure 3B). At 94°C, 1 min incubation showed only a 1.14 logl0 ffu/mL reduction (Figure 3B). These
observations suggest that SFTSV-contaminated clinical samples possess infectious stability at lower to higher temperatures,

and heat inactivation requires sufficient incubation time for SFTSV-contaminated clinical samples.
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Fig. 2.3. Log-reduction of Severe fever with thrombocytopenia syndrome virus (SFTSV) infectivity in blood
across varying temperatures. The virus titers of the recovered viruses were measured as ffu/mL. Control viral titers (day
0) was 10°* ffu/mL. Each data point was obtained from three independent experiments at the specified time points. Error

bars indicate standard errors. The dotted line indicates the detection limit of SFTSV (10" ffu/mL).

2.4.4 Virucidal Efficacy of Ethanol and Sodium Hypochlorite on SFTSV Infectivity

High-temperature stability and resistance to heat inactivation of SFTSV raised an infectious risk at clinical sites
where SFTSV-infected animals are treated. Thus, to confirm the appropriate methods for reducing the risk, we examined
the efficacy of common disinfectants, ethanol, and sodium hypochlorite against SFTSV. Exposure to 70% ethanol and 100
ppm sodium hypochlorite resulted in complete loss of viral infectivity within 1 min (Figure 4). Thus, it is suggested that
these detergents show sufficient virucidal effects against SFTSV and are useful for reducing the risk of SFTSV infection

from clinical samples.
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Fig. 2.4 Viral infectious titers of Severe fever with thrombocytopenia syndrome virus (SFTSV) after
treatment with 70% ethanol and sodium hypochlorite solutions. Control viral titers (day 0) was 10> ffu/mL. Each data

point was obtained from three independent experiments at the specified time points. Error bars indicate standard errors. The

dotted line indicates the detection limit of SETSV (10" ffu/mL).

2.4.5 Inactivation Efficacy of UV Irradiation on SFTSV Infectivity

We also evaluated the inactivation efficacy of UV against SFTSV using 254nm UV-CCL, 265nm DUV-LED, and
275nm DUV-LED irradiations. Compared to the non-irradiated control (5.22 logl0 ffu/mL), the infectious titers were
significantly reduced by 254 nm (20 sec of radiation: 2.84 log10 ffu/mL), 265 nm (28 sec of radiation: 1.79 log10 ffu/mL),
and 275 nm (60 sec of radiation: 1.56 logl10 ffu/mL). Based on these data, UV doses (mJ/cm2) were calculated for the
inactivation of SFTSV (Figure 5). The UV doses required to achieve a 2-log reduction in virus titers were 2.99, 3.57, and
5.44 mJ/em? following 254 nm UV-CCL, 265 nm DUV-LED, and 275 nm DUV-LED irradiation, respectively (Figure 5).

These data indicate that UV irradiation is effective at inactivating SFTSV, with shorter wavelengths being more effective.
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Fig. 2.5 Inactivation rates of Severe fever with thrombocytopenia syndrome virus (SFTSV) by UV light. The
X-axis indicates the UV radiation dose, and the Y-axis indicates the inactivation rate of the log phase. Each data point was
obtained from three independent experiments, and each line indicates the approximation line calculated from the results of

each wavelength.
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2.5 Discussion

In this study, we showed a temperature-dependent resistance of SFTSV. The infectivity of SFTSV was sustained at
4°C to 37°C for several days compared to the enveloped JEV, KAMYV, and the non-enveloped FCV, suggesting that SFTSV-
contaminated samples may retain the infectivity at room temperature conditions throughout the seasons. In addition, SFTSV
has a comparative resistance against heat inactivation conditions at 56°C and 94°C. In particular, the inactivation effect of
SFTSV was limited under the general complement inactivation condition for serum at 56°C for 30 min. On the other hand,
SFTSV was easily inactivated by ethanol, hypochlorite, and UV irradiation, indicating that an inactivation procedure by
appropriate treatment is important to reduce the risk of SFTSV infection from the contaminated samples at clinical sites

and laboratories.

