. HOKKAIDO UNIVERSITY

Studies on the pathogenicity of emerging orthonairovirus, Yezo virus, and effects of antiviral

Title agents against Yezo virus using a mouse model
Author (s) ER, HE
Degree Grantor biEEKE
Degree Name B (BEZ)

Dissertation Number HE164735

Issue Date 2025-03-25
DOI https://doi.org/10.14943/doctoral. k16473
Doc URL https://hdl. handle.net/2115/95505
Type doctoral thesis
File Information Takuma Ariizumi, pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Studies on the pathogenicity of
emerging orthonairovirus, Yezo virus,
and effects of antiviral agents against Yezo virus
using a mouse model
(B 2T AL EZH W
HEANY)FAOTANZATHEIL STV AVAD
R L PLY A NV ZAEOTRICEET 5 H5E)

Takuma Ariizumi
Division of Molecular Pathobiology, International Institute
for Zoonosis Control, Graduate School of Infectious

Diseases, Hokkaido University



Contents

General INTrOQUCTION «.....iiieeiiiiiiiiiiitiiieieiiir ettt st eean e seteenseeesseaassstsansssseenssssseseensesssesnnnns 1
Chapter I: Establishment of a lethal mouse model of YEZV infection.............cc.cooiiiiiiiniii. 7
SUBIIATY ...ttt ettt ettt s et taesessaiaassesssiesesnessanes 7
TREFOAUCIION ...ttt e ettt aaaaaeaeeeasnsnaaas 8
Material Qnd MEtROAS .......................eeeeeeeeeeeaiaeeeeeeeeeeeeeeeeeee ettt aaaaaeeeeeeeaanaaas 9
RESUILS ...ttt ettt et e ettt e e e e e e e e e aananas 12
DUSCUSSION ...ttt ettt e e e e e e e e e e s sttt aaaaaaaeaeaananaas 24
Chapter II: Verification of the effects of antiviral agents against YEZV ...............ccoooiiin. 27
RY 70 T PP 27
TRIFOAUCIION ...ttt taaaeaaeeeeaanaaas 28
Material and MeEtROAS .......................eeeeeeeeieeeieeeeeeeeeeeeeeeeeeee ettt eaaaaaeeeaeaaaas 29
RESUILS ...ttt ettt ettt e ettt a e e e e e e e e aaaanaas 32
DUSCUSSTION ...ttt ettt e e e e e e e e e s e sttt e aaaaaaeaeaananaas 37
General ConCIUSION ......ccuuuuuiiiiiiiiiiiiiiiitir sttt se e e s e e ettt b abaassesasseeessenns 38
ACKNOWIEAZEIMENTS «.ecvvvuuiuiiiiiriiiiiiiiuiiiieettreeitirre e se et trtrras s ssseeseeeeseasssssssssessseessssansanes 40
L 5 S 1T PR P 41
SUMMATY IN JAPANESE «eceiivenuiuiiiiiiiiiiiiiitiiiieiees ettt e s s et ettt rasaasseseseettsteasssssssessssssessenns 49



Abbreviations
ALB
ALT
AST
BSL
BUN
CCHF
CCHFV
DAB
DMEM
DMSO
dpi
FBS
FFA
FFU
Fig
GLOB
Glu
GPC
H&E
HRP
Ibal
1Cso
1Cq0
IFN
IFNR
IgG
THC
ip
KO
L
LDso
LOD
LPHV
MEM
MOI
MTT

NSD
PBS
PLT

albumin

alanine transaminase

aspartate transaminase

biosafety level

blood urea nitrogen

Crimean-Congo hemorrhagic fever
Crimean-Congo hemorrhagic fever virus
3,3'-Diaminobenzidine

Dulbecco’s modified Eagle’s medium
dimethy] sulfoxide

days post infection

fetal bovine serum

focus-formation assay
focus-formation unit

figure

globulin

glucose

glycoprotein precursor
hematoxylin-eosin

horse radish peroxidase

ionized calcium binding adapter protein 1
50% inhibitory concentration

90% inhibitory concentration
interferon

interferon receptor

immunoglobulin G
immunohistochemical staining
intraperitoneal injection

knockout

large protein

50% lethal dose

limit of detection

Leopards Hill virus

minimum essential medium
multiplicity of infection
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium Bromide
nucleoprotein

Nairobi sheep disease

phosphate buffered saline

platelet counts

i



qPCR
RARP

RMP
RT-gPCR
RTP

SC
SDS-PAGE
SFTSV
STAT
T-705
TBIL
TBST

TP

WBC
WHO
YEZV

quantitative polymerase chain reaction

RNA-dependent RNA polymerase

ribavirin monophosphate

reverse transcription-quantitative polymerase chain reaction
ribavirin triphosphate

subcutaneous injection

sodium dodecyl sulfate—polyacrylamide gel electrophoresis
severe fever with thrombocytopenia syndrome virus

signal transducer and activator of transcription

favipiravir

total bilirubin

0.05% Tween 20 in tris-buffered saline

total protein

white blood cell counts

World Health Organization

Yezo virus

111



Notes

Chapter I and II:

Ariizumi T, Tabata K, Itakura Y, Kobayashi H, Hall WW, Sasaki M, Sawa H, Matsuno K, Orba Y.
Establishment of a lethal mouse model of emerging tick-borne orthonairovirus infections. PLoS
Pathog. 2024 Mar 19;20:¢1012101.

