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1. General Introduction



1.1 Introduction

Trisegmented bunyaviruses constitute a category of viruses within the
Bunyavirales order, distinguished by their segmented, negative-sense RNA genomes that
are encoded in an orientation opposite to that of messenger RNA. Their members infect
broad ranges of hosts, including several significant human pathogens, such as severe
fever with thrombocytopenia syndrome virus (SFTSV), Hantaan virus (HTNV),
Crimean-Congo hemorrhagic fever virus (CCHFV), Bunyamwera virus (BUNV), and
Rift Valley fever virus (RVFV) (Ren et al., 2021). The genome segments are labeled as
L, M, and S, where the L segment encodes the RNA-dependent RNA polymerase, the M
segment encodes glycoproteins, and the S segment encodes nucleoproteins and
nonstructural proteins (Tercero and Makino, 2020; Hartman and Myler, 2023).

Reverse genetic systems have been essential in the investigation of trisegmented
bunyaviruses. The process of introducing a precise genetic change into a viral genome,
known as viral reverse genetics, has revolutionized our understanding of negative-sense,
segmented RNA viruses. While the specific characteristics of reverse genetic systems
vary among different viruses, the fundamental principles of biology remain the same.
Firstly, we reverse transcribe and clone the full-length RNA viral genome into DNA
plasmids for in vitro manipulation. We then introduce the genome-encoding plasmids
into cells, usually in conjunction with helper protein expression plasmids, to produce the
recombinant virus. These systems allow for the manipulation of viral genomes to study
virus biology and pathogenesis. The development of these systems involves generating
viral transcripts from transfected plasmids, which can then be used to produce
recombinant viruses.

Numerous bunyaviruses are highly pathogenic, requiring biosafety level 3 or 4

facilities for handling. This restricts the scope of research and development activities that



can be conducted safely. In this study, we were able to rescue recombinant Tofla virus
(TFLV) and SFTSV from cDNA clones, allowing detailed studies on viral genetics and
pathogenesis. We also describe the molecular determinants of virulence in SFTSV, which
is crucial for developing effective vaccines and therapeutics. Finally, we highlight that
reverse genetics continues to be a powerful tool in elucidating the molecular mechanisms
of virulence in trisegmented bunyaviruses, which will contribute to our understanding of

viral biology, pathogenesis, and intervention strategies.

1.2 Bunyaviruses

Bunyaviruses are member of the order Bunyavirales, represent the largest group
of RNA viruses and are responsible for numerous fever and hemorrhagic diseases.
Originally discovered in 1943 in Uganda (Smithburn et al., 1946), the Bunyaviridae
family has grown to include over 500 named virus species found worldwide (Boshra,
2022). Primarily, arthropod and rodent vectors transmit these predominantly tri-
segmented, single-stranded RNA viruses, which can infect a wide variety of animals and
plants (Horne & Vanlandingham, 2014). Despite only encoding a small number of
proteins, these viruses have the ability to cause potentially fatal disease outcomes and
have even developed strategies to suppress the innate antiviral immune mechanisms of

the infected host.

1.2.1 Classification

The International Committee on Taxonomy of Viruses (ICTV) has made several
updates to the taxonomy of bunyaviruses in recent years. In 2017, ICTV established the
order Bunyavirales, which is short for "Bunyaviruses." This order is used to group

together viruses that have segmented, linear, single-stranded, negative-sense, or



ambisense RNA genomes. Subsequent taxonomic updates further developed this order,
which now comprises 14 families. These families include Arenaviridae, Cruliviridae,
Fimoviridae, Hantaviridae, Leishbuviridae, Mypoviridae, Nairoviridae,
Peribunyaviridae, Phasmaviridae, Phenuiviridae, Tospoviridae, and Wupedeviridae. In
2019, the ICTV added two additional families, Leishbuviridae and Tospoviridae
(Abudurexiti et al., 2019). The ICTV continues to update the taxonomy of Bunyavirales
as new viruses are discovered and classified, reflecting the ongoing research and
understanding of this diverse viral order.

Several bunyaviruses have attracted significant attention for research due to their
impact on human health and economic consequences. Severe Fever with
Thrombocytopenia Syndrome Virus (SFTSV), this newly discovered tick-borne
bunyavirus, has gained attention due to its high mortality rate of over 40% (Ye & Yan,
2024). Crimean-Congo hemorrhagic fever (CCHF) is a severe tick-borne illness with a
wide geographical distribution and case fatality rates of 30% or higher. Infection with
the CCHF virus (CCHFV) causes the illness, with cases reported throughout Africa, the
Middle East, Asia, and southern and eastern Europe. The expanding range of the
Hyalomma tick vector is placing new populations at risk for CCHF, and no licensed
vaccines or specific antivirals exist to treat it (Hawman & Feldmann, 2023).

The family Arenaviridae, Hantaviridae, Peribunyaviridae, and Phenuiviridae
also contains a variety of commonly known typical pathogenic viruses, including the
lymphocytic choriomeningitis virus (LCMV, Arenaviridae family), known to cause fetal
developmental defects (Barton et al., 2002). Hantaan virus (HTNV, Hantaviridae tamily)
is mainly distributed in Europe and Asia (Brocato and Hooper, 2019). The
Peribunyaviridae family members La Crosse Virus (LACV), Schmallenberg Virus

(SBV), and Oropouche Virus (OROV) have demonstrated the ability to transcend species



barriers and impact human health (Hulswit et al., 2021), while the Rift Valley fever virus
(RVFV, Phenuiviridae family) poses a significant threat to both human health and
livestock biosecurity (Linthicum et al., 2016). Thus, research on bunyaviruses continues
to expand our understanding of their molecular biology, pathogenesis, and potential

control strategies.

1.2.2 Structure

Bunyaviruses have a tripartite genome consisting of three single-stranded RNA
segments: large (L), medium (M), and small (S). The genome segments are organized as
follows: The L segment encodes the RNA-dependent RNA polymerase. The M segment
encodes a polyprotein precursor, which undergoes processing into glycoprotein Gn (32—
35 kDa), glycoprotein Ge (110-120 kDa), and non-structural protein NSm (found in
some bunyaviruses). The S segment encodes nucleocapsid protein (N) and non-structural
protein NSs (in most orthobunyaviruses) (Elliott, 2014).

Each genome segment contains untranslated regions (UTRs) at both 5' and 3'
ends, which are important for transcription, replication, and genome encapsidation. The
terminal nucleotides of each segment are complementary, forming a "panhandle"

structure that serves as the promoter for transcription and replication (Elliott, 2014).

1.2.3 Replication cycle within the mammalian host

The three segments of the bunyavirus genome (L, M, and S) interact in several
ways during replication. Complementary terminal sequences: The 3' and 5' termini of
each genome segment are highly conserved and complementary, allowing them to form
a double-stranded RNA stem structure called a panhandle (Elliott, 2014; Malet et al.,

2023). This panhandle structure serves as a promoter for transcription and replication



(Malet et al., 2023). Then, nucleoprotein (N) encapsulates each genome segment and
associates with the RNA-dependent RNA polymerase (RdRp) to form ribonucleoprotein
(RNP) complexes (Sun et al., 2018). These RNP complexes serve as functional templates
for synthesizing mRNA and progeny virus genome RNA. Following the completion of
this process, the host cell cytoplasm undergoes coordinated replication for all three
segments. The RdRp makes complementary positive-sense RNA (cRNA) and progeny
negative-sense viral RNA (VRNA) from the RNP complexes (Guu et al., 2011). Then
Packaging interactions occur during virus assembly, where the three genome segments
interact with the viral glycoproteins Gn and Gc at the Golgi membranes. This interaction
is crucial for the proper packaging of all three segments into new virions (Simons &
Pettersson, 1991).

When two different bunyaviruses co-infect a cell, the genome segments may
mismatch during packaging, potentially leading to the generation of reassortant viruses
(Barker et al., 2023). This process involves interactions between genome segments from
different viral strains. These interactions ensure the coordinated replication,
transcription, and packaging of all three genome segments, which is essential for

producing functional progeny viruses.

1.2.4 Bunyavirus Reverse Genetic Systems

Reverse genetics is characterized by the generation of viruses entirely from
cloned cDNA. Negative-sense RNA viruses, with genomes complementary to mRNA in
orientation, require the provision of viral RNA and proteins for replication and translation
to initiate the viral replication cycle. Prior to the recovery of fully infectious viral
particles, numerous research groups employed T7- and Pol I-driven minigenome rescue

techniques to explore different facets of bunyaviral biology.



Dunn et al. (1995) initially established T7-based bunyaviral minigenome rescue
systems by creating a reporter system that enabled the examination of viral transcription
requirements via the transfection of a plasmid encoding the negative-sense reporter gene
CAT, surrounded by the 5" and 3' UTRs of Bunyamwera virus, into cells that express
bunyaviral proteins. Flick and Pettersson (2001) subsequently expanded upon this
research to create a Pol I-based minigenome rescue system like that described by Dunn
et al. for the bunyavirus Uukuniemi virus. This study utilized a minigenome test that
involved cotransfection with a GFP reporter gene, bordered by 5" and 3’ UTR sections of
the Uukuniemi virus, into cells containing plasmids that express the L, N, or NSs
proteins, or superinfection with the virus itself.

The Flick group successfully adapted this technique for other bunyaviruses,
including the Hantaan virus (K. Flick et al., 2003) and the Crimean-Congo hemorrhagic
fever virus (R. Flick et al. 2003). The T7- and Pol I-based minigenome rescue systems
have been employed by various research groups to explore bunyavirus biology, including
critical transcriptional start and termination signals in the 3’ and 5' terminal genomic
regions, cis-acting trafficking and localization signals, and the functional trans-roles of
specific viral proteins throughout the viral life cycle (Ikegami et al., 2005; Lopez et al.,
1995). These noninfectious minigenome methods have demonstrated efficacy in creating
quantifiable, high-throughput reporter systems for screening antiviral agents in lower
biosafety level settings for typically high-containment bunyaviruses (Ozawa et al., 2011;
Bouloy and Flick, 2009).