The increased stability of SFTSV at higher temperatures, especially 56°C and 94°C, highlights its remarkable
heat tolerance. This thermotolerance may be associated with multiple structural features of SFTSV. Accumulating evidence
suggests that certain members of the bunyaviruses exhibit structural features that enhance virion stability (Walter & Barr,
2011; Halldorsson et al., 2018; Uckeley et al., 2024). Cryo-electron microscopy studies of SFTSV have demonstrated that
the Gn and Gc glycoproteins form an organized, lattice-like surface architecture that contributes to envelope rigidity and
particle integrity (Lokupathirage et al., 2021; Du et al., 2023). Such ordered glycoprotein assemblies may be responsible
for the reduction in conformational disruption under transient thermal stress (Liu Q et al., 2014; Du et al., 2023). Previous
studies have indicated that some filoviruses and bunyaviruses have significant heat resistance (Piercy et al., 2010; Walter
& Barr, 2011; Beniac et al., 2012). This resistance can be mechanistically linked to the virus's cholesterol-rich membranes
and the highly ordered structures of its nucleocapsid glycoproteins, which provide thermal protection (Piercy et al., 2010;
Walter & Barr, 2011; Beniac et al., 2012). During budding, bunyaviruses acquire host-derived lipids, including cholesterol,
and cholesterol-embedded membranes have been shown to increase membrane packing density and provide resistance to
thermal perturbation (Frieberg et al., 2008; Uckeley et al., 2024). In addition, the ribonucleoprotein, which forms stable
complexes of SFTSV, is also tightly encapsulated by nucleoprotein, forming stable helical structures that may protect
genomic RNA from heat-induced degradation (Jiao et al., 2013; Zhou et al., 2013). Importantly, the observation that SFTSV
retains infectivity at near-boiling temperature (94°C) is a novel finding that greatly advances our understanding of its
thermotolerance and suggests potential adaptations that could facilitate viral survival across different environments. Further
structural and mechanistic analyses will be necessary to identify the specific molecular factors responsible for the thermal
resistance of SFTSV.
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Another important finding in our study is the sustained infectivity of SFTSV at 23°C and 37°C. Although
previous studies showed that SFTSV infection risk increases at temperatures below 17°C (Sun et al., 2021), our results
demonstrate that SFTSV remains highly infectious at both 23°C and 37°C. This suggests that SFTSV-contaminated bodily
fluids could pose a significant transmission risk within these temperature ranges, which is a potential threat to vulnerable
populations. Our findings highlight the importance of monitoring environmental conditions and their effects on SFTSV

infectivity, which could help shape public health strategies to reduce transmission risk.

Exposure to low temperatures, such as 4°C, significantly enhances viral stability by slowing physicochemical
processes that lead to structural degradation and loss of infectivity (Kampfet al., 2020). This stabilization reduces molecular
motion and preserves ribonucleoprotein complexes. (Rabenau et al., 2005; Kampf et al., 2020). The enhanced stability of
SFTSV at4°C aligns with these principles and may also be attributed to the orderly arrangement of its lipid bilayer envelope,
which reduces fluidity and makes it less susceptible to disruption (Darnell et al., 2004; Kampf et al., 2020). The relatively
high stability of SFTSV at 4°C may be advantageous for long-term storage and transportation to the institutes where a

diagnosis of SFTS is conducted at the request of clinical hospitals.

Chemical disinfection assays demonstrated that SFTSV infectivity is effectively eliminated by 70% ethanol and
sodium hypochlorite. Detergents and chlorine-based disinfectants disrupt viral lipid envelopes, resulting in loss of
infectivity, and enveloped viruses are consistently susceptible to these agents (Rutala & Weber, 2008; Cutts et al., 2020).
These results indicate that commonly used disinfectants are effective against SEFTSV and support their continued use for
surface and equipment decontamination in veterinary clinical and laboratory environments. However, the effectiveness of
disinfectant may decrease in the presence of organic materials such as blood, serum proteins, or tissue debris, which can
hinder chemical activity (Aradjo et al., 2013; Campagna et al., 2016; Allingham et al., 2024). Thus, further detailed
evaluation under conditions of organic material contamination will provide more useful information for reducing the risk

of infection from SFTSV-contaminated samples in clinical practice.

UV-C irradiation resulted in wavelength-dependent inactivation of SFTSV. UV-C wavelengths (200-280nm)
inactivate viruses primarily by damaging viral nucleic acids or proteins, thereby impairing replication (Song et al., 2010;
Shimoda et al., 2021). These findings are consistent with previous work demonstrating a significant reduction in SFTSV
infectivity with UV-LED irradiation at 280 + 5 nm (Kaneko et al., 2022). However, the energy required for inactivation in

the present study was lower. This difference underscores the importance of wavelength selection and system optimization
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in the application of UV-LED technology for viral inactivation. Furthermore, UV irradiation is limited by line-of-sight
exposure and surface irregularities, which cause shadowing, scattering, or absorption of UV light. These factors decrease
the UV dose received by the organism and reduce the methodological efficiency (Christensen & Linden, 2003; Friedler et
al.,2021; Palma et al., 2025). Therefore, proper pre-cleaning and appropriate UV system designs are important for achieving

effective reductions in real-world settings.