1\



General Introduction

The Orthonairovirus is a genus of viruses belonging to the family Nairoviridae within the
class Bunyaviricetes (1). An orthonairovirus genome is characterized by three single-stranded,
negative-sense RNAs called S, M, and L segments, which encode nucleoprotein (N), glycoprotein
precursor (GPC), and large protein (L, RNA-dependent RNA polymerase), respectively (Fig 1A).
Orthonairoviruses are transmitted primarily by ticks and infect vertebrate hosts, including birds,
rodents, ruminants, bats, and humans (2). The orthonairoviruses are phylogenetically divided into
nine genogroups (Fig 1B) (2, 3). Most of human pathogenic orthonairoviruses belong to the
Nairobi sheep disease (NSD) genogroup, such as Crimean-Congo hemorrhagic fever virus
(CCHFYV), Nairobi sheep disease virus, and Dugbe virus (4-06), distributing a wide range of
African and Middle Eastern countries. Sporadic human cases of infection with orthonairoviruses
in other genogroups, including Kasokero virus in Kasokero genogroup, Issyk-Kul virus in Keterah
genogroup, and Tamdy virus in Tamdy genogroup, have also been reported in Uganda, Central
Asian countries, and Central and Kyrgyzstan, respectively (7—11). Recently, human infection
cases of emerging and reemerging orthonairoviruses in far eastern Asian countries, i.e. Tamdy
virus, Tachéng tick virus-1, Songling virus, Yezo virus (YEZV), and Wetland virus, have been
attracting attention (3, 10, 12—15). These reports suggest that the increasing number of human
pathogenic orthonairoviruses has been becoming greater public health concern. However, genetic
divergence of orthonairoviruses and sporadic outbreaks of their infection hampers diagnosis and
development of therapeutic agents or vaccines.

Human pathogenic orthonairovirus infections are associated with acute febrile illness.
Crimean-Congo hemorrhagic fever (CCHF) caused by CCHFV is one of the most serious tick-
borne infectious diseases and well documented. CCHF has a range of outcomes, from
asymptomatic or mild symptoms to fatal infection. CCHF presents in four distinct stages:
incubation, pre-hemorrhagic, hemorrhagic, and convalescence (5). The incubation period usually
lasts less than one week, depending on the viral load and the transmission route. In the pre-
hemorrhagic stage, patients present with nonspecific symptoms such as fever, headache, myalgia,
and dizziness. In the hemorrhagic stage, hemorrhagic manifestations including ecchymoses on
the skin, epistaxis, melena, hemoptysis, hematuria, and bleeding from injection sites are common.
Hematology and blood biochemistry tests show thrombocytopenia, leukopenia, and elevated
alanine transaminase (ALT), aspartate transaminase (AST), lactate dehydrogenase, and creatine
phosphokinase levels (5, 16, 17). In severe cases, the disease progresses rapidly, causing
disseminated intravascular coagulation, multiple organ failure, shock, resulting in fatality (5, 18—

21). In survivors, the convalescence phase begins approximately 10 days after onset, with



returning of hematologic parameters to normal and development of humoral and cellular
immunity. Comparative studies suggest that high levels of viremia, thrombocytopenia, elevated
AST, ALT, and inflammatory cytokine levels, hematemesis, and melena are associated with fatal
cases (17, 18, 22, 23). However, the viral factors involved in the disease severity are unknown. In
other cases of orthonairovirus infection, nonspecific symptoms such as fever, headache, dizziness,
and myalgia are reported primarily, with some cases showing elevated AST and ALT levels,
thrombocytopenia, and leukopenia (3, 6-8, 10, 12, 14, 15). However, due to the limited number
of available case reports and sporadic outbreaks, these diseases are not well characterized,
hampering their treatment, prevention, and diagnosis. These facts emphasize the public health
importance of controlling orthonairovirus infections. A major difficulty in controlling
orthonairovirus infections is the lack of available specific treatments. Therefore, the development
of therapeutic options and antiviral drugs is urgently required.

The establishment of infection models that mimic the pathogenesis of the disease would
provide valuable insight into the discovery of new therapeutic targets and the validation of
therapeutic agents. Among the human pathogenic orthonairoviruses, animal infection models
have been reported for CCHFV, Dugbe virus, Issyk-Kul virus, and Wetland virus to understand
their pathogenicity in mammals. CCHFV is the most pathologically studied orthonairovirus using
animal infection models, including mouse and macaque infection models (5, 24). Mice deficient
in interferon (IFN) signaling by genetic deficiency in the type I interferon receptor (IFNR) or
signal transducer and activator of transcription 1 (STAT1), or by administration of anti-type I
IFNR antibodies have been widely used as models for lethal CCHFV infection (25-28). In these
mouse models, uncontrolled viral replication, inflammatory immune response, and liver damage
were associated with lethality and correlated with findings in human fatal cases. These findings
suggest that mouse infection models may partially reflect the pathogenesis of human lethal
infection and are useful for the evaluation of antiviral agents, monoclonal antibodies, and vaccines.
Neuroinvasive property of Dugbe virus infection has been demonstrated using newborn mice and
type I IFNR-knockout (KO) mice (29, 30). A study of Issyk-Kul virus infection in type I IFNR-
KO mice showed that Issyk-Kul virus replicated in the liver and spleen, resulting in liver
dysfunction and increased cytokine and chemokine levels in the blood (31). Wetland virus was
lethal to wild-type C57BL/6, BALB/c, and Kunming mice (15). In Wetland virus-infected
BALB/c mice, viral antigens and viral RNA were detected in liver, spleen, kidney, lung, and brain
tissues. Histopathological analysis revealed hepatocyte necrosis in the liver, disappearance of
white pulp in the spleen, alteration of bronchiolar structures in the lungs, and inflammation of the

cerebral cortex in the brain.