Reverse genetic systems for fully infectious clones of bunyaviruses
predominantly utilize technology analogous to those employed for orthomyxoviruses and
arenaviruses. The Bunyamwera virus, a bunyavirus, was the inaugural segmented,

negative-stranded RNA virus to be independently rescued from cloned cDNAs by



Bridgen, Elliott, and their associates, followed by Lowen et al. Complete cDNA replicas
of the three bunyavirus genomic segments were inserted into transcription plasmids,
which were bordered by the T7 promoter and hepatitis delta virus ribozyme sequences
(Bridgen & Elliott, 1996). Upon transfection of these plasmids and expression plasmids
encoding for the Bunyamwera viral proteins and the T7 polymerase into mammalian
cells, infectious progeny viruses were rescued (Bridgen & Elliott, 1996). The identical
T7-based approach was subsequently employed to effectively recover RVFV and La
Crosse virus (Bird et al.,, 2008; Blakqori and Weber 2005). Moreover, additional
investigation into viral rescue methodologies by Billecocq et al. (164) and Habjan et al.
(2008) demonstrated that a Pol I-based rescue system, involving the cotransfection of Pol
I-driven plasmids encoding the L, M, and S genes alongside L and N expression
plasmids, constituted a comparably effective approach for rescuing RVFV. Collectively,
these investigations have established various reverse genetic techniques for bunyaviruses

and expanded the potential applications of recombinant viruses.

1.3  Tofla virus

Tofla virus (TFLV) is a newly identified tick-borne virus that belongs to the genus
Orthonairovirus in the family Nairoviridae. TFLV is classified as a strain of Hazara
orthonairovirus and belongs to the Crimean-Congo hemorrhagic fever (CCHF)
serogroup. Phylogenetic analyses and neutralization tests have shown that TFLV is
closely related to the Hazara virus, which is also part of the CCHF group. Crimean-
Congo hemorrhagic fever virus (CCHFV) is known for causing severe hemorrhagic
fevers in humans with high mortality rates. TFLV serves as a useful model for studying

nairoviruses due to its genetic similarities with other significant viruses in this group.



Understanding its biology and pathogenic potential could help develop preventive

measures against tick-borne diseases caused by nairoviruses.

1.3.1 Discovery, prevalence, and disease

Tofla orthonairovirus (TFLV) is a recently identified virus isolated from ticks in
Japan. TFLV was discovered in 2013-2014 from ticks collected in Tokushima and
Nagasaki prefectures of Japan. It has been detected in two different tick species,
Haemaphysalis flava and Haemaphysalis formosensis species. The virus belongs to the
Crimean-Congo hemorrhagic fever (CCHF) group and shares a close relationship with
the Hazara virus (Shimada et al., 2016).

TFLV has been identified in ticks collected from different regions in Japan,
including Tokushima and Nagasaki, suggesting a potential widespread distribution
throughout the country. These tick species are known to feed on wild animals such as
deer and wild boars, as well as humans, indicating a possible natural circulation of the
virus among these hosts. Although human infections have not been reported, the presence
of the virus in ticks that feed on humans raises concerns about potential zoonotic
transmission.

In laboratory settings, TFLV virus has shown the ability to cause lethal infections
in interferon receptor knockout (IFNAR KO) mice, which are used as models for
studying viral pathogenesis1. The infected mice exhibited gastrointestinal disorders, and
imaging studies indicated significant uptake of fluorodeoxyglucose in the intestinal tract.
The virus can infect and propagate in various cultured cell lines derived from both
monkeys and humans (Shimada et al., 2016).

Despite no human cases having been definitively linked to TFLV, the wetland

virus (WELV), which was first identified in 2019 in northeastern China, is closely related



to TFLV. WELV can infect humans, causing symptoms such as fever, headache,
dizziness, malaise, and arthritis. In some cases, it may lead to neurological complications
(Zhang et al., 2024).

While TFLV shows potential pathogenicity similar to other severe Nairoviruses
like CCHFV in experimental models, its impact on human health remains uncertain due
to the lack of documented human cases. Further research is needed to fully understand

its pathogenic potential and epidemiology.

1.3.2 Molecular biology of TFLV

Tofla virus (TFLV) is a member of the genus Orthonairovirus within the family
Nairoviridae. Like other orthonairoviruses, it possesses a tripartite negative-sense RNA
genome, which is characteristic of this genus. The genome consists of three segments:
Large (L), Medium (M), and Small (S) (Fig. 1.1). These segments are linear but form
circular structures through non-covalent binding at their terminal sequences. Each
segment contains non-coding regions at both 5' and 3' ends. The L segment encodes the
RNA-dependent RNA polymerase (RdRp), which plays a crucial role in viral replication
and transcription. This segment is 12,143 nucleotides long. The M segment encodes the
glycoproteins Gn and Ge, which are crucial for the virus's entry into host cells. This
segment is 4,625 nucleotides. The S segment encodes the nucleocapsid protein (N),
which encapsulates the RNA segments. It is 1,699 nucleotides long. The genome
segments are negative-sense, single-stranded RNA.

The genomic structure of TFLV is closely related to other viruses in the Crimean-
Congo hemorrhagic fever group, particularly the Hazara virus. This genomic
organization allows TFLV to replicate efficiently in various cell types, including those

of human origin, suggesting potential zoonotic capabilities.
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L 12,143 bp RdRp Protein
3950 aa

518 791

M 4625 bp
1436 aa

RRLM RRFL  RKLL

1699 bp NP — 3
485 aa

Fig. 1.1 Schematic diagram of the TFLV genome organization. The three genomic
segments of TFLV are the large (L), medium (M), and small (S) segments. The S segment
encodes the viral nucleoprotein (NP) in one reading frame and the small nonstructural
protein (NSs) in an opposite-sense open reading frame. The M segment encodes a
glycoprotein precursor (GPC) that is processed by host proteases to produce a mucin-like
O-glycosylated region, the Gn and Gc glycoproteins, and the medium non-structural
protein (NSm). The L segment of TFLV-encoded protein contains the viral RNA-

dependent RNA polymerase (RdRp).

1.4  Severe fever with thrombocytophenia syndrome virus

Severe fever with thrombocytopenia syndrome (SFTS) is an emerging tick-borne
zoonotic disease caused by the SFTS virus (SFTSV) and has been a concern since 2009,
with an increasing incidence, expanding geographical distribution, and high
pathogenicity in East Asia. Cases were reported in China, Japan, South Korea, Vietnam,
Taiwan, and Thailand. Infection from SFTSV results in fever, fatigue, gastrointestinal
symptoms, thrombocytopenia, and leucopenia in humans, and in some cases, symptoms
can progress to severe outcomes, including hemorrhagic disease, multi-organ failure, and

even death. Currently, no vaccines or antiviral drugs are available for treatment of the

11



SFTSV disease. Moreover, little is known about SFTSV-host interactions, viral
replication mechanisms, pathogenesis, and virulence, further hampering the development

of vaccines and antiviral interventions.

1.4.1 Discovery, prevalence, and disesase

Severe fever with thrombocytopenia syndrome virus (SFTSV) is a novel tick-
borne pathogenic bunyavirus and was first identified in 2009 in central China (Yu et al.,
2011). SFTSV has since spread to several East Asian countries, raising concerns about
its pandemic potential. SFTSV is genetically related to the Heartland virus (HRTV),
another highly pathogenic bunyavirus emerging in the United States (Feng et al., 2024).
According to the latest International Committee on Taxonomy of Viruses (ICTV) report,
SFTSV is classified into the Bandavirus genus (Phenuiviridae family, Hareavirales
order) (Genus: Bandavirus | ICTV).

Due to expanding geographical distribution, increasing infection cases, and the
potential high pathogenicity, bandaviruses have posed threats to public health and raised
more concerns. SFTS prevalence has been increasing in East Asia. China had 18,902
confirmed cases from 2011-2021. Japan as of 2024, nearly 1,000 confirmed cases have
been reported, with approximately 100 fatalities. South Korea has reported cases since
2013, primarily in its northern regions (Casel et al., 2021). Taiwan reported its first
human case in November 2019 (Lin et al., 2020). Thailand's first case was reported in
2019 (Sansilapin et al., 2024). The disease is primarily found in central, eastern, and
northeastern regions of China; western and southern Japan; and northern parts of South
Korea.

The case fatality rate varies by country, ranging from 6.18% in China to 27% in

Japan and 23.3% in South Korea. Overall, the fatality rate is estimated at 5-15% (Casel

12



et al., 2021). SFTSV has shown genetic diversity and reassortment. South Korea has
identified at least nine distinct genotypes of reassortants (Yun et al., 2019). Seven SFTSV
reassortants have been reported in China (Fu et al., 2016). This genetic variability
suggests active evolution of the virus in nature, which may impact its spread and
virulence.However, to date, there are no specific antiviral drugs and vaccines to control

the infections of SFTSV and SFTSV-related viruses.