From a veterinary microbiology perspective, the demonstrated stability of SFTSV across a range of temperatures
has important implications for infection control. The virus's ability to retain infectivity during sample storage, transportation,
and routine handling underscores the need for validated inactivation procedures when processing clinical specimens from
animals in endemic regions. Although our current data do not show the specific mechanism of SFTSV stability, future

research employing biophysical or structural analyses will be required to reveal the specific mechanisms.
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2.6 Conclusion

This chapter showed that SFTSV retains infectivity across a broad temperature range, including extreme heat,
demonstrating remarkable thermal stability. Structural features of the virion likely contribute to this resilience and may
facilitate environmental persistence. Although 70% ethanol, sodium hypochlorite, and UV-C effectively inactivated the
virus, reduced efficacy in the presence of organic material highlights the need for proper specimen handling and pre-

cleaning procedures. These findings reinforce the transmission risk posed by contaminated materials and support further

studies to define the molecular basis of SFTSV thermotolerance
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Chapter 2: Comparison of Pathogenicity in IFN-I Interferon Receptor-Deficient A129 Mice and
Characterization of Amino Acid Substitutions among Severe Fever with Thrombocytopenia Syndrome

Virus Strains
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3.1 Abstract

Severe fever with thrombocytopenia syndrome virus (SFTSV) is an emerging tick-borne zoonotic pathogen
endemic to Asian countries, including Japan. We previously demonstrated that a pair of amino acid residues, Glyssi and
Seross in the Ge of SFTSV, are key determinants of virulence in type I interferon receptor-deficient A129 mice. However,
whether additional viral factors contribute to strain-dependent differences in pathogenicity remains unclear. In this study,
we further observed the pathogenicity of fourteen SFTSV strains, including newly isolated strains from SFTS cat cases, in
A129 mice. Fatality rates ranged from 20% to 100%. Notably, all strains, including those with low fatality, possessed the
virulent Glyss1 and Seross, suggesting that other substitutions influence the pathogenicity. Focusing on Sh-F149 and Yg-
F197 with reduced virulence (40% fatality), we found unique amino acid substitutions. Sh-F149 possessed Iless in the Ge,
and Yg-F197 exhibited Thri72 in the NSs, Gly20 and Arguis in the Gn, and Argsor, Vals71, Pros, and Asnisio in the RdARp. No
significant differences in viral growth kinetics were observed among strains in Vero E6 and TLT cells, and phylogenetic
analysis showed that all strains belonged predominantly to genotype J1. These findings indicate that neither in vitro
replication efficiency nor genotype alone accounts for virulence differences in A129 mice. Taken together, our results
suggest that strain-specific amino acid substitutions contribute to SFTSV pathogenicity and provide a basis for future

mechanistic studies.

26



3.2 Introduction

Severe fever with thrombocytopenia syndrome (SFTS) is an emerging zoonotic viral disease endemic to Asian
countries, including China, South Korea, Vietnam, Taiwan, and Japan (Yu et al., 2011; Kim et al., 2013; Takahashi et al.,
2014; Tran et al., 2019; Lin et al., 2020). In human cases, SFTS presents with symptoms such as fever, gastrointestinal
issues, thrombocytopenia, leukopenia, and multi-organ failure with a fatality rate of up to 30% (Yuetal., 2011; Liu Qetal.,
2014; Kim et al., 2018). In addition, a variety of domestic and wild animals are susceptible to SFTSV infection (Niu et al.,
2013; Ding et al., 2014; Tabara et al., 2016), and cats are particularly susceptible and often develop severe or fatal illnesses
(Matsuu et al., 2019). The causative agent, SETSV, is transmitted by ticks (Gai et al., 2012; Fang et al., 2021), and human-
to-human infection through blood or bodily fluids has also been reported (Yamanaka et al., 2020; Kirino et al., 2021; Tsuru
et al., 2021). In addition, SETSV infections from animals to humans have been reported (Kida et al., 2019; Tsuru et al.,
2021; Li et al., 2024), highlighting their potential role as a source of zoonotic infections and emphasizing the need to better

understand the pathogenic characteristics of SFTSV.

SFTSV is classified within the family Phenuiviridae, genus Bandavirus, and species Bandavirus dabieense. The
virus consists of a segmented negative-strand RNA genome with small (S), medium (M), and large (L) segments. The S
segment is ambisense, encoding two proteins: the antisense RNA encodes nucleoprotein (NP), while the sense RNA encodes
non-structural proteins (NSs) (Yu et al., 2011; Kim et al., 2013; Brennan et al., 2015). The M segment encodes viral
glycoproteins (GPs), which are processed into two viral envelope glycoproteins, Gn and Gc (Yuet al., 2011; Brennan et al.,
2015; Lei et al., 2015). The L segment encodes the RNA-dependent RNA polymerase (RdRp), which functions as the viral

replicase (Yu et al., 2011; Lei et al., 2015; Reguera et al., 2016).

Domestic cats have been recognized as potential sources of zoonotic transmission of SFTSV to humans, and several
human infections have been linked to contact with infected companion animals (Matsuno et al., 2018; Matsuu et al., 2019).
Therefore, the variation in pathogenicity observed among cat-derived strains may have implications for disease severity
and transmission risk in both animals and humans. Understanding the molecular determinants that influence pathogenicity
in cat-derived SFTSV strains may contribute to improved risk assessment and surveillance strategies within a One Health

framework.