In addition to human pathogenic orthonairoviruses, animal infection models of several
orthonairoviruses isolated from ticks or bats, including Hazara virus, Tofla virus, and Leopards
Hill virus (LPHV), have also been established (31-33). Although no human cases of infection
with these viruses have been reported, these animal infection models are valuable to understand
their potential infectivity in mammals and comprehensive infection mechanisms of
orthonairoviruses. In addition, they can be useful surrogates for studying CCHFV infection and
testing antiviral agent candidates against CCHFV without requiring biosafety level (BSL) 4
facilities. Hazara virus and Tofla virus belong to the NSD genogroup, which includes CCHFV
(Fig 1B). Inoculation with Hazara virus caused lethal infection in type I IFNR-KO mice (32).
Pathological changes in the liver, spleen, and lymph nodes observed in this mouse model were
similar to those in the CCHF V-infected mouse models. Tofla virus caused lethal infection with
gastrointestinal disorders in type I [FNR-KO mice (33), and in situ hybridization analysis detected
viral RNA in the epithelium of the stomach, duodenum, and small intestine with erosive changes.
LPHV belongs to the Kasokero genogroup (Fig 1B) and was isolated from bats in Zambia (34).
LPHV caused lethal infection in wild-type C57BL/6 mice and hepatic necrosis and small
intestinal hemorrhage were observed. Blood biochemistry tests showed elevated liver enzymes
and serum total bilirubin levels and decreased blood glucose levels. Complete blood count
revealed severe leucopenia and thrombocytopenia. These pathological changes, biochemical
changes and blood cell counts closely resemble those seen with CCHFV in humans.

Among the emerging and reemerging orthonairoviruses reported in East Asia, Tamdy virus,
Tachéng tick virus-1, and Songling virus belong to the Tamdy genogroup, and YEZV belongs to
the Sulina genogroup, respectively (Fig 1B). These viruses are phylogenetically distinct from
other orthonairoviruses that have been analyzed for their pathogenicity in human cases and/or
animal infection models. Therefore, the characterization of these emerging and re-emerging
orthonairoviruses is important for a comprehensive understanding leading to prevention and
treatment of orthonairovirus infections. However, the pathogenicity of those orthonairoviruses,
belonging to the Tamdy or Sulina genogroup, in humans and animals remains uncharacterized, as
there are currently few case reports and the luck of established animal infection models.

YEZV (Orthonairovirus yezoense) is an emerging orthonairovirus isolated from human
patients who had bitten by ticks in Hokkaido, Japan (3). YEZV genome was detected in field ticks,
including Ixodes persulcatus, Ixodes ovatus, and Haemaphysalis megaspinosa, in Japan and
China (3, 35-37). Furthermore, YEZV RNA was detected in ticks infesting raccoons and
migratory birds in Japan, suggesting that the virus circulates between ticks and wildlife and wild

birds (36, 37). In serological studies, anti-YEZYV antibodies were detected in serum samples from



wild raccoons, deer, and raccoon dogs in Hokkaido, Japan (3, 36). Currently, at least 28 infected
patients have been reported in Japan and China (3, 35, 38-40). In clinical cases, acute fever,
thrombocytopenia, leukopenia, and elevation of liver enzymes, creatine kinase, and ferritin levels
were reported. Patients can only be treated symptomatically because of no available specific
treatment. The pathogenicity of YEZV is still unclear due to the small number of clinical cases
and the lack of animal models of YEZV infection. Therefore, the establishment of animal models
is necessary to elucidate the pathogenicity of YEZV and to evaluate antiviral agents.

Ribavirin is a guanosine analog with a broad-spectrum of antiviral activity (41). The
mechanism of action of ribavirin is still under investigation, but it has been reported to inhibit
viral RNA synthesis, mRNA capping, and inosine monophosphate dehydrogenase activity, to
induce lethal mutations in the virus, and to have immunomodulating effects in animals (41, 42).
Ribavirin is an antiviral agent widely used for CCHF patients with the recommendation by the
World Health Organization (WHO) as a treatment for CCHF. However, the data on its efficacy in
humans and animal models remain controversial. Although some clinical reports propose its
therapeutic efficacy, meta-analyses suggest that there are insufficient data to support its efficacy
due to confounding factors in the data set (22, 23, 43—45). The efficacy of ribavirin against
CCHFYV infection is inconsistent in animal experiments. Ribavirin showed anti-CCHFV effects
in STAT-1-KO mouse and STAT-2-KO hamster models, but no efficacy in a type I IFNR-KO
mouse model (25, 46—48). In contrast to ribavirin, favipiravir (T-705) showed significant anti-
CCHFYV effects in animal infection models, including mouse and macaque models (46, 47, 49,
50). T-705 is a pyrazine analog with a broad-spectrum of antiviral activity and converted to
favipiravir ribofuranosyl-5'-triphosphate by host intracellular kinases, which inhibit viral
replication by acting on viral polymerases (51, 52). T-705 is approved for treatment of novel
influenza and COVID-19 in several countries. In addition, clinical trials conducted in China and
Japan have suggested that T-705 is effective in the treatment of severe fever with
thrombocytopenia syndrome (SFTS), a tick-borne viral infectious disease in East Asia, and it was
approved as the first treatment for SFTS in Japan in 2024 (53-55). These findings suggest that
ribavirin and T-705 have potential for the treatment of a broad range of orthonairovirus infections.

In this dissertation, a mouse model of YEZV infection was established for the analysis of the
pathogenicity of YEZV and validation of antiviral agents. In Chapter I, histopathological and
virological analysis using type-I/Il IFNRs-KO mouse (AG129) model revealed that YEZV
replicates primarily in the liver and spleen resulting in fatal hepatitis. In Chapter 11, the effect of
antiviral agents against YEZV was examined. Both ribavirin and T-705 shoesd anti-YEZV effects
in vitro. AG129 mice treated with T-705 were rescued from lethal YEZV infection thereby



successfully demonstrating the antiviral effect of T-705 in this mouse model. These studies will
provide further understanding of the pathogenesis of YEZV and allow for the evaluation of new

antiviral agents.
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Fig 1. Schematic diagram of YEZV cRNA segments and phylogenetic relationship of
representative orthonairoviruses.