1.4.2 Molecular biology of SFTSV

Like other members of the Phenuiviridae family, the SFTSV genome consists of
three single-stranded negative-sense RNA segments defined as large (L), medium (M),
and small (S). The L segment encodes RNA-dependent RNA polymerase (RdRp), the M
segment encodes a polyprotein precursor that is subsequently cleaved into two
glycoprotein subunits, Gn and Gc, and the S segment employs an ambisense coding
strategy to encode the nucleoprotein (NP) and the non-structural protein (NSs). The NSs
proteins of various pathogenic bunyaviruses, including SFTSV, are considered crucial
virulence factors that likely contribute to pathogenesis. The nucleoprotein (NP)
encapsulates viral genomic RNA and interacts with RNA-dependent RNA polymerase
(RdRp) to generate ribonucleoprotein complexes (RNPs), which are essential
constituents of the virion. A diagram of the virion and genomic regions is presented in

the figure 1.2.
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Fig. 1.2 Schematic diagram of the SFTSV virion and genome organization. SFTSV
particles are enveloped with the Gn/Gc heterodimers incorporated on the surface.
Nucleocapsid protein (NP) and viral RNA-dependent RNA polymerase (RdRp) package
the tripartite single-stranded RNA genome (L, M, and S segments) into
ribonucleoproteins (RNPs). The L segment encodes RdRp. The M segment encodes Gn
and Gc. The S segment encodes NP and nonstructural proteins (NSs) in ambisense

orientation.
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Chapter 1

Development of an entirely cloned cDNA-based

reverse genetics system for Tofla virus of orthonairovirus
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2.1 Abstract

The genus Orthonairovirus includes highly pathogenic tick-borne viruses such as
the Crimean-Congo hemorrhagic fever orthonairovirus (CCHFV). A reverse genetics
system is an indispensable tool for determining the viral factors related to pathogenicity.
Tofla orthonairovirus (TFLV) is a recently identified virus isolated from ticks in Japan
and our research has suggested that TFLV is a useful model for studying pathogenic
orthonairoviruses. In this study, we successfully established a reverse genetics system
for TFLV using T7 RNA polymerase. Recombinant TFLV was generated by transfecting
cloned complementary DNAs encoding the TFLV genome into BSR T7/5 cells
expressing T7 RNA polymerase. We were able to rescue infectious recombinant TFLV
mutant (rTFLVmt) and wild-type TFLV (rTFLVpt) viruses, which exhibited
indistinguishable growth kinetics in mammalian cells and pathogenicity in A129 mice
compared with the authentic virus. Our approach provides a valuable method for

establishing reverse genetics system for orthonairoviruses.
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2.2 Introduction

The genus Orthonairovirus is classified within the family Nairoviridae and the
order Bunyavirales. This genus includes several pathogenic tick-borne viruses, such as
Nairobi sheep disease virus (NSDV) (Orthonairovirus nairobiense), Dugbe virus
(Orthonairovirus dugbeense), and Crimean-Congo hemorrhagic fever (CCHF) virus
(CCHFV) (Orthonairovirus haemorrhagiae) (Garrison et al., 2020; Burt et al., 1996).
These viruses cause severe diseases, including hemorrhagic fever, in both humans and
animals (Spengler et al., 2016; Elaldi et al., 2009; Ergo niil, 2006; Kar et al., 2020).
CCHF is a highly pathogenic illness in humans with a wide geographical distribution
owing to the expanding range of tick vectors (Messina et al., 2015; Gargili et al., 2017).
NSD causes severe diseases, including hemorrhagic fever, with high mortality in sheep
and goats (Davies, 1997). Currently, no effective antiviral agents are available against
these viruses. To develop specific treatments for these diseases, it is crucial to elucidate
the determinants affecting the pathogenicity of orthonairoviruses.

To identify viral factors related to pathogenicity, in vitro and in vivo approaches
using live viruses based on reverse genetic system are necessary. However, research on
live CCHFV is limited because most countries require BSL-4 facilities (maximum
containment measures). Alternatively, Hazara virus (HAZV) (Orthonairovirus
hazaraense) has been used as a surrogate for CCHFV since it can be used in BSL-2
facilities (Fuller et al., 2019). HAZV was first discovered in Ixodes redikorzevi in
Pakistan in 1954 (Begum et al., 1970). HAZV shows cross-reactivity with CCHFV,
suggesting that it belongs to the CCHFV serogroup (Kal- kan-Yazici et al., 2021).
Although there is no evidence that HAZV causes infectious diseases in humans and
animals, it is pathogenic in experimental mice, such as interferon receptor knockout

(IFNAR KO) mice (Dowall et al., 2012).
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Tofla virus (TFLV) (Orthonairovirus japonicum) was isolated from ticks in Japan
and is closely related to HAZV within the CCHFV group (Shimada et al., 2016). TFLV
can infect mammalian cell lines, including human-derived cells, and is lethal in [IFNAR-
KO mice (Shimada et al., 2016). TFLV has been detected in ticks from various regions
of Japan, and multiple strains isolated. Interestingly, we found seropositive wild boars in
Nagasaki, Japan, suggesting that TFLV infects wild animals and may cause infectious
diseases in mammals (Luvai et al., 2022). Therefore, it is important to elucidate the
infectivity and pathogenicity of TFLV in emerging infectious diseases. Additionally, we
propose that TFLV could serve as a useful model for studying CCHFV.

The orthonairovirus genome consists of three RNA segments, and the
nucleocapsid (N) protein is encoded by the small (S) segment, the glycoprotein precursor
GPC (Gn and Gc) by the medium (M) segment, and RNA-dependent RNA polymerase
(RdRp) by the large (L) segment (Elliott, 1990). These proteins are essential for the viral
replication and transcription of orthonairovirus. The most abundant structural protein is
N, responsible for encapsidating the viral genomic segments, while the least abundant
protein is RdRp, crucial for viral genome replication and transcription (Carter et al.,
2012; Guo et al., 2012; Jeeva et al., 2017; Scholte et al., 2017). Envelope glycoproteins
(Gn and Gc) are generated by proteolytic processing from GPC (Sanchez et al., 2002,
2006; Freitas et al., 2020; Hulswit et al., 2021). The TFLV genomic RNA segments and
deduced proteolytic sites in the Gn and Gc were similar to those of other
orthonairoviruses (Shimada et al., 2016).

Reverse genetic systems have been established to enable researchers to
manipulate viral genomes, study their functions, and investigate their interactions with
host cells. This technology has also been applied to orthonairoviruses (Fuller et al., 2019;

Flick et al., 2003). The generation of artificial viral RNA genome segments using the
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RNA polymerase I system was developed for CCHFV, facilitating the study of viral
biology and the development of antiviral drugs (Flick et al., 2003). HAZV has a reverse
genetics system that allows the rescue of infectious cDNAs. These systems have been
used to examine the role of caspase cleavage sites within the HAZV nucleocapsid
protein, demonstrating that this sequence plays a critical role in the viral life cycle (Fuller
et al., 2019).

In this study, we aimed to develop a reverse genetics system for TFLV using
cloned cDNA and a T7 polymerase plasmid. This system involves cloning the cDNAs
encoding the three antigenomic segments into transcription vectors controlled by the T7
promoter and hepatitis delta virus ribozyme sequences. Transfection of these vectors,
along with helper plasmids expressing the nucleoprotein and viral RNA-dependent RNA
polymerase, into BSR T7/5 cells constitutively expressing T7 pol, efficiently rescued the

recombinant TFLV.
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23 Materials and methods
2.3.1 Virus and cells

The stock virus of the TFLV Tok-Hfla-2013 strain (Shimada et al., 2016) was
prepared from Vero E6 (African green monkey kidney) cell culture medium. A549
(human), Fewf-4 (cat), DM-WFLT (wild boar), Vero E6, and BSR-T7/5 cells were
grown in Dulbecco’s modified Eagle’s minimum essential medium (DMEM) (Gibco;
Thermo Fisher Scientific, MA, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FCS) (Serana Europe GmbH, Pessin, Germany), and 1% penicillin-
streptomycin (100 U/ml penicillin, and 100 pg/ml streptomycin; FUJIFILM, Wako Pure
Chemical Corporation, Osaka, Japan). Cells were incubated in a CO2 incubator at 37 °C.
BSR-T7/5 cells derived from baby hamster kidney (BHK) cells stably expressing T7
RNA polymerase were kindly provided by Dr. K. K. Conzelmann (Max-von-Pettenkofer
Institute, Munich, Germany) (Buchholz et al., 1999). The infectious titers of the TFLV
stocks were assessed using a focus-forming assay (FFA). All experiments with infectious
viruses were conducted in a biosafety level 3 (BSL-3) facility at Yamaguchi University

according to the standard BSL-3 guidelines.

2.3.2 FFA of TFLV

The FFA of TFLV was performed as described previously (Shimada et al., 2016).
Briefly, confluent Vero E6 cells were infected with serial dilutions TFLV and incubated
in overlay DMEM containing 2% FCS and 1% methylcellulose 4,000 (Wako Pure
Chemical Industries, Ltd., Tokyo, Japan) in CO2 incubator at 37°C. After three days, the
cells were washed with PBS and fixed with 4% formaldehyde. The fixed cells were
incubated with a 1:500 dilution of TFLV antiserum for 1 h. This was followed by

incubation with a 1:1000 dilution of peroxidase-conjugated anti-mouse IgG antibody
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(American Qualex). Viral foci were visualized using DAB substrate (Wako Pure
Chemical Industries Ltd., Tokyo, Japan). Viral titers are indicated as focus-forming units

per ml (FFU/ml).

2.3.3 Total cell RNA Extraction and One Step RT-PCR

Total cellular RNA was extracted from the supernatant of TFLV-infected Vero
E6 cells by using ISOGEN-LS (Nippon Gene) or from the cells using ISOGEN-II
(Nippon Gene). cDNA fragments were amplified with specific primers (Table 2.1) using
OneStep RT-PCR (QIAGEN). This included one fragment of the S segment (S), two
fragments of M segment (M1 and M2), and three fragments of the L segments (L1, L2,
and L3). The PCR products were excised from the gel and purified using a MinElute Gel

Extraction Kit (QIAGEN), followed by direct nucleotide sequencing of the PCR product.