Previous studies have demonstrated that both viral and host factors contribute to the high pathogenicity of SFTSV
(Yoshikawa et al., 2019; Wang et al., 2024; Xing et al., 2025). To investigate viral determinants of virulence in vivo, type |
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interferon receptor knockout (IFNAR”) mouse models, including A129 mice, have been widely used (Liu Y et al., 2014;
Shimada et al., 2015; Tani et al., 2016). Previously, using comparative analyses between two SETSV strains, Tk-F123 and
Ng-F264, in IFNAR " A129 mice, we showed that a pair of amino acid residues at positions 581 and 934 in the Gc determine
the pathogenicity of SFTSV in the mouse model (Wulandari et al., 2025). Using this model, we previously showed that a
pair of amino acid residues at positions 581 and 934 in the Gc is a critical determinant of pathogenicity (Wulandari et al.,
2025). Specifically, Glyss1 and Seros4 in the Tk-F123 strain were associated with increased virulence, whereas Argssi and

Asposs in the Ng-F264 strain were linked to attenuated pathogenicity (Wulandari et al., 2025).

However, this pair of residues alone is unlikely to fully account for the observed variability in virulence among
SFTSV strains. Indeed, accumulating evidence suggests that additional viral genetic factors may modulate pathogenicity in
a strain-dependent manner. In this study, we compared the pathogenicity of fourteen cat-derived SFTSV strains in A129
mice and performed comprehensive sequence analyses to find amino acid substitutions associated with reduced virulence.

These results will provide new insights into the elucidation of SFTSV pathogenicity and virulence.

28



3.3.0 Materials and Methods
3.3.1 Viruses and Cells

Fourteen SFTSV strains, Tk-F123, Ng-F264, Ng-F95, Ng-F125, Sh-F149, Yg-F157, Yg-F180, Ng-F186, Yg-F197,
Ng-F206, Fk-F258, Ng-F265, Yg-F267, and Yg-F274, were isolated from serum or plasma samples of cats diagnosed with
SFTS at our laboratory between 2021 and 2022 (Table 1). Vero E6 cells and Tiger Liver Tumor (TLT) cells previously
established in our laboratory (Anggita et al., 2025), were cultured in Dulbecco's Modified Eagle's Medium (DMEM;
Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10% heat-inactivated fetal bovine serum (FBS; Serena
Europe GmbH, Pessin, Germany), and 1% penicillin-streptomycin (100 U/mL penicillin and 100 pg/mL streptomycin;
FUIJIFILM, Wako Pure Chemical Corporation, Osaka, Japan), at 37°C in a 5% COz incubator. SFTSV strains were initially
isolated in Vero E6 cells cultured in DMEM containing 2% FBS. Culture supernatants were harvested at 5 days post-
infection and passaged once in Vero E6 cells to generate working stocks, which were stored at -80°C until use. Experiments
with infectious SFTSV were conducted in a biosafety level-3 (BSL-3) laboratory at Yamaguchi University in accordance

with standard BSL-3 guidelines.

3.3.2 Focus Forming Assay (FFA)

Infectious viral titers were determined by FFA as previously described (Hayasaka et al., 2015). Briefly, confluent
Vero E6 cells were inoculated with serial dilutions of virus-containing supernatants. After adsorption, cells were overlaid
with DMEM containing 2% FBS and 1% methylcellulose and incubated (Wako Pure Chemical Industries, Ltd) for 3 days.
Viral foci were detected using a mouse monoclonal antibody against SFTSV nucleoprotein (Yu et al., 2011), followed by
peroxidase-conjugated anti-mouse IgG (American Qualex, San Clemente, CA, USA), and visualization with DAB substrate

(FUJIFILM Wako Pure Chemical Corporation). Viral titers were expressed as focus-forming unit (ffu/mL).

3.3.3 SFTSV Infection in Mice

IFNAR " A129 mice were obtained from B&K Universal Limited and mated at Yamaguchi University. Six- to eight-

week-old A129 mice (n =5 per group, including both males and females) were subcutaneously inoculated with 10* FFU of
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SFTSV diluted in 2% FBS DMEM. Mice were monitored daily for clinical signs and body weight. Humane endpoints were
defined in accordance with guidelines criteria, and mice that reached the endpoint were euthanized by isoflurane overdose.
Animal experiments were conducted in compliance with the Fundamental Guidelines for the Proper Conduct of Animal
Experiments and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of Education,
Culture, Sports, Science, and Technology, and were approved by the Animal Care and Use Committee of Yamaguchi

University (approval number: 05-31-565).

3.3.4 Quantification of Viral RNA

Liver, kidney, and brain tissues were collected from mice infected with SFTSV strains, Tk-F123, Ng-F125, Ng-
F265, Yg-F197, and Ng-F264, at 3 days post-infection (dpi). Tissues were homogenized in phosphate-buffered saline using
a TOMY Micro Smash MS-100 homogenizer (TOMY Digital Biology Co., Ltd., Tokyo, Japan). Total RNA was extracted
using ISOGEN II (Nippon Gene Co., Ltd) according to the manufacturer's instructions. Viral RNA copy numbers were
determined by quantitative real-time RT-PCR (qRT-PCR) using the RdRp-specific primers as previously described
(Hayasaka et al., 2015; Ando et al., 2021). Reactions were performed using a One-Step PrimeScript RT-PCR Kit (Takara

Bio Inc., Shiga, Japan), on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).