(A) A schematic diagram of the cRNA segments encoding the proteins (N, GPC and L) of YEZV
is shown. Arrows and black boxes indicate the direction of translation and open reading frames,
respectively. (B) To illustrate the phylogenetic relationships among orthonairoviruses, a
phylogenetic tree of the L protein coding sequence is shown as a representative example.
Orthonairovirus genogroups are indicated to the right of the trees. Asterisks indicate human
pathogenic viruses. The trees were constructed using the maximum-likelihood method with 1,000
bootstraps. The percentage of trees in which associated taxa clustered together is shown next to
the branches. The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. Evolutionary analyses were conducted in MEGAT11.



Chapter I: Establishment of a lethal mouse model of YEZYV infection

Summary

Emerging and reemerging tick-borne orthonairovirus infections (family Nairoviridae), which
are genetically distinct from Crimean-Congo hemorrhagic fever virus, have been recently
reported in East Asia. Here, to better understand the pathogenesis of these infections, a mouse
model of YEZV infection was established using AG129. YEZV-inoculated AG129 mice showed
body weight loss and died by 6 days post infection (dpi). Blood biochemistry tests showed
elevated liver enzyme levels, similar to YEZV-infected human patients. Histopathological
analysis revealed degeneration of hepatocytes and disruption of follicular structures in the spleen.
The viral antigens were detected diffusely in the liver and spleen at 2 and 4 dpi by
immunohistochemical staining, and these signals were decreased at 6 dpi. Viral titers in organs
and serum peaked at 2 dpi and decreased in a time-dependent manner. The present mouse model

will help us to comprehend the pathogenicity of the emerging tick-borne orthonairoviruses.



Introduction

The genus Orthonairovirus in the family Nairoviridae consists of 61 virus species (1). The
genome of orthonairovirus consists of three single stranded negative-sense RNAs called the S, M,
and L segments, which encode N, GPC, and L, respectively. (Fig 1A). Certain orthonairoviruses
are well known as human and/or animal pathogens. These include CCHFV (5), Nairobi sheep
disease virus (4), Dugbe virus (6), Kasokero virus (7), Issyk-Kul virus (8), and Erve virus (9).
Recently, emerging and reemerging human infections of tick-borne orthonairoviruses belonging
to Tamdy or Sulina genogroups, which are phylogenetically distinct from previously reported
human pathogenic orthonairoviruses have been identified (Fig 1B). These include Tamdy virus
(10), Tachéng tick virus-1 (12, 13), Songling virus (14), and YEZV (3, 35) and have been reported
to occur in China and Japan. These emerging and reemerging tick-borne orthonairoviruses
highlight the potential public health importance associated with the Tamdy and Sulina genogroups.

YEZV, an emerging orthonairovirus in the Sulina group was originally isolated from febrile
patients who had a history of tick bites in Hokkaido, Japan. To date 28 infected patients have been
reported which include retrospectively identified patients both in Japan and China (3, 35, 38—40).
In clinical cases, acute fever with thrombocytopenia, leukopenia, and elevation of liver enzymes,
creatine kinase, and ferritin levels were reported. At this time, no pathological studies have been
conducted in human patients infected with YEZV or those with the other emerging
orthonairoviruses including Tamdy virus, Tachéng tick virus-1, and Songling virus.

Previously reported small animal infection models of orthonairoviruses, such as CCHFV have
been established using immunodeficient mice, such as IFNR-KO mice (25-28, 30-33). In these
models, the mice exhibit a variety of pathogenic features including liver damage, gastrointestinal
disorders, and neurovirulence. Notably liver damage is a representative pathological feature
commonly found in variety of orthonairovirus-infected mice (25-28, 31, 32, 34) and also human
CCHEF patients (5, 21, 56-58). Elevated levels of liver enzymes in YEZV patients suggest that
YEZV infection may also potentially cause liver damage in humans. To investigate the pathology
of YEZV infection, a lethal mouse model of YEZV infection using AG129 mice (59) was
established. Histopathological and virological analysis using this model revealed that YEZV
replicates primarily in the liver and spleen resulting in a fatal hepatitis. The present study is the
first small animal model for YEZV infection and will help our understanding of the pathogenetic

features of these emerging infections.



Material and Methods
Ethics statement

All animal experiments were approved by the Animal Care and Use Committee of Hokkaido
University (Approval numbers: 18-0149 and 23-0063) and were performed in accordance with

the committee’s guidelines.

Cells and viruses

Vero (JCRB9013) and Vero E6 (JCRB9007) cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 unit/mL
penicillin, and 100 pg/mL streptomycin at 37°C with 5% CO,.

YEZV strain HH003-2019 was isolated from infected patients as previously reported (3).
Briefly, the virus was isolated from the supernatant of Vero E6 cells inoculated with the AG129
mouse serum collected at 5 days after intraperitoneally inoculation of infected patient’s plasma.

The virus was stored at -80°C until use.

Mouse infection experiments

All animal experiments were conducted in a biosafety level (BSL)-2 laboratory at the
International Institute for Zoonosis Control, Hokkaido University with the above-described
ethical approval. Female 5-week-old BALB/cCrSlc and C57BL/6NCrSlc mice were obtained
from Japan SLC (Shizuoka, Japan) and used for animal experiments. AG129 mice, double KO
immunocompromised mice lacking both type I and type II INFRs (S129 background), were
obtained from Marshall BioResources (North Rose, USA) and maintained in our laboratory. Sex-
mixed 5-weeks-old AG129 mice were used for the animal infection experiments.