Table 2.1 Oligonucleotides utilized for amplification of TFLV fragments

Primer Fragment Sequence (5'-3") N;glfggge
S Segment
TFLV-S1F S TCTCAAAGACAAACGTGCCG 1-20
TFLV-S1699R S TCTCAAAGATATCGTTGCCG 1679-1699
M Segment
TFLV-MIF Ml TCTCAAAGACAGACTTGCGG 1-20
TFLV-M1921R Ml CAGGTGCCAGAGTCACTAGG 1920-1940
TFLV-M1861F M2 CTTGAATTTCGGCATCCTAC 1841-1861
TFLV-M4625R M2 TCTCAAAGACAGACTTGCGG 4605-4625
L Segment
TFLV-LIF L1 TCTCAAAGACATCAATCCCCCA 1-22
TFLV-L3121R L1 GCATCTGGTGCCCTGAAGGT 3120-3140
TFLV-L3061F L2 ATGAGCTCAATGTTAACCGC 3041-3061
TFLV-L8521R L2 TAGGACATTCAATATGCACT 8520-8540
TFLV-L8451F L3 CTAGTCGACTCGTGCGCATG 8431-8451

TFLV-L12143R L3 TCTCAAAGATATCGTTGCCC 12123-12143
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2.3.4 Subcloning of full-length sequences of TFLV S, M, and L segments

Each fragment was subcloned into the pCR II-TOPO vector (Invitrogen) as
TOPO-TFLV-S, TOPO-TFLV-M1, TOPO-TFLV-M2, TOPO-TFLV-LI1, TOPO-TFLV-
L2, and TOPO-TFLV-L3. TOPO-TFLV-MI and TOPO-TFLV-M2 were digested with
BlpI and Notl and ligated to generate the full-length sequence of the M segment (TOPO-
TFLV-M). TOPO-TFLV-L1, TOPO-TFLV-L2, and TOPO-TFLV-L3 were digested
with Notl, Hpal, and Nrul and ligated to generate the full-length sequence of the L

segment (TOPO-TFLV-L).

2.3.5 Construction of plasmids providing TFLV genomic RNA

Plasmid for the recovery of TFLV was created based on previously described
systems for Rift Valley fever virus and Severe fever and thrombocytopenia syndrome
virus (SFTSV) (Brennan et al., 2015; Billecocq et al., 2008). Viral RNA transcription
plasmids were constructed by inserting the full-length S, M, and L of TFLV into the
TVT7R vector, kindly provided by Dr. Benjamin Brennan (Glasgow Centre for Virus
Research, Scotland, United Kingdom) (Brennan et al., 2015). TOPO-TFLV-S, TOPO-
TFLV-M, and TOPO-TFLV-L were used as template cDNAs. Full-length S, M, and L
segments of TFLV were amplified with segment-specific oligonucleotide (Table 2.1)
using CloneAmp HiFi PCR Premix (Takara). The TVT7R vector, linearized by PCR with
primer pairs, shared a homologous sequence with each end of the TFLV segment. The
TVT7R vector was linearized for the TFLV S, M, and L segments using the following
primers: TFLV_S VF and TFLV_S VR, TFLV_M VF and TFLV_M VR, and
TFLV_L VF and TFLV_L VR (Table 2.2). Viral anti-genomic cDNAs was cloned into
the TVT7R linearized vector using In-Fusion HD restriction-free cloning (Clontech). The

resultant plasmids were pTVT7-TFLV-S, pTVT7-TFLV-M, and pTVT7-TFLV-L,
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which contained full-length cDNAs in an antisense orientation flanked by the T7

promoter and the hepatitis delta ribozyme sequence (Fig 2.1.A).

Table 2.2 Oligonucleotides utilized for the pTVT7 S, M, and L TFLV plasmid
construction

Primer for

Lineariz:d \?ector Sequence (5-3')°
pTVT7S
TFLV_S VF caacgatatctttgagaGGGTCGGCATGGCATCTCC
TFLV_S VR cgtttgtetttgagaCTATAGTGAGTCGTATTAATTTC
pTVITM
TFLV_M VF cacgatatctttgagaGGGTCGGCATGGCATC
TFLV_M VR caagtctgtctttgagaCTATAGTGAGTCGTATTAA
pTVT7 L
TFLV_L VF caacgatatctttgagaGGGTCGGCATGGCATCTC
TFLV L VR gattgatgtctttgagaCTATAGTGAGTCGTATTAA

aUppercase, vector-derived sequences; lowercase, viral sequences; italics, hepatitis
delta ribozyme sequence; and underlined, T7 promoter sequence.
2.3.6 Construction of helper plasmids providing nucleocapsid and RdRp of TFLV
Helper plasmids for the expression of TFLV nucleoproteins and viral RARp were
constructed by inserting open reading frames (ORFs) into the linearized pTMI1 vector
using In-Fusion HD restriction-free cloning (Clontech). The pTM1 vector was linearized
by PCR using primers TFLV _pTMI1S VF and TFLV pTMI1S VR for pTMI-N and
TFLV _pTMIL VF and TFLV pTMIL VR for pTMI1-L (Table 2.3). The ORFs of
TFLV N and RdRp were amplified using the primers TFLV pTMIS IF and
TFLV_pTMIS IR and TFLV _pTMIL IF and TFLV pTMIL IR, respectively (Table
3). The constructed plasmids were designated pTM1-TFLV N and pTM1-TFLV L, and
were placed under the control of the T7 promoter and encephalomyocarditis virus

internal ribosome entry site sequences (Fig 2.1.A).
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Table 2.3 Oligonucleotides utilized for the pTM1 S and L TFLV plasmid construction

Primer Amplification Sequence (5'-3')"
pTM1 S
TFLV pTMI1S caacatcaacatcatctaaCTCGAGAGGCCTAATTAA
VF Vector

TFLV _pTMIS acaatcttgttctccatGGTATTATCGTGTTTTTCAA
Vector

VR AG

TII;LV _pTMI1S Insert atggagaacaagattgtcgcagagtcce

TFLV _pTMI1S ttagatgatgttgatgttggttgcattgece
Insert

IR

pTM1 L

TFLV pTMIL tcaattgggacagtgactgaCTCGAGAGGCCTAATTAAT
Vector

_VF TAAG

TFLV pTMIL Vector geectcaaggaaatccatGGTATTATCGTGTTTTTC

VR ec AAAG

TII;LV _pTMIL Insert atggatttccttgagggcatcgtgtgg

TFLV _pTMIL tcagtcactgtcccaattgaatgtgaagectct

IR Insert

aUppercase, vector-derived sequences; lowercase, viral sequences; italics and
underlined, 3’ cloning site of pTM1; bold, 5’ cloning site of pTM1
2.3.7 Infectious virus rescue by the Reverse Genetics System

Approximately 80% confluent BSR T7/5 cells were seeded in plastic dishes. A
mixture of plasmids comprising 2 pg each of pTVT7-TFLV-S, pTVT7-TFLV-M,
pTVT7-TFLV-L, pTMI-TFLV-S and 0.2 pg of pTM1-TFLV-L in Opti-MEM Medium
(Thermo Fisher Scientific) were transfected into the BSR T7/5 cells using TransIT-LT1
reagent (Mirus Bio LLC, Madison, WI, USA) (Fig 2.1.B). Transfected cells were
incubated for 5 days at 37 °C, and the supernatant was inoculated in Vero E6 cells
prepared in a flask, and the supernatant was harvested after 5 days. The infection-rescued
viruses were confirmed using FFA. The genome sequences of the recovered viruses were

determined by Sanger sequencing.
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2.3.8 Viral growth kinetics of TFLV in cultured cell lines

The growth kinetics of the authentic and recombinant viruses were compared in
Vero E6, A549, Fcwf-4, and DM-WFLT cells at a multiplicity of infection (MOI) of
0.001 in 12 well-plates. Supernatant samples were collected at 0, 24, 48, 72, 96, and 120
h post infection (hpi). The supernatants were centrifuged at 3,500 rpm for 5 minutes to
remove debris and stored at —80 °C. The viral titers of the supernatant samples were

determined using FFA.

2.3.9 Infections of TFLV in mice

A129 mice were purchased from B&K Universal Limited and mated at
Yamaguchi University, Japan. Six to eight-week-old mice were subcutaneously infected
with 1 FFU of TFLV (n =5). The mice were monitored daily for clinical signs of disease,
body weight, and survival. Animal experiments were performed in accordance with the
recommendations of 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 experimental

protocols (approval number: 05-31-565).
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2.4  Results
2.4.1 Construction of plasmids for the reverse genetics system of TFLV

The T7-driven plasmids pTVT7 and pTM1 were used for the reverse genetics of
TFLV based on a previous study (Brennan et al., 2015). First, the full-length genome
sequences of the S, M, and L segments were subcloned into the pCR II-TOPO vector.
The pTVT7 plasmid was designed to contain each full-length genome segment flanked
by the T7 promoter and hepatitis delta virus (HDV) ribozyme sequences. Plasmids
pTVT7-TFLV-S, pTVT7-TFLV-M, and pTVT7-TFLV-L were generated to transcribe
the S, M, and L segments, respectively (Fig. 2.1.A). Plasmids pTM1-TFLV-S and pTM1-
TFLV-L were constructed to produce the N protein and RdRp, respectively (Fig. 2.1.A).

First-generation pTVT7-TFLV-S, pTVT7-TFLV-M, and pTVT7-TFLV-L
(rTFLVmt) contained eight non-synonymous mutations compared to authentic TFLV,
without synonymous substitutions (Table 2.4). Therefore, these mutations were replaced

by the original sequences of TFLV (rTFLVpt) to create the corrected plasmids.