3.3.5 Viral Genome Sequencing and Phylogenetic Analysis

The entire viral genome of the SFTSV strains were sequenced as previously described (Yu et al., 2011). Briefly,
viral RNA was extracted from stock viruses using Isogen-LS (Nippon Gene Co., Ltd). The S, M, and L segments were
amplified by one-step RT-PCR using segment-specific primers (QIAGEN, Foster City, CA, USA). PCR products were
purified using the MiniElute Gel extraction kit (QIAGEN, Hilden, Germany) and sequenced by the Sanger method (Eurofins

Genomics, Tokyo, Japan). The GenBank accession numbers are listed in Table 1.

Phylogenetic trees for the S, M, and L segments were constructed using the maximum likelihood method implemented in
IQ-TREE via Galaxy Europe software (Kalyaanamoorthy et al., 2017; Minh et al., 2020). The best-fit substitution models
were selected as follows: GTR+F+I+R3 for the L segment, GTR+F+R3 for the M segment, and TvM+F+I+G4 for the S
segment. Branch support was assessed using 1,000 bootstrap replicates. Trees were rooted using the midpoint method for

intraspecies comparisons.
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3.3.6 Virus Growth Kinetics

Confluent Vero E6 and TLT cells were inoculated with SFTSV strains at a multiplicity of infection (MOI) of 0.01.
Supernatants of infected cells were harvested at 0, 1, 3, and 5 dpi and stored at -80°C. The samples were titrated using FFA.

The experiment was performed in triplicate, with two independent experiments.

3.3.7 Statistical Analysis

One-way ANOVA with Tukey’s test was performed to compare RNA levels in mouse tissues using GraphPad Prism.

(+P < 0.05)
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3.4.0 RESULTS

3.4.1 The Pathogenicity of SFTSV Strains in Infected Cats and A129 Mice

Twelve SFTSV strains, Ng-F95, Ng-F125, Sh-F149, Yg-F157, Yg-F180, Ng-F186, Yg-F197, Ng-F206, Fk-F258,
Ng-F265, Yg-F267, and Yg-F274, were isolated from SFTS cat cases involving 7 fatal, 4 recovered, and 1 unknown
outcomes in Japan (Table 1). These strains, and Tk-F123 and Ng-F264, were subcutaneously infected in A129 mice, and
disease progression was compared to monitor fatality. Ng-F95, Yg-F180, Ng-F186, Ng-F206, Fk-F258, Yg-F267, Yg-F274
and Tk-F123 exhibited 100% fatality (Figure 3.1A and Table 3.1). Fatality of Ng-F125 and Yg-F157 were 80%, and that of
Ng-F265 was 60%. Sh-F149 and Yg-F197 showed a low fatality of 40%. Ng-F264 showed no mortality in our previous

study; it exhibited a 20% lower mortality in the present study (Figure 3.1A and Table 3.1).

Table 3.1 Cat-derived SFTSV strains used in this study

Strains Year Place Fate GenBank accession numbers
S M L

Tk-F123* 2021 Tokushima Fatal PZ322986 PZ323000 P7323014
Ng-F264* 2022 Nagasaki Unknown P7322995 P7323009 PZ323023
Ng-F95 2021 Nagasaki Fatal PZ322985 P7322999 PZ323013
Ng-F125 2021 Nagasaki Fata P7322987 PZ323001 PZ323015
Sh-F149 2021 Shimane Fatal PZ322988 P7323002 P7323016
Yg-F157 2021 Yamaguchi Recovered P7322989 P7323003 P7323017
Yg-F180 2021 Yamaguchi Fatal PZ7322990 P7323004 PZ323018
Ng-F186 2021 Nagasaki Fatal PZ322991 PZ323005 P7323019
Yg-F197 2021 Yamaguchi Recovered PZ7322992 PZ323006 PZ323020
Ng-F206 2021 Nagasaki Fatal PZ322993 P7323007 PZ323021
Fk-F258 2022 Fukuoka Unknown P7322994 P7323008 P7323022
Ng-F265 2022 Nagasaki Recovered P7322996 P7323010 P7323024
Yg-F267 2022 Yamaguchi Recovered P7322997 P7323011 PZ323025
Yg-F274 2022 Yamaguchi Fatal P7322998 P7323011 PZ7323026
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*Previously reported strains in Wulandari et al., 2025.
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Fig. 3.1A Pathogenicity of cat-derived severe fever with thrombocytopenia syndrome virus strains in type-I
interferon receptor-deficient A129 mice. Survival curves of mice subcutaneously infected with 10* ffu of Tk-F123, Ng-
F264, Ng-F95, Ng-F125, Sh-F149, Yg-F157, Yg-F180, Ng-F186, Yg-F197, Ng-F206, Fk-F258, Ng-F265, Yg-F267, and

Yg-F274 (n=5).