BALB/cCrSlc, C57BL/6NCrSlc and AG129 mice were intraperitoneally inoculated with 100
uL of DMEM with or without 10* focus formation units (FFUs) of YEZV under anesthesia. All
mice were monitored for body weight changes and survival for 14 days, and in order to collect
blood and tissue samples, five mice were mock-infected or infected with YEZV and sacrificed at
2, 4, and 6 dpi, respectively. A portion of the harvested tissues was homogenized in DMEM to
prepare a 10% tissue emulsion for virus titration and RNA extraction. The other tissues were
stored in phosphate-buffer 10% formalin for histopathological analyses. Blood biochemistry tests
were conducted using VetScan VS2 with Multi Roter I Preventive Care Panel (Zoetis Japan,
Tokyo, Japan). For the determination of the 50 % lethal dose (LDso), AG129 mice were inoculated
by intraperitoneal (ip) or subcutaneous (sc) injection with DMEM (100 uL) with or without 10,
10%, 10%, 10 or 1 FFU of YEZV under anesthesia and observed daily for body weight changes and



survival for 14 days.

Virus titration

The titers of YEZV used in this study were defined as FFUs. The samples diluted in DMEM
were inoculated into Vero cells on 24-well plates and incubated at 37°C for 1 hour. The
supernatant was removed, and the treated cells were cultured in minimum essential medium
(MEM) containing 1% methylcellulose and 2% FBS for 6 days. The cells were then fixed with
methanol for 20 minutes at —30°C. After blocking with phosphate buffered saline (PBS, pH7.5)
containing 1% bovine serum albumin for 30 minutes, the cells were incubated with 1,000-time-
diluted YEZV-infected mouse serum for 1 hour. After washing three times with PBS, the cells
were incubated with Goat Anti-Mouse immunoglobulin G (IgG) H&L-horse radish peroxidase
(HRP) (1:1,000, Abcam, Cambridge, UK) for 1 hour. After washing in the same manner, the cells
were incubated with 3,3'-Diaminobenzidine (DAB), tetrahydrochloride (Nacalai twsque, Kyoto,
Japan) for 10 to 20 minutes. The staining procedure was performed at room temperature. Stained

foci were counted, and the titers were determined.

RNA extraction and Quantitative real-time PCR

Total RNA was extracted from the 10% tissue emulsions, mice serum or cell culture
supernatant using TRIzol LS Reagent (Thermo Fisher Scientific, USA) and used to quantify
YEZV viral RNA expression. Quantities of YEZV viral RNA were measured using reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) with One Step PrimeScript III
RT-gPCR  Mix (Takara Bio, Shiga, Japan) and the specific primers (5°-
GGTGTAAAGCCCAACATCCT-3’ and 5’-CTCAACCTGCTTCCAACCTATC-3’) and probe
(5°-/5Cy5/CCAAGGAAG/TAO/CACACAGATGGGTACA/3IAbRQSp/-3”) for the L gene. The
RT-gPCR reaction protocol included 5 minutes at 52°C, 10 seconds at 95°C and then 40 cycles of
5 seconds at 95°C and 30 seconds at 60°C. The signals were measured at the elongation step. A
cloned plasmid was used for the standard to estimate the copy number. RT-qPCR was performed
using qTower® G (Analytik Jena, Jena, Germany), and the obtained data were analyzed by qPCR
soft (Analytik).

Histopathological analysis
Formalin-fixed, paraffin embedded tissues were sectioned into 3 um and stained with
hematoxylin-eosin (H&E) or used for immunohistochemical staining (IHC). IHC was performed

using YEZV-N peptide (POS: 165-182) immunized rabbit serum (1:20,000) (Cosmo Bio, Tokyo,
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Japan) or anti ionized calcium binding adapter protein 1 (Ibal) goat polyclonal antibody (1:500,
#001-27991, Wako, Osaka, Japan) as primary antibodies. For YEZV antigen detection,
peroxidase-labeled goat anti-rabbit IgG polyclonal antibody (Nichirei Bioscience, Tokyo, Japan)
and DAB were used as secondary antibodies and substrates, respectively. In the Ibal and YEZV
antigen double staining experiments, InmPRESS (Peroxidase) Polymer Anti-Goat IgG Reagent
(Vector laboratories, California, USA) and alkaline phosphatase-labeled goat anti-rabbit IgG
polyclonal antibody (Nichirei Bioscience, Tokyo, Japan) were used as secondary antibodies and
ImmPACT AMEC Red Peroxidase Substrate (Vector laboratories, CA, USA) and Vector Blue
(Vector laboratories) as substrates. All images were acquired using Nikon ECLIPSE 80i light
microscopy (Nikon, Tokyo, Japan).

Western Blotting

Liver emulsions, YEZV-N (Fig 1A)-transfected 293T cells, and YEZV-GPC (F ig 1A)-
transfected HEK293 cells were treated with an EzRipa Lysis Kit (ATTO, Tokyo, Japan). The
treated samples were separated by SDS-PAGE and subsequently transferred onto polyvinylidene
difluoride membranes (Merck Millipore, Burlington, MA, USA). The membranes were blocked
for 1 hour with 0.05% Tween 20 in Tris-buffered saline (TBST) that contained 5% skim milk at
25°C. The membranes were incubated overnight at 4°C with YEZV-N peptide immunized rabbit
serum (1:1,000) or YEZV-G peptide (POS: 349-369) immunized rabbit serum (1:1,000) (Cosmo
Bio, Tokyo, Japan) in TBST with 0.05% skim milk. After washing with TBST, the membranes
were incubated 1 hour at 25°C with Goat Anti-Rabbit [gG H&L-HRP (1:10,000, Abcam) in TBST
with 0.05% skim milk. The membranes were washed again with TBST and subsequently
incubated with Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore) to
visualize the peroxidase signal. Beta-actin was detected by the same protocol using Anti-B-Actin
pAb-HRP-DirecT (Medical & Biological Laboratories company limited, Tokyo, Japan) and HRP
substrates. Chemical luminescent signals were detected by Amersham imageQuant 800 (Cytiva,

MA, USA) and signal intensities were quantified using ImagelJ software (60).