Table 2.4 Nucleotide and amino acid mutations in recombinant-rescued TFLV

Segment Nucleotides Protein Parent rTFLV-wt rTFLV-mut
S 1212 N t (Met) t (Met) ¢ (Thr)
M 2390 Gce a (Asp) a (Asp) g (Gly)
L 8985 L g (Asp) g (Asp) a (Asn)
9099 L t (Ser) t (Ser) a (Thr)
9523 L a (Tyr) a (Tyr) g (Cys)
10606 L t (Met) t(Met) ¢ (Thr)
11037 L a (Thr) a (Thr) g (Ala)
11122 L a (Lys) a (Lys) g (Arg)
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2.4.2 Rescue of recombinant TFLV from constructed plasmids

To recover infectious viruses from the cloned cDNA, pTVT7-TFLV-S, pTVT7-
TFLV-M, pTVT7-TFLV-L, pTM1-TFLV-S, and pTM1-TFLV-L were simultaneously
transfected into BSR T7/5 cells stably expressing T7 RNA polymerase (Fig 2.1.B). At 5
days post-transfection (dpi), the supernatant was harvested and infectious virus
production was confirmed by FFA. Focus morphology was similar between rTFLVmt,
rTFLVpt, and the parent TFLV (Fig. 2.1.C). Viral titers of the supernatants from
rTFLVmt and rTFLVpt viruses were 4.3 x 10° FFU/ml and 3.97 x 10° FFU/ml,
respectively. The sequences of the rescued viruses were identical to those of rTFLVmt
and rTFLVpt. The rTFLVmt and rTFLVpt viruses were then inoculated into Vero E6
cells and prepared as stock viruses for further experiments. A single passage into Vero
E6 cells increased the titer of the rescued viruses. Viral titers of the stocked viruses
rTFLVmt and rTFLVpt were 3.8 x 10* ffu/ml and 3.39 x 10* ffu/ml, respectively. Based

on these results, we successfully established a reverse genetics system for TFLV.
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Fig. 2.1 Schematic representation of a plasmid-based reverse genetics system to
rescue infectious TFLVs from cloned cDNAs. (A) Generating viral RNA expression
plasmids contain full-length cDNAs in antigene sense orientation flanked by the T7
promoter (T7p) and hepatitis delta virus ribozyme (HDVTr). Helper plasmids contain the
N and RdRp ORFs under the control of the T7 promoter (T7p), T7 terminator (T7t), and
the encephalomyocarditis virus internal ribosome entry site sequence (IRES). (B)
Transfection strategy to rescue the recombinant TFLVs. BSR-T7/5 cells were co-
transfected with T7 RNA polymerase-driven plasmids to generate S, M, and L viral
genomes and helper plasmids to supply viral N and RdRp proteins to the cells. The
resulting recombinant virus in BSR-T7/5 was passed into Vero E6 cells. (C) Comparisons
of foci appear from the focus-forming assay of parent TFLV, recombinant TFLV mutant
(rTFLVmt), and wild-type TFLV (rTFLVpt) viruses.
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2.4.3 Infectivity of rescued viruses in cultured cell lines derived from mammals

The infectivity and growth kinetics of rTFLVmt and rTFLVpt were compared
with those of authentic TFLV. Vero E6 (African green monkey), A549 (human), Fcwf-
4 (cat), and DM-WFLT (wild boar) cells were inoculated with rTFLVmt, rTFLVpt, and
parent TFLV, and the viral titers of the supernatants at 0—120 hpi were compared.
rTFLVmt, rTFLVpt, and parent TFLV showed similar growth curves in all cell lines
(Fig. 2.2.A). Viral titers peaked at 3 days post-infection (dpi) in Vero E6, A549, and
Fcwf-4 cells and at 1 dpi in DM-WFLT cells (Fig 2.2.A). These observations indicate
that rescued rTFLVmt and rTFLVpt showed similar infectivity and growth kinetics to
the parent TFLV in mammalian-derived cell lines.

Notably, Fcwf-4 cells showed a prominent cytopathic effect (CPE) at 5 dpi,
whereas Vero E6, A549, and DM-WFLT cells did not (Fig. 2.2.B). CPE was observed in

infections with rTFLVmt, rTFLVpt, or parent TFLV.
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Fig. 2.2 Susceptibility of TFLVs in different cell lines. (A) Growth kinetics of
infectious viral titers in the supernatants of Vero E6, A549, Fewf-4, and DM-WFLT
infected with parental TFLV, rescued rTFLVmt, and rTFLVpt at MOI of 0.001 (N = 3).
Viral titers were determined by the FFA. Error bars indicate standard errors. (B)
Morphological changes of cell cultures infected with parental TFLV, rescued rTFLVmt
and rTFLVpt at 5 dpi in Vero E6, A549, Fcwt-4, and DM-WFLT. Cells were infected at
MOI of 0.001. Significant CPEs were observed in Fcwf-4 cells.
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2.4.4 Virulence of rescued viruses in A129 mice

The pathogenicity of the rescued viruses in vivo was compared to that of the
parent TFLV. A129 mice were infected with rTFLVmt, rsTFLV, or parent TFLV, and
their daily clinical signs and survival were observed. All mice infected with each virus
died at 3—5 dpi, and there were no significant differences in the survival curves between
the rTFLVmt, rsTFLV, and parent TFLV groups (Fig. 2.3). These results indicate that

the rescued viruses rTFLVmt and rTFLVpt showed similar pathogenicity in A129 mice

as the original TFLV.
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Fig. 2.3 Pathogenicity of TFLVs in A129 mice. (A) Survival curves and (B) Body
weight changes of A129 mice (n = 5) subcutaneously inoculated with 1 ffu of parental
TFLV, rescued rTFLVmt, and rTFLVpt. Relative body weight is shown as means with

standard errors.
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2.5  Discussion

In this study, we established a reverse genetics system for TFLV, belonging to
the genus Orthonairovirus. Reverse genetics is an essential method for analyzing the role
of viral genes; however, the complexity and large size of the L segment in this group,
compared to other bunyaviruses, could potentially reduce the efficiency of reconstituting
RNPs. Therefore, establishing an efficient reverse genetics system remains a challenge.
The reverse genetics of these two orthonairoviruses have been reported. First, the RNA
polymerase I (poll) system successfully produced a rescue virus for CCHFV (Flick et al.,
2003). The development of a minigenome system for the CCHFV rescue system and
entirely cloned ¢cDNA transfection have also been reported (Scholte et al., 2017,
Bergeron et al., 2010, 2015). Second, the recovery of HAZV from cDNA using the
minigenome system has also been reported (Fuller et al., 2019; Matsumoto et al., 2019).
In this study, we used T7 RNA polymerase-driven reverse genetics systems in BSR-T7/5
cells stably expressing T7 RNA polymerase for SFTSV (Brennan et al., 2015). Our
preliminary experiments indicated that viral growth of TFLV was not high in BSR-T7/5
cells, suggesting that viral replication of TFLV may not be optimally effective in the
cells. Therefore, it was considered that in BSR-T7/5 cells, NC protein and RdRp, which
are required for the reconstitution of the SFTSV transcription complex to synthesize viral
RNA, were mainly supplied from pTM1-TFLV-S and pTM1-TFLV-L, respectively. Our
approach was different from those of CCHFV and HAZV and represents the first reverse
genetics system for TFLV. Our study provides a selective method for establishing a
reverse genetics system for other orthonairoviruses.

Viral genome cloning is a critical step in the construction of a reverse genetics
system for TFLV. However, the plasmid construction of viral genes frequently causes

unexpected mutations during plasmid propagation in Eschericia coli. In this study, the
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first plasmids generated to produce TFLV RNAs (pTVT7-TFLV-S, pTVT7-TFLV-M,
and pTVT7-TFLV-L) contained eight nucleic acid mutations with amino acid changes
compared to the original TFLV. Using subcloning, we constructed plasmids containing
the original TFLV sequences. Notably, the rTFLVmt virus showed similar infectivity
and growth curves in cultured cells and pathogenicity in A129 mice compared to the
parent TFLV and rTFLVpt viruses, suggesting that mutations seen in rTFLVmt do not
influence the properties of TFLV.

We previously showed that TFLV infected human- and monkey-derived cell lines
and was lethal in IFNAR-KO mice, leading to gastrointestinal disorders (Shimada et al.,
2016). In this study, we showed that TFLV infection propagated in feline and wild boar-
derived cell lines. These observations suggest that TFLV can infect various mammalian
cells. Interestingly, TFLV infection induced prominent CPE in feline-derived Fcwf-4
cells, but not in Vero E6, A549, or DM-WFLT cells. The CPE of the Fcwf-4 cell was
observed at 5 dpi, whereas the peak of viral titer in the supernatant was at 3 dpi. Although
the timing and viral titer of the peak in Vero E6 and A549 were similar to those of Fewf-
4 cells, CPEs were not observed at 4 and 5 dpi in those cells. The peak of viral titer in
DM-WFLT cells was at 1 dpi, but CPE was not observed at 2 to 4 dpi. In a previous
study, human-derived SK-N-SH, T98G, and HEK293 cells did not show CPE after TFLV
infection (Shimada et al., 2016). Elucidation of the mechanism of CPE induction in Fcwt-
4 cells compared to other cell lines may provide interesting insights into the pathogenicity
of TFLV in mammalian cells.

We have previously shown that there are seropositive wild boars in Nagasaki,
Japan, suggesting that TFLV infects wild animals and may cause infectious diseases in
mammals (Luvai et al., 2022). Recently, several orthonairoviruses were identified in ticks

in Japan (Oba et al., 2015; Kodama et al., 2021). Of note, Yezo virus (YEZV) was
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isolated from human cases with acute febrile illness in Hokkaido, Japan (Kodama et al.,
2021). Therefore, there is a possibility that TFLV also causes emerging infectious
diseases in humans and animals. Investigation of pathogenicity, preparation of diagnostic
methods, and epidemiological surveys are important priorities for preemptive
countermeasures against this new tick-borne orthonairovirus.