3.4.2 Viral Loads in Organs of SFTS V-infected Mice with Fatality Rates of 20-100%

Viral RNA levels in the liver and kidney, as representative peripheral organs, and the brain, as the central nervous
system, were examined in mice infected with Ng-F264, Yg-F197, Ng-F265, Ng-F125, and Tk-F123 strains that showed

20%, 40%, 60%, 80%, and 100% fatality, respectively. Higher viral RNA levels were observed in strains associated with a
33



higher mortality (Figure 3.1B), although no statistically significant differences were detected among groups by one-way

ANOVA.
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Fig. 3.1B Viral RNA copy numbers in tissues from mice infected with SFTSV strains Tk-F123, Ng-F125, Ng-
F265, Yg-F197, and Ng-F264 (N=3). A one-way ANOVA with Tukey's multiple-comparison test was performed, but no

significant differences were observed (#P < 0.05).

3.4.3 Amino Acid Substitutions of the Other SFTSV Strains Relative to TK-F123

Thus, we compared the amino acid sequences of the 12 SFTSV strains. In particular, Sh-F149 and Yg-F197, which

exhibited 40% mortality, were analyzed in detail.
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In the S segment, there were nucleotide variations at 53 nucleotide positions (data not shown), and three amino acid
variations were found in the NSs (Table 3.2). Among these, Thrizz was uniquely present in Yg-F197. Asp23s was observed

in both Sh-F149 and Yg-F197, but this amino acid was also observed in several highly pathogenic strains.
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In the M segment, there were nucleotide variations at 97 nucleotide positions (data not shown), and amino acid
varieties were found at a total of 21 positions in the Gn and Gc (Table 3.2). It is noteworthy that all strains except Ng-F264,
including Sh-F149 and Yg-F197, possessed the virulent pair of Glyss: and Serozs. Sh-F149 amino acid sequences were
closest to those of Fk-F258 that exhibited 100% fatality in A129 mice, and Sh-F149 exhibited a unique substitution, [le7as
in the Gc, compared with Thrzs of Fk-F258. Also, the amino acid sequences of Yg-F197 were closest to those of Ng-F95,
which showed 100% fatality in A129 mice, and Yg-F197 showed unique substitutions Gly20 and Argiis in the Gn compared

with Asp2o and Lysi13 of Ng-F95.

In the L segment, there were nucleotide varieties at 194 nucleotide positions (data not shown), and 13 amino acid
variations were in the RdRp (Table 3.2). There were no amino acid differences between Sh-F149 and Fk-F258. On the other
hand, Yg-F197 possessed four unique substitutions: Arg307, Vals71, Pros7s, and Asnisio compared with Lysso7, Asps71, Sersza,

and Serisi0 in Ng-F95 in the RdRp.

From these results, it was suggested that the unique amino acid of Ilews in the Ge contributes to the attenuated
pathogenicity of Sh-F149. Furthermore, Thri7 in the NSs, Gly2o and Argus in the Gn, and Argso7, Vals7i, Prosz, and Asnieio
in the RdARp may be responsible for the attenuated pathogenicity of Yg-F197. Therefore, these amino acids are considered

key factors that may be contributing to the attenuated pathogenicity of SFTSV in the A129 mouse model.

3.4.4 Growth Kinetics in VeroE6 and TLT Cell Lines

Our previous study indicated that there were no significant differences in virus growth properties in vitro (in cell
cultures) among SFTSV strains exhibiting different fatality rates in A129 mice (Ando et al., 2021). Thus, to assess whether
in vitro replication correlates with pathogenicity, the growth kinetics of five representative strains, Tk-F123, Ng-F125, Ng-
F265, Yg-F197, and Ng-F264, were evaluated in highly susceptible SFTSV cell lines of Vero E6 and TLT (Anggita et al.,
2025). Similar to our previous results, no significant differences in viral titers were observed among the strains at any time
point in either cell line (Figure 3.2). Cytopathic effects in TLT cells and the absence of cytopathic effects in Vero E6 cells

were comparable across all strains. (data not shown).
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Fig. 3.2 Growth Kinetics of severe fever with thrombocytopenia syndrome virus (SFTSV) strains. Cells were
infected with SFTSV at a multiplicity of infection (MOI) of 0.01, and the supernatants were collected at 0, 1, 3, and 5 dpi.
Starting viral loads were 2.34 x 10" and 2.59 x 10 ffu in Vero E6 and Tiger Liver Tumor (TLT) cell lines, respectively. Each

experiment was performed in triplicate, with 2 independent experiments. Error bars indicate standard deviations.