Statistical analysis
Survival rates were compared using log-rank test. Blood biochemistry levels were compared
between uninfected and infected mice by the steel test. All statistical analyses were performed

using Easy R (61). Statistical significance was set at p < 0.05.
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Results
Clinical findings in YEZV-infected mice

To confirm the pathogenicity of YEZV in mice, 10* FFUs of YEZV isolated from a human
patient were inoculated into BALB/c, C57BL/6, and AG129 (type-I/Il IFNRs-KO) mice by ip
(59). Body weight and survival of the mice were monitored for 14 days after the viral challenge.
The body weights of BALB/c and C57BL/6 mice inoculated with YEZV gradually increased,
similar to mock-infected mice, for 14 days without any fatalities, but the YEZV-inoculated
AG129 mice showed body weight loss and 100% mortality by 6 dpi (Fig 2A). Subsequently,
AG129 mice were inoculated with serially diluted YEZV by ip or sc. The 14-day fatality rates
for ip of AG129 mice with 10%, 10%, 10% 10, and 1 FFU of YEZV were 100%, 100%, 83%, 71%,
and 71%, respectively, with respective median survival rates of 6, 7, 8, 8, and 9 days (Fig 2B).
AG129 mice inoculated by sc with 10, 10°, and 10? FFU of YEZV resulted in 14-day fatality
rates of 100% and 71%, and 71%, respectively, with respective median survival rates of 8, 9,
and 9 days (Fig 2C). Based on these results, AG129 mice were used in all subsequent
experiments.

To investigate the pathology of lethal YEZV infection in AG129 mice, AG129 mice were
inoculated with 10* FFU of YEZV by ip and sacrificed for blood and organ collection at 2, 4,
and 6 dpi. Blood biochemistry tests showed elevated levels of alanine transaminase (ALT),
aspartate transaminase (AST), total bilirubin (TBIL) and decreased levels of total protein (TP),
albumin (ALB), and glucose (Glu) in the YEZV-infected mice (Fig 3A). Marked elevation of
ALT and AST levels were observed at 2 and 6 dpi, and interestingly, the increase in ALT and
AST at 4 dpi was moderate. Serum TP and ALB levels decreased significantly at 4 and 6 dpi,
and blood glucose levels decreased remarkably at 2, 4, and 6 dpi (Fig 3A). TBIL levels were
found to be elevated only at 6 dpi (Fig 3A). Blood cell counts revealed increased white blood
cell counts (WBC) after 4 dpi (Fig 3B). WBC and platelet counts (PLT) decreased slightly at 2
dpi, but there was no obvious leukopenia or thrombocytopenia as has been reported in human
patients (Fig 3B and 3C). To examine the possibility of viremia, viral titers and viral RNA levels
of YEZV in serum were quantified by focus-formation assay (FFA) and RT-qPCR, respectively.
Viral titers in serum peaked at 2 dpi and remarkably decreased after 4 dpi (Fig 3D). In contrast
YEZV viral RNA in serum was detected at similar levels at 2, 4, and 6 dpi (Fig 3E).
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Fig 2. Body weight changes and survival of YEZV-infected mice.

(A) Female 5-week-old C57BL/6 mice and BALB/c mice (n = 5) and sex-mixed 5-week-old
AG129 mice (male: n =4, female: n = 3) were inoculated intraperitoneally with 10* FFU of YEZV.
Fourteen-day survival rates and body weight changes were compared between mock and YEZV
infected groups. Relative body weight is shown as means with standard deviations. (B) AG129
mice were inoculated intraperitoneally with 10* FFU (male: n = 3, female: n = 3, red line), 10°
FFU (male: n = 4, female: n = 3, yellow line), 10* FFU (male: n = 3, female: n = 3, green line),
10 FFU (male: n = 4, female: n = 3, blue line), and 1 FFU (male: n = 4, female: n = 3, gray line)
of YEZV and monitored for 14-day survival rate and body weight change. Relative body weight
was calculated and is shown as means with standard deviations. (C) AG129 mice were inoculated
subcutaneously with 10* FFU (male: n = 3, female: n = 4, red line), 10° FFU (male: n = 3, female:
n = 4, yellow line), and 10> FFU (male: n = 4, female: n = 3, green line) of YEZV and monitored
the 14-day survival and body weight change. Relative body weights are shown as means with
standard deviations.
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Fig 3. Hematological testing and validation of viremia in YEZV-infected AG129 mice.