The TFLV reverse genetics system will facilitate further studies to fully
understand the potential impact of TFLV on human and animal health as well as the
biology of othonairoviruses in general. In addition, we raise the possibility that TFLV is

a useful CCHFV model.

2.6  Conclusion

The reverse genetics of orthonairoviruses has remained challenging compared to
that of other bunyaviruses due to the complexity and large size of the L segment, which
could potentially reduce the efficiency of reconstituting RNPs. In this study, we
established a TFLV system using a T7 RNA polymerase-driven approach. This provides
an alternative method for orthonairovirus systems.

We have previously shown that there are seropositive wild boars, suggesting that
TFLV infects wild animals and may cause infectious diseases in mammals. Therefore,
reverse genetics is a useful tool for investigating viral genes responsible for
pathogenicity, serving as a preemptive countermeasure against this new tick-borne
orthonairovirus.

TFLV is closely associated with HAZV in the CCHFV group. TFLV can infect
mammalian cell lines, including human-derived cells, and is lethal in IFNAR-KO mice.
Therefore, we propose that TFLV is a potential surrogate and model system for research

on CCHFV.
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Chapter 2

Two amino acid pairs in the Ge glycoprotein of
severe fever with thrombocytopenia syndrome virus

responsible for the enhanced virulence
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3.1  Abstract

Severe fever with thrombocytopenia syndrome (SFTS) is a significant public
health concern, with a high fatality rate in humans and cats. In this study, we explored
the genetic determinants that contribute to the different virulence of SFTS virus (SFTSV)
based on Tk-F123 and Ng-F264 strains isolated from cats. Tk-F123 was 100% lethal in
type I interferon receptor knockout mice, whereas Ng-F264 exhibited no fatality. We
identified a pair of amino acid residues in the Ge protein, glycine and serine, at residues
581 and 934, respectively, derived from Tk-F123, leading to a fatal infection. Those in
Ng-F264 were arginine and asparagine. These results suggest that this pair of residues
affects the Gc protein function and regulates SFTSV virulence. Our findings provide
useful clues for the elucidation of viral pathogenicity and the development of effective

live-attenuated vaccines and antiviral strategies.
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3.2  Introduction

Severe fever with thrombocytopenia syndrome (SFTS) is an emerging tick-borne
viral disease that poses significant public health concerns in most Asian countries (Ando
et al., 2021; Yu et al., 2011; Takahashi et al., 2013; Park et al., 2014; Tran et al., 2019).
The causative agent of the SFTS virus (SFTSV) (Bandavirus dabieense) is classified
within the genus Bandavirus of the family Phenuviridae and order Hareavirales (Genus:
Bandavirus | ICTV). SFTSV is transmitted to humans and animals through ticks such as
Haemaphysalis longicornis (Xing et al., 2017).

In humans, SFTS symptoms include fever, enteritis, thrombocytopenia, and
leukopenia, with mortality rates of up to 30% (Takahashi et al., 2013). Cats are sensitive
to SFTSV infection and show clinical signs similar to those of humans, including
gastrointestinal signs, thrombocytopenia, and leukopenia, with a fatality rate as high as
60% (Ando et al., 2021; Osako et al., 2024). Cat-to-human transmission has been
reported (Yamanaka et al., 2020), which increases the risk of zoonosis.

The SFTSV genome comprises three RNA segments, negative sense and
ambisense, which are referred to as small (S), medium (M), and large (L) (Yuetal., 2011,
2012; Lei et al., 2015). The S segment encodes the viral nucleocapsids and nonstructural
proteins (NSs). The M segment encodes the viral glycoproteins (GPs), which are
subsequently cleaved into two essential viral envelope glycoproteins, Gn and Ge. The L
segment encodes viral RNA-dependent RNA polymerase (RdRp), also known as the L
protein (Yu et al., 2011).

The high pathogenicity of SFTS appears to be caused by both viral and host
factors. Experimental mouse models have been used to elucidate the disease mechanisms
in vivo. Type I interferon (IFN-I) receptor (IFNAR)-deficient mice are highly susceptible

to SFTSV infection (Liu et al., 2017). This increased susceptibility highlights the critical
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role of IFN-I. Absence of this response allows unrestricted viral growth and
dissemination, leading to severe clinical outcomes (Park et al., 2020). Previous studies
have reported that SFTSV NSs antagonize the IFN-I response and that their interaction
with signal transducer and activator of transcription 2 (STAT2) determines the species-
specific pathogenicity of SFTSV (Yoshikawa et al., 2023).

To evaluate the viral factors, a reverse genetics system for SFTSV was employed
to identify the key genetic determinants that contribute to SFTSV pathogenicity (Brennan
et al., 2015). NSs are considered virulence factors of SFTSV because NSs deletions or
mutations disturb the innate immune response and reduce virulence in highly susceptible
IFNAR-deficient mice (Yu et al., 2019; Bryden et al., 2022; Shimojima et al., 2024).
Furthermore, an aged ferret model demonstrated the potential of recombinant NSs
viruses as vaccine candidates (Yu et al., 2019). Infection with a mutant SFTSV lacking
the N-linked glycosylation motif in glycoproteins reduces virulence in IFNAR-deficient
mice (Shimojima et al., 2024). The amino acid mutation E251K on the surface of RdRp
has been reported to enhance the viral replication rate and in vivo virulence (Jeon et al.,
2023). These findings suggest that multiple genetic factors contribute to SFTSV
virulence.

In our previous study, we compared the virulence of several SFTSV strains
isolated from cats in Nagasaki, Japan, including fatal and recovered cases, in IFNAR-
knockout (A129) mice (Ando et al., 2021). This resulted in 0-100% fatality in A129
mice, suggesting that various genes cause high or low pathogenicity in mice among the
different strains (Ando et al., 2021). In addition, we are currently investigating the genetic
and pathogenic properties of SFTSV based on comparisons with multiple SFTSV strains
isolated from animals in various regions of Japan (unpublished data). In these

experiments in the present study, we identified virulent and avirulent SFTSV strains in
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A129 mice, with 100% and 0% mortality, respectively. In this study, we attempted to
determine the viral genes responsible for the virulence in a mouse model using the

virulent and avirulent strains based on SFTSV reverse genetics.
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33 Materials and Methods
3.3.1 Cells and Viruses

BSR-T7/5 cells stably expressing T7 RNA polymerase were kindly provided by
Dr. K. K. Conzelmann (Max-von-Pettenkofer Institut, Munich, Germany) (Buchholz et
al., 1999) and Vero E6 (African green monkey kidney) were grown in Dulbecco’s
modified Eagle’s minimum essential medium (DMEM) (Gibco; Thermo Fisher
Scientific, MA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(Serana Europe GmbH, Pessin, Germany), 1% penicillin-streptomycin (100 U/ml
penicillin, and 100 pg/ml streptomycin; FUJIFILM, Wako Pure Chemical Corporation,
Osaka, Japan). Cell lines were cultured at 37°C in a 5% CO> incubator. SFTSV strains
Tk-F123 and Ng-F264 were isolated from cats in Tokushima and Nagasaki, Japan,
respectively. The stock virus of SFTSV was propagated in Vero E6 cells in DMEM
containing 2% FBS at 37 °C in a 5% CO; incubator, and the culture medium was
harvested 5 days post-infection (dpi). The infectious titers of the SFTSV stocks were
assessed using a focus-forming assay. All experiments using infectious SFTSV were
carried out in a biosafety level 3 (BSL-3) facility at Yamaguchi University according to

standard BSL-3 guidelines.

3.3.2 Focus-forming assay

Confluent Vero E6 cells were infected with a serial dilution of SFTSV and
incubated in an overlay DMEM containing 2% FCS and 1% methylcellulose 4,000
(Wako Pure Chemical Industries, Ltd., Tokyo, Japan) in a CO; incubator at 37°C. At 3
dpi, cell monolayers were fixed with 4% formaldehyde. Following fixation, the cell
monolayers were incubated with a 1:500 dilution of SFTSV monoclonal antibody for 1

h. This was followed by incubation with a 1:1000 dilution of peroxidase-conjugated anti-
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mouse IgG antibody (American Qualex, CA, USA). Viral foci were visualized using a
3,3'-diaminobenzidine tetrahydrochloride (DAB) substrate (Wako Pure Chemical

Industries Ltd., Tokyo, Japan). Viral titers are indicated as focus-forming units (FFU)/ml.

3.3.3 Mouse experiment

The A129 mice were purchased from B&K Universal Limited and mated at
Yamaguchi University, Japan. Five-to seven-week-old mice were subcutaneously
infected with 10* FFU of SFTSV. Mice were monitored daily for clinical signs of disease,
body weight, and survival. The animal experiments were performed 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).

3.3.4 RNA Extraction, RT-PCR, and sequencing

Viral RNA was extracted from the culture supernatant using ISOGEN-LS
(Nippon Gene Co., Ltd., Toyama, Japan) and from the cells using ISOGEN-II (Nippon
Gene Co., Ltd., Toyama, Japan). The extracted RNA was amplified using a One-Step
RT-PCR (QIAGEN, Foster City, California, USA) according to the manufacturer’s
instructions. Final products were purified using the MinElute Gel Extraction Kit
(QIAGEN, Hilden, Germany) and sequenced by a commercial service company

(Eurofins Genomics, Tokyo, Japan).
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3.3.5 Construction of infectious recombinant SFTSV

Recombinant SFTSV was rescued using a reverse genetics system in BSR T7/5
cells based on a previously described system for SFTSV (Brennan et al., 2015). Plasmids
were constructed by inserting the full-length S, M, and L from the Tk-F123 and Ng-F264
strains into the TVT7R vector, kindly provided by Dr. Benjamin Brennan of the Glasgow
Centre for Virus Research, Scotland, United Kingdom (Brennan et al., 2015).
Recombinant viruses from cDNA were generated by transfecting BSR T7/5 cells using
a TransIT-LT1 reagent (Mirus Bio LLC, Madison, WI, USA) with a mixture of plasmid
sets in 200 pL of Opti-MEM Medium (Thermo Fisher Scientific, Waltham,
Massachusetts, USA), according to the manufacturer’s protocol. Following viral
propagation, rescued viruses were confirmed using a focus-forming assay. The genome
segments of the recovered viruses were amplified using OneStep RT-PCR (QIAGEN,
Foster City, California, USA) and the nucleotide sequences were determined using

Sanger sequencing.