3.4.5 Phylogenetic Analysis of the SFTSV Strains used In This study

We also examined whether pathogenicity in A129 mice correlated with the genotype of SFTSV strains.
Phylogenetic analyses were performed using full-length sequences of the S, M, and L segments strains together with
representative SFTSV strains from GenBank. All strains except for Ng-F125 were classified into genotype J1 based on all
three genome segments (Figure 3.3A, 3.3B, and 3.3C). Ng-F125 was classified as genotype J1 based on S and M segments
(Figure 3a and 3b) but as genotype J3 based on the L segment (Figure 3.3C), suggesting that Ng-F125 was a reassortant
virus between J1 and J3 genotypes. It is noteworthy that no clear association was observed between phylogenetic

classification and mortality rates among the SFTSV strains analyzed in this study.
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Fig. 3.3 Phylogenetic trees based on the full-length nucleotide sequences of the severe fever with
thrombocytopenia syndrome virus (SFTSV) strains for (A) S segment, (B) M segment, and (C) L segment. The SFTSV
strains shown in red were analyzed in this study. Maximum-likelihood phylogenetic trees were reconstructed using 1Q-
TREE with the best-fit substitution model. Branch support values were estimated with 1,000 bootstrap replicates and are

shown at the nodes. The tree was rooted using the midpoint method for intraspecies comparison.
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3.5.0 Discussion

In this study, we observed amino acid residues of cat-derived SFTSV strains that may be potentially associated with
fatality in A129 mice. We previously found that the pair of amino acid residues of Glyss1 and Seross in the Ge is a determinant
of the fatality in A129 mice (Wulandari et al., 2025). Interestingly, all SFTSV strains used in this study carried the fatal
Glyss1 and Serosq; however, several strains exhibited lower fatality, suggesting that other viral amino acids may contribute
to reduced pathogenicity. In particular, Sh-F149 and Yg-F197 exhibited comparatively low fatality rates of 40%, suggesting
that the unique viral amino acids observed, Ilews in Ge of Sh-F149 and Thri7 in NSs, Gly2o, and Argii3 in Gn, and Argsor,
Vals71, Pros7a, and Asnieio in RARp of Yg-F197, may likely contribute to attenuation of SFTSV pathogenicity. Of note,
comparisons between the genetically closest pairs of Sh-F149 (40% fatality) and Fk-F258 (100% fatality), or Yg-F197
(40% fatality) and Ng-F95 (100% fatality), seemed useful for revealing unknown viral determinants affecting pathogenicity
in A129 mice. A reverse genetic system will be required to construct mutagenesis viruses and will provide new insights into

viral genes, as demonstrated in our previous study (Wulandari et al., 2025).

Previous studies have suggested that NSs of SFTSV is a key factor in strain-specific fatality, acting as a strong
interferon antagonist to suppress immune responses by interacting with key signaling molecules such as STAT1 and STAT2
and IFN-I response (Chaudhary et al., 2015; Yoshikawa et al., 2019). It has been found that critical residues in NSs, mutation
of Trpe1 to Tyre, influenced the NSs-Np interactions, which might cause conformational changes in NSs and contributed to
reduced viral replication and pathogenicity of SFTSV strains (Park et al., 2023). Furthermore, mutations such as Proio to
Alaiz and Lysai1 to Argen influenced the NS interactions with the TPL2—ABIN2—p105 complex, promoting IL-10
production and immune suppression (Choi et al., 2019). In addition, previous studies have demonstrated that substitutions
at positions 30, 144, 172, 207, 245, and 249 in the NSs of SFTSV may underlie geographic lineages and pathogenic
variabilities (Wu et al., 202 1). However, in this study, Thri72 in NSs of Yg-F197 was found in A129 mice, which are deficient

in IFN-I responses. Thus, if this amino acid is related to pathogenicity, other mechanisms may be involved.

The envelope glycoproteins Gn and Ge encoded in the M segment play critical roles in viral entry and also seem to
contribute to the viral pathogenesis (Hofmann et al., 2013). Previous studies, including our findings, have suggested that
the Gc protein is also an important determinant of SFTSV virulence (Lei et al., 2015; Plegge et al., 2016; Wang et al., 2024;
Waulandari et al., 2025). Glycosylation of viral glycoproteins has been reported to influence viral infectivity, cellular tropism,

and pathogenicity, with disruption of glycan motifs associated with attenuated virulence in experimental models (Shimojima
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et al., 2024). Previous studies demonstrated that loss of the Asn33-linked glycan disrupts lectin-mediated entry, reduces
macrophage infection and cytokine induction, and attenuates SFTSV virulence in vivo (Shimojima et al., 2024). In this
study, it was suggested Ilezs in Ge of Sh-F149, Gly2o, and Argiis in Gn, of Yg-F197 might influence the reduced virulence
in A129 mice. To confirm whether these amino acids determine lower pathogenicity and elucidate the mechanism, further
investigation integrating reverse genetics, structural, and functional assays will be required and will provide new insights

into SFTSV pathogenicity.