(A-E) AG129 mice were inoculated with 10* FFUs of YEZV by ip and sacrificed for serum
sampling at 2, 4, and 6 dpi (2 dpi: n =15, 4 dpi: n =5, 6 dpi: n = 3) for (A) blood biochemistry
tests, (B) counting white blood cells, (C) counting platelets, and quantification of (D) viral titer
and (E) viral RNA in serum. Means with standard errors were shown with individual values as
white circles; (A) ALT, AST, TBIL, TP, ALB, globlin (GLOB) and Glu values in serum, (B)
WBC, (C) PLT, (D) virus titers in serum quantified byFFA, and (E) copy numbers of viral RNA
quantified by RT-qPCR. Statistical analyses were performed using the Steel test, and the
significant difference (p < 0.05) is indicated as an asterisk. (D) Dotted line indicated the lower
limit of detection (LOD) for the assay (0.4 FFU/uL). Plots lower than the LOD are indicated by

the half value of LOD on the graph.
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Pathological findings in YEZV-infected AG129 mice

To identify the mechanism underlying fatal infection of YEZV in AGI129 mice,
histopathological analysis was conducted at 2, 4, and 6 dpi. Macroscopically, the livers and
spleens of YEZV-infected AG129 mice were enlarged and whitish at 4 and 6 dpi compared to
those of mock-infected mice (Fig 4A). Microscopically, the liver tissue structure was disrupted
with hepatocyte degeneration and infiltration of inflammatory cells at 4 and 6 dpi (Fig 4A). The
splenic follicular structures were obscured at 4 and 6 dpi (Fig 4A). No clear histological changes
were observed in the kidney, heart or small intestine (Fig 4B). To characterize the distribution of
virus, YEZV antigens in the tissues were examined by IHC. Positive signals of YEZV antigen
were diffusely observed in the liver and spleen at 2 and 4 dpi, and decreased at 6 dpi (Fig 5A).
Since macrophages in the tissues, such as Kupffer cells are known as one of the target cells of
CCHFYV, YEZV infection in macrophages was analyzed by co-staining of Ibal, a marker protein
constantly expressed on macrophages, with YEZV N. Viral antigens were detected mainly in
hepatocytes in the liver, whereas Ibal(+) macrophages were positive for viral antigen in the
spleen (Fig 5SA and 5B). YEZV antigens were also detected in the kidney and heart, but at much
lower levels than observed in the liver and spleen (Fig 5C). In contrast to AG129 mice, in
C57BL/6 and BALB/c mice inoculated by ip with 10* FFU of YEZV, slight inflammatory cell
infiltration was observed in the livers of these mice, but no clear pathological changes were
observed in any of the organs including the liver (Fig 6). And very few viral antigens were
detected only in hepatocytes of these mice at 2 and 4 dpi (Fig 6). Next the relationships between
the observed pathological changes and inoculation route was examined. Similar pathological
observations were also found in AG129 mice inoculated by sc with YEZV (Fig 7). These results
suggest that YEZV replicates primarily in the liver and spleen and causes an acute hepatitis in
AG129 mice.

To further confirm viral replication in the tissues, infectious virus and viral RNA loads were
quantified. Viral titers in the liver, spleen, kidney, heart peaked at 2 dpi and decreased in a time-
dependent manner (Fig 8A). Similarly copy numbers of viral RN A were also detected in the liver,
spleen, kidney, and heart through 2 to 6 dpi (Fig 8B). In contrast to the AG129 model, infectious
virus particles were not detected in the serum, liver, and spleen of either BALB/c and C57BL/6
mice at 2 dpi and 4 dpi, but viral RNA was detected in those samples (Fig 9).

To rationalize the gap between the viral titer and the viral RNA copy number in the AG129
model, viral protein production in the liver was measured by Western Blotting. Consistent with
the results of the IHC, the N signal in the liver was not different between 2 dpi and 4 dpi (Figs
10A and 10B). On the other hand, at 4 dpi, the production of the envelope glycoprotein (Gn) was
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reduced, which may have resulted in an inability to form complete viral particles and a

concomitant reduction of viral titer (Figs 10A and 10B).
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Fig 4. Histopathological findings in YEZV-infected AG129 mice.

AG129 mice inoculated by ip with 10* FFUs of YEZV were sacrificed at 2, 4, and 6 dpi to collect
organ samples. Mock-infected mice sacrificed at 6 dpi are shown as controls. Mouse organs were
fixed in 10% phosphate-buffered formalin and stained with hematoxylin-eosin (H&E). (A)
Representative gross images and H&E-stained tissue images of the liver and spleen are shown.
Each side of a square in the gross images is 5 mm. The scale bars on the histological images of
the liver and spleen are 100 um and 200 pum, respectively. (B) Representative H&E-stained
histological images of the kidney, heart and small intestine of mock and YEZV-inoculated mice
at 4dpi are shown. The scale bars on the histological images are 100 um.
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Fig 5. The distribution of YEZV antigens in the tissues of YEZV-infected AG129 mice.

AG129 mice inoculated by ip with 10* FFUs of YEZV were sacrificed at 2, 4, and 6 dpi to
collect organ samples. Mock-infected mice sacrificed at 6 dpi are shown as controls. Mouse
organs were fixed in 10% phosphate-buffered formalin and immunohistochemically stained for
YEZV N protein. (A) Representative IHC images of the liver and spleen stained for YEZV N
proteins are shown with viral antigens in brown. The scale bars on IHC images are 100 pm. (B)
YEZV N protein (blue) and macrophage marker, Ibal (brown) were stained by IHC double
staining in the liver and spleen of YEZV-infected mice. The scale bars on IHC images of liver
and spleen tissues are 50 um and 20 um, respectively. Arrows indicate a cell in which both YEZV
antigen and Ibal were detected. (C) Representative IHC images of the kidney and heart of mock
and YEZV-inoculated mice at 4 dpi are shown. Viral antigens were detected using anti-YEZV N
protein rabbit antibody. The scale bars on IHC images are 100 um.
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Fig 6. Representative H&E-stained tissue images and IHC images of the liver of YEZV-
inoculated BALB/c mice and C57BL/6 mice.