3.3.6 Construction of mutant viruses

The amino acid residues at positions 385, 581, and 934 in the M segment of Tk-
F123 and Ng-F264 were swapped individually via site-directed mutagenesis using KOD
One PCR Master Mix (Toyobo, Osaka, Japan) and primers containing the mutation.
Three plasmids containing point mutations in Gn and Gc¢ were constructed based on Tk-
F123 and four plasmids were based on Ng-F264. These plasmids were validated by
sequencing and then co-transfected into BSR T7/5 cells as previously described. Mutant
viruses were rescued and examined using a previously outlined method (Wulandari et

al., 2024). All viruses were passaged in Vero E6 cells and stored at -80°C.
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3.3.7 Quantification of viral RNA

The spleens, lungs, kidneys, and brains of SFTSV-infected mice were
homogenized in phosphate-buffered saline using a TOMY Micro Smash MS-100
(TOMY Digital Biology Co., Ltd., Tokyo, Japan) and total RNA was extracted using
ISOGEN II (Nippon Gene Co., Ltd, Toyama, Japan). Viral RNA copy numbers were
determined by quantitative real-time RT-PCR (qRT-PCR), as described in our previous
reports (Ando et al., 2021; Hayasaka et al., 2015), using an L segment based on the RdRp-
SFTSV-specific primer set. Real-time PCR was performed using a One-Step PrimeScript
RT-PCR Kit (Takara Bio Inc., Shiga, Japan) and a CFX96 Touch real-time PCR
detection system (Bio-Rad, Hercules, CA, USA). Copy numbers were calculated as the
ratio of copy numbers to those of standard controls. Standard SFTSV RNA was prepared
from a cloned plasmid containing a previously described RdRp insert generated using

RT-PCR (Ando et al., 2021; Hayasaka et al., 2015).

3.3.8 Three-dimensional structures of glycoprotein SFTSV

The three-dimensional structures of Tk-F123 and Ng-F264 were predicted using
the I-TASSER software. Based on previous structural studies, a Protein Data Bank (PDB)
model of the glycoprotein from SFTSV (PDB code: 8ILQ) (Du et al., 2023) was obtained
from the PDB database and used to visualize identified mutations using MODELLER

software (Sali and Blundell, 1993).

3.3.9 Statistical analysis

One-way ANOVA with Tukey’s multiple comparison test (* P < 0.05). All statistical

tests were performed using R version 4.2.2.
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3.4 RESULTS
3.4.1 Lethality of A129 mice infected with SFTSV Tk-F123 and Ng-F264 strains
In preliminary experiments, we examined the pathogenicity of SFTSV isolates
from cat samples in A129 mice (data not shown). Among them, we selected two cat-
derived SFTSV strains, Tk-F123 and Ng-F264, which showed high and low lethality,
respectively, in mice. Subcutaneous infection with Tk-F123 resulted in 100% fatality
(Fig. 3.1.A) in A129 mice following weight reduction (Fig. 3.1.B). In contrast, Ng-F264-
infected mice did not show any apparent weight reduction, and all mice survived (Fig.
3.1.A and 3.1.B). These results indicate that Ng-F264 caused significantly lower

virulence than Tk-F123 in A129 mice.
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Fig. 3.1 Virulence of SFTSV Tk-F123 and Ng-F264 strains in A129 mice. Survival
curves (A) and body weight ratios (B) of A129 mice subcutaneously infected with 104

FFU of Tk-F123 and Ng-F264 (n = 5). Error bars indicate the standard errors.
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3.4.2 Nucleotides differences and amino acid sequences between Tk-F123 and

Ng-F264

We compared the viral gene sequences of the strains Tk-F123 and Ng-F264.
There were 5, 10, and 19 nucleotide differences in the S, M, and L segments, between
Tk-F123 and Ng-F264, respectively (Table 3.1). Differences in three amino acids were
observed between structural proteins in the M segment of them (Table 3.1). In contrast,
no amino acid differences were observed in the S and L segments between Tk-F123 and
Ng-F264 (Table 3.1), indicating that viral nucleocapsids, NSs, and RdRp are unlikely to
contribute to the different virulence of Tk-F123 and Ng-F264. Therefore, we predicted
that the M segment predominantly contribute to the differential virulence of Tk-F123 and
Ng-F264 in A129 mice, and focused on the three amino acid differences in Gn and Ge

following a series of experiments using reassortant and point-mutated viruses.
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Table 3.1 Nucleotide differences between SFTSV Tk-F123 and Ng-F264 strains.

Nucleotide Amino acid

Segment Protein  position Tk- Ng- position Tk- Ng-
F123 F264 F123 F264

NP 317 C T 106 Leu Leu

673 T C 224 Phe Phe

S 1196 A T 183 Ile Ile
NSs 1376 A G 123 Ala Ala

1418 C T 109 Arg Arg

Gn 1171 A G 385 Thr Ala

1344 G A 442 Leu Leu

1759 G A 581 Gly Arg

1887 G A 623 Lys Lys

M 2070 C T 684 Phe Phe
Gce 2088 A T 690 Gly Gly

2691 A G 891 Ser Ser

2819 G A 934 Ser Asn

3147 T C 1043 Val Val

3’ UTR 3251 C T - - -

88 T C 29 Tyr Tyr

160 T C 53 Asp Asp

778 A G 259 Glu Glu

1045 A G 348 Ser Ser

1106 T C 369 Leu Leu

1126 A G 375 Leu Leu

1402 C T 467 Phe Phe

1720 A G 573 Leu Leu

1837 A G 612 Thr Thr

L RdRp 2389 A G 796 Gly Gly
2437 A G 812 Arg Arg

3985 T C 1328 Tyr Tyr

4378 T C 1459 Gly Gly

4669 C T 1556 Asp Asp

4945 A G 1648 Glu Glu

5014 C T 1671 Ile Ile

5470 C T 1823 Leu Leu

5554 C T 1851 Asn Asn

6088 A G 2020 Ala Ala
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3.4.3 M segment is responsible for the distinct virulence between Tk-F123 and
Ng-F264

To confirm whether the M segments of the Tk-F123 and Ng-F264 strains
contributed to the differences in pathogenicity, we first constructed reassortant viruses
that switched to a single M segment (Fig. 3.2.A) and examined their virulence in A129
mice. tNg-F264wm123 showed 100% lethality (Fig. 3.2.B) following weight reduction (Fig.
3.2.C) as similar as rTk-F123. In contrast, rTk-F123wm264 caused no fatalities or weight
reduction in mice, similar to rNg-F264 (Fig. 3.2.B and 3.2.C). These observations
indicated that the M segments of Tk-F123 and Ng-F264 determine fatal and non-fatal

infections, respectively, in A129 mice.
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Fig. 3.2 Virulence of reassortant viruses switching the M segment of Tk-F123 and
Ng-F264 strains. (A) Schematic representation of SFTSV reassortant viruses generated
using reverse genetics. Black and white boxes indicate the segments of Tk-F123 and
F264, respectively. Survival curves (B) and body weight ratios (C) of A129 mice
subcutaneously infected with 10* FFU of the recombinant viruses (n = 5). Error bars

indicate the standard errors.
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3.4.4 Two amino acids in Gc proteins contribute to the different virulence in A129
mice

Next, we examined the amino acid residues in the M segment that influence
virulence in mice. Three amino acid differences were observed in the M segment, one in
Gn, and two in Gce (Table 3.1). Therefore, we constructed a point-mutated SFTSV based
on Tk-F123 and Ng-F264 (Fig. 3.3.A).

rTk-F123-Gnssgsa of the Tk-F123-based virus showed 100% fatality (Fig. 3.3.B)
after significant weight reduction (Fig. 3.3.C), similar to the parent rTk-F123, indicating
that this amino acid position does not influence virulence. rTk-F123-Gessir and rTk-
F123-Gcozan did not exhibit any apparent weight loss and all mice survived (Fig. 3.3.B
and 3.3.C).

In contrast, any Ng-F264-based viruses, INg-F264-Gnssst, INg-F264-Gcessig, and
rNg-F264-Gceosas, showed no fatality (Fig. 3.3.B) and weight loss (Fig. 3.3.C) in mice as
the same as parent rNg-F264. These observations imply that single amino acid
substitutions are not responsible for the high virulence of Tk-F123 but suggest that a pair
of amino acid substitutions, glycine at residue 581 (581G) and serine at residue 934
(934S) in the Gc protein, contribute to fatal infection in mice.