SFTSV strains derived from fatal cat cases of Ng-F95, Ng-F125, Sh-F149, Yg-F180, Ng-F186, Ng-F206 and Yg-
F274 showed 40% to 100% fatalities. Also, the recovered cat-derived strains of Yg-F157, Yg-F197, Ng-F265, and Yg-F267,
which showed 40% to 100% fatalities in A129 mice, suggest that the pathogenicity of SFTSV strains in A129 mice is
unlikely to correlate with the disease outcome of the originating cat cases, as shown in our previous study (Ando et al.,
2021). All SFTSV strains except Ng-F125 were clustered within genotype J1 based on S, M, and L segments. The L segment
of Ng-F125 was I3 genotype, whereas the S and M segments were J1 genotype, indicating that this strain was a reassortant
virus. J1 is the predominant genotype in Japan and comprises many human and animal-derived strains from various regions
(Yoshikawa et al., 2015; Ando et al., 2021). However, the varied pathogenicity in A129 mice and disease outcomes in cat
cases of SFTSV strains were unlikely to be explained by large-scale genomic divergence, but rather were more likely

associated with limited, strain-specific amino acid substitutions.

We previously showed that cultured susceptible cell lines, Vero E6 and TLT, exhibited high SFTSV yields, with or
without CPE, respectively (Anggita et al., 2025). Thus, we considered these cells useful for examining the growth properties
of SFTSV strains exhibiting different fatality rates in A129 in vitro. We hypothesized that highly pathogenic strains would
exhibit greater propagation in cultured cells; however, there were no significant differences in growth kinetics between the
two cell lines for SFTSV strains with 20-100% fatality. Our preliminary data imply that there were no significant differences
in growth kinetics in other mammalian-derived cells between SFTSV strains (data not shown). Therefore, it was suggested
that the replication efficiency of these SFTSV strains in vitro may not correlate with the pathogenicity in vivo. However,
Vero E6 and TLT were not derived from mouse tissues, and we are proceeding to examine the virus growth in cultured cells
derived from A129 mice. We aim to provide more detailed data on the mechanism of SETSV propagation across different

cell lines in the future.
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3.6 Conclusion

In conclusion, this study identified several amino acid residues (Ile7ss in Ge; Thrizz in NSs; Gly20/Argnis in Gn; and
Argso7/Vals7i/Pros7a/Asnisio in RdRp) that may attenuate SFTSV pathogenicity in A129 mice, despite all strains carrying the
fatal Glyssi/Sersss Ge pair. Comparing closely related strain pairs with divergent fatality rates provides a basis for uncovering
novel virulence determinants. Thri72 in NSs, associated with attenuation in IFNAR " mice, suggests IFN-I-independent
mechanisms. No correlation was observed between cat disease outcomes and mouse fatality, and most strains belonged to
genotype J1, except the reassortant Ng-F125. In vitro growth kinetics did not reflect in vivo pathogenicity, highlighting the

need for reverse genetics and mouse-derived cell lines to validate these candidate residues.
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4.0 General Conclusion

The order Bunyavirales comprises one of the largest and most diverse groups of negative-sense, single-stranded
RNA viruses, including emerging pathogens of significant medical and veterinary importance such as severe fever with
thrombocytopenia syndrome virus (SFTSV), Rift Valley fever virus (RVFV), Hantaan virus (HNTV), and Crimean-Congo
hemorrhagic fever virus (CCHFV). Bunyaviruses are typically enveloped and have a tripartite genome comprising small
(S), medium (M), and large (L) segments. Many bunyaviruses are arthropod-borne (arboviruses), transmitted by mosquitoes,
ticks, or sandflies, and are associated with significant human and animal diseases. Despite their public health importance,
environmental stability and molecular determinants of pathogenicity vary considerably among bunyaviruses, necessitating
virus-specific investigations. For SFTSV, an emerging tick-borne virus endemic to East and Southeast Asia, critical
knowledge gaps remain regarding its environmental persistence and the viral factors that influence disease prognosis in

vulnerable populations.

This thesis provides a comprehensive characterization of two critical aspects of SFTSV: its environmental stability
across diverse temperatures and its differential pathogenicity, as revealed by amino acid substitution analysis in an IFNAR "
(A129) mouse model. Regarding thermal stability, we demonstrated that SFTSV retains infectivity across a broad range
from 4°C to 37°C for several days and, notably, even at near-boiling temperatures (94°C), underscoring a persistent
transmission risk that warrants rigorous inactivation protocols when handling infected individuals and contaminated fomites
in endemic regions. Regarding pathogenicity, we identified strain-specific amino acid substitutions associated with
differential virulence in A129 mice, providing a molecular basis for understanding how limited, strain-specific changes
rather than large-scale genomic divergence may influence disease outcomes in the context of Type I interferon receptor-

deficient mice.

In conclusion, these findings highlight the importance of monitoring environmental conditions to shape public
health strategies, combined with rigorous molecular surveillance to detect potentially attenuated or virulent strains. However,
further studies are essential to fully elucidate the specific molecular mechanisms governing both the remarkable
thermotolerance and the differential pathogenicity of SFTSV. Future work integrating reverse genetics, structural analyses,
biophysical assays, and functional evaluations using A 129 mouse-derived cells will be required to establish the mechanistic

basis of these observations
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