BALB/c and C57BL/6 mice inoculated by ip with 10* FFUs of YEZV were sacrificed at 2 and
4 dpi to collect liver samples. Mouse livers were fixed in 10% phosphate-buffered formalin and
stained with H&E or immunohistochemically stained for YEZV N protein. Representative H&E-
stained histological images and IHC images of the liver of YEZV-inoculated BALB/c mice and
C57BL/6 mice at 2 and 4 dpi are shown. The scale bars on the histological images are 200 pm.
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and spleen of AG129 mice inoculated by sc with YEZV.

AG129 mice inoculated by sc with 10* FFUs of YEZV were sacrificed at 3 and 5 dpi to collect
liver and spleen samples. Mouse organs were fixed in 10% phosphate-buffered formalin and
stained with H&E or immunohistochemically stained for YEZV N protein. Representative H&E-
stained histological images and IHC images of the livers and spleens of sc inoculated AG129
mice at 2 and 4 dpi are shown. The scale bars on the histological images are 200 pm.
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Fig 8. Viral titers and viral RNA in the liver and spleen of YEZV-infected AG129 mice.
Livers, spleens, kidneys, and hearts of YEZV-inoculated AG129 mice collected at 2, 4, and 6 dpi
were used (2 dpi: n =5, 4 dpi: n = 5, 6 dpi: n = 3) for analyzing (A) viral titers quantified by
focus-formation assay and (B) the copy numbers of viral RNA (YEZV L-segment) quantified by
RT-qPCR. Dotted lines indicated the LOD for the assay (4 FFU/mg). Plots lower than the LOD
are indicated by the half value of LOD on the graph. White circles, thick bars, and thin lines
indicate individual values, mean values and standard errors, respectively.
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Fig 9. Viral RNA load of YEZV-infected BALB/c and C57BL/6 mice.

Serum, livers, and spleens of YEZV-inoculated BALB/c and C57BL/6 mice were collected at 2
and 4 dpi (2 dpi: n =3, 4 dpi: n = 3) and subjected to RNA extraction. The amount of viral RNA
(YEZV L segment) was quantified by RT-qPCR. White circles, thick bars, and thin lines
indicate individual values, mean values, and standard errors, respectively.
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Fig 10. Quantification of YEZV-G and N protein expression in the liver of YEZV-infected
AG129 mice.

(A and B) Equal amounts (4 png) of mock-infected and YEZ V-infected mice liver emulsions
were separated by SDS -PAGE. Immunoblotting analyses were conducted using anti-YEZV-G-
protein, anti-YEZC-N-protein, and anti-beta-actin antibodies. HEK 293 cells transfected with
YEZV-Gn or YEZV-N protein were used as positive controls. (B) Signal intensities were
quantified using ImagelJ software. White circles, thick bars, and thin lines indicate individual
values, mean values and standard errors, respectively.

23



Discussion

YEZV is an emerging tick-borne orthonairovirus belonging to the Sulina genogroup and the
first human pathogenic orthonairovirus in the Sulina genogroup. Together with the Tamdy
genogroup viruses, which are phylogenetically related to the Sulina genogroup, YEZV can be
considered as an etiological agent of emerging orthonairovirus infections in East Asia and thus,
has the potential to be a burden on public health (10, 12—-14). However, no pathological analyses
of the orthonairoviruses belonging to the Sulina and Tamdy genogroups have been conducted.
This mouse model for YEZV infection is the first for emerging tick-borne orthonairoviruses
involving the Sulina and Tamdy genogroup.

Previous studies have used type-I IFNR-KO mice with either C57BL/6 or 129 backbone,
STAT-1-KO mice and mice treated with cyclophosphamide to establish infection models of
human pathogenic orthonairoviruses such as CCHFV and Dugbe virus (25, 26, 30). Here, this
study demonstrated that AG129 mice, which are widely utilized in the field of flavivirus research
as lethal infection models (62—66), can also be used to establish a model of tick-borne
orthonairovirus infection. Because YEZV was isolated from a human patient using AG129 mice
and showed swelling of the spleen (3), AG129 was the first choice for establishing a mouse model
of YEZV infection.

The pathogenesis of lethal YEZV infection in AG129 was characterized in the present study.
Consistent with previous reports of the other human pathogenic orthonairoviruses, YEZV was
lethal in immunodeficient but not in wild-type mice. Wild-type mice showed no clinical signs but
may have developed viremia, as viral RNA was detected in their serum. Therefore, it may be
important to utilize the immunocompetent mouse as a relatively mild disease model in future
studies. In comparison to the immunodeficient mouse models of orthonairoviruses, such as
CCHFYV, Hazara virus, and Tofla virus models, whose LDsy were usually below 10 FFU or plaque
forming unit regardless of the inoculation route, the LDsy of YEZV infection in AG129 was
compatible (26, 31-33). YEZV replicated mainly in the liver and spleen in AG129 mice, resulting
in severe liver inflammation. Infectious virus was rapidly eliminated before the AG129 mice died,
but the severe hepatitis remained even after virus clearance and could have contributed to the
observed mortality. Elevated liver enzyme levels, including AST and ALT, consistent with
reported human cases (3, 35), also suggests serious liver damage as found in mouse models of
other orthonairovirus infection, including CCHFV, Hazara virus, Leopards Hill virus, and Keterah
virus (25-28, 31, 32, 34, 67). Interestingly, the present mouse model showed a biphasic elevation
of AST and ALT value consistent with biphasic-like increase of AST in a human patient [12], and

which has not been reported in the other orthonairovirus infections in humans and also animal
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models. In the studies of CCHFV, Kupffer cells, hepatocytes, and endothelial cells have been
identified as the primary target cells in mouse and macaque infection models, and in human
patients. (5, 24, 25, 28, 68—71). Kupffer cells have