To confirm the virulence of these two amino acids, we constructed rNg-F264-
Gcessig-934s, including two substitutions based on Ng-F264 (Fig. 3.3.A). rNg-F264-
GcessiG-934s caused 100% fatality (Fig. 3.3.B) and weight reduction (Fig. 3.3.C) in A129
mice, similar to rTk-F123, indicating that the glycine and serine pair in the Gc protein is

responsible for the fatal infection.
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Fig. 3.3 Virulence of point-mutated viruses in the Gn and Gc proteins based on Tk-
F123 and Ng-F264 strains. (A) Schematic representation of the construction of SFTSV
mutant viruses using reverse genetics. Black and white boxes indicate the segments of
Tk-F123 and F264, respectively. (B) Survival curves and (C) body weight ratios of A129
mice subcutaneously infected with 104 FFU of the recombinant viruses (n = 5). Error
bars indicate the standard errors.
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3.4.5 Viral loads in mice

In accordance with our previous study (Shimada et al., 2015), we examined viral
RNA levels in the lungs, spleen, liver, kidney, and brain of mice infected with virulent
Tk-F123, rNg-F264m123, and rNg-F264-Gcssigo3s4 and avirulent rNg-F264 and rTk-
F123m264 at 3 dpi (Fig. 3.4). Viral RNAs were detected in all mice infected with virulent
and avirulent strains (Fig. 3.4). Although statistically significant differences were
observed between a few samples, viral RNA levels of the virulent types tended to be
higher than those of the avirulent types in the lungs, spleen, kidneys, and brain (Fig.3.4).
These results suggested that the Ge protein, including the glycine-serine pair, has the

functional property of high viral replication, which contributes to high virulence.
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Figure 3.4 Viral RNA copy numbers in tissues of SFTSV-infected mice. RNAs were
extracted from the lung, spleen, liver, kidney, and brain of mice infected with rTk-F123,
rNg-F264, rTk-F123m264, INg-F264Mm123, and rNg-F264-Gessic.934s at 3 dpi, and viral
RNA copy numbers were assessed with real-time PCR (n = 3 per group). The asterisks
indicate significance compared to each virus-infected mouse sample analysed by one-

way Analysis of Variance with Tukey multiple comparisons test (*P < 0.05).
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3.5  Discussion

In this study, we compared the virulence of SFTSV using reassortant and point-
mutated recombinant viruses based on virulent Tk-F123 and avirulent Ng-F264 in A129
mice and identified a pair of amino acid residues in the Gc protein, glycine residue 581
(Gss1) and serine residue 934 (So34) of Tk-F123, leading to a fatal infection. Gc exists as
a heterodimer with Gn and forms pentameric and hexameric structures on the viral
surface (Du et al.,, 2023). This assembly stabilizes Gc in a metastable pre-fusion
conformation and functions as a fusion protein. Our findings suggest that this pair of
residues affects the Ge protein function and regulates SFTSV virulence in vivo.

To gain structural insight into amino acid residues 581 and 934 in the Gc proteins
of Tk-F123 and Ng-F264, respectively, we constructed structural analysis models of Gc
(Fig. 3.5). These two residues are located close to the protein surface. Residue 581
significantly affected the cellular localization of proteins (Doron-Mandel et al., 2021).
The arginine residue 581 (Rss1) of Ng-F264 possesses a positively charged side chain,
whereas Gsg1 of Tk-F123 lacks a side chain. Gssi appeared to provide more
conformational flexibility to the protein backbone than did Rssi (Fig. 3.5). These
predictions suggest that different amino acid properties potentially destabilize protein
folding and are likely associated with a shift in the cellular localization of the Gc
glycoprotein, potentially affecting its function.

A previous study reported that the lack of N-linked glycosylation of the Gc
protein reduced the pathogenicity of SFTSV (Shimojima et al., 2024). Asparagine
residue 936 is an N-linked glycosylation site in the GPs of SFTSV. So3s and Noss are
close to this site, raising the possibility that different residues may affect the efficiency
of glycosylation at this site. In addition, So34 and Noss4 are polar uncharged residues;

however, Nos4 is slightly larger than So34, which may affect protein function. Overall, the
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differences in residues 581 and 934 in the Gc protein may lead to the pathogenic
outcomes that affect virulence factors in mice.

According to published sequences of SFTSV strains, most SFTSV strains possess
a virulent pair of Gsg1 and Soz4 (Tk-F123 type) in the Ge protein, indicating that virulent
type strains seem to be isolated from both of fatal and recovered cases. Some strains
possessed either R581 or N934 amino acids (Ng-F264 type), and only the Tk-F123 and
NFell1 strains found in our previous study (Ando et al., 2021) possessed avirulent pairs
of Rsg1 and Noss. In a previous study, we compared the pathogenicity of 11 SFTSV strains
isolated from fatal and recovered A129 mice and we found that NFell1 exhibited no
fatality (Ando et al., 2021). The other 10 strains showed 20-100% fatality, and these
amino acids were the virulent types of Gss1 and So34 (Ando et al., 2021). Although the
fate of Ng-F264-derived cats is unknown, NFel11 has been isolated from recovered cats,
implying that the Rsg; and No34 residues of NFel11 may cause low pathogenicity in cats.
The findings suggest that SFTSV fundamentally possesses virulent types of Gssi and So3s
in the Ge and has intrinsic properties of high pathogenicity. However, discussing whether
the virulent Rsg; and Noss pair is a critical factor in high pathogenicity in humans and cats
is difficult because virulent amino acid types have been identified not only in fatal cases
but also in most recovered cases. Alternatively, the avirulent Rsg1 and Nos4 strains are
present in nature and may lead to relatively mild disease. Therefore, investigating the
distribution of avirulence types in endemic areas would be interesting.

Ng-F264 infection did not result in apparent weight reduction or fatality in mice;
however, viral replication was observed in the body using viral RNA detection. Viral
copy numbers tended to be lower in mice infected with Rsg; and Nozs-type viruses than
in mice infected with Gsg1 and Sozs-type viruses. A129 mice are IFN-I response deficient;

therefore, innate immunity does not influence viral replication. In addition, fatal mice
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died at 2—6 dpi, indicating that the acquired immunity was not affected considerably.
Therefore, viral replication and propagation at the cellular level may contribute to the
different virulence of Tk-F123 and Ng-F264.

Pathogenicity and fatality due to SFTSV infections seem to be associated with
multiple mechanisms such as viral replication in infected cells and the host immune
response. In our preliminary experiments, Tk-F123 exhibited significantly higher viral
yields than Ng-F264 in some cell lines, such as monkey-derived Vero E6 cells (data not
shown), suggesting that amino acid substitutions in the Gc protein may affect viral
replication in vitro. However, our unpublished data show that the infectivity, replication,
and production of SFTSV depend on the cell types derived from different animal species
and tissues, suggesting that viral propagation in some cell lines may not reflect to high
pathogenicity in mice. Therefore, further elucidation of the mechanism in vitro using
cells derived from several animal species, including mice, cats, and humans, will provide
important information for elucidating the mechanism of viral replication associated with

high pathogenicity in vivo.

Figure 3.5 Structural models of glycoprotein SFTSV: Evaluation of the amino acids

at positions 385 in Gn, 581, and 934 in Gc.
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3.6  Conclusions

In conclusion, we identified a pair of amino acid residues, Gsgi and Soss, in the
Gc protein that led to fatal infection. Our findings of amino acid substitutions highlight
the importance of Gc as a virulence factor of SFTSV, along with the previously
recognized NSs protein. The Gc protein may be a key target for vaccine design as it plays
a crucial role in SFTSV virulence and pathogenesis. Therefore, elucidating the
attenuation mechanism by focusing on the avirulent types of Rsgi and Nos4 types would
provide useful clues for the development of effective live-attenuated vaccines and
antiviral strategies. The findings enhance our understanding of SFTSV pathogenesis,

immune responses, and antiviral strategies.
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4. General Conclusion

Trisegmented bunyaviruses constitute a category of viruses within the
Bunyavirales order, distinguished by their segmented, negative-sense RNA genomes that
are encoded in an orientation opposite to that of messenger RNA. Their members infect
broad ranges of hosts, including several significant human pathogens. Reverse genetic
systems have been essential in the investigation of trisegmented bunyaviruses. The
process of introducing a precise genetic change into a viral genome, known as viral
reverse genetics, has revolutionized our understanding of negative-sense, segmented
RNA viruses. While the specific characteristics of reverse genetic systems vary among
different viruses, the fundamental principles of biology remain the same. Here, we
examine the development of reverse genetic systems as applied to these virus members,
emphasizing conserved approaches illustrated by some of the prominent members that
cause significant human disease. We also describe the utility of their genetic systems in
the determination of the responsible gene for the enhanced virulence of trisegmented
bunyaviruses.

Despite extensive geographical distribution and substantial populations
susceptible to Bunyavirus infections, significant knowledge gaps remain regarding the
host and viral factors that influence the pathogenesis of Bunyavirus, particularly TFLV
and SFTSV. Further exploration of the function of viral proteins is necessary, and
developments in molecular virology tools and improved small-animal models will lead
to significant mechanistic understanding of Bunyavirus pathogenesis. It is essential to
mitigate the impact of Bunyavirus infections on patients and public health systems by
developing rapid and reliable diagnostics, effective vaccinations, and antiviral
treatments. Vaccines may protect against bunyaviruses in ways other than classical

antibody-mediated neutralization. Studying how vaccines protect against the Bunyavirus
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group will help us understand how the host can control the infection and help us come
up with treatment plans that boost immune responses while limiting immunopathology.
Molecular virology, immunology, vaccinology, entomology, veterinary health, and
public health will collectively need to continue their contributions to address the
substantial risk of Bunyavirus group infection and disease in endemic areas.

In conclusion, we were able to rescue recombinant TFLV and SFTSV from
cDNA clones, allowing detailed studies on viral genetics and pathogenesis. We also
describe the molecular determinants of virulence in SFTSV, which is crucial for
developing effective vaccines and therapeutics. Finally, we highlight that reverse
genetics continues to be a powerful tool in elucidating the molecular mechanisms of
virulence in trisegmented bunyaviruses, which will contribute to our understanding of

viral biology, pathogenesis, and intervention strategies.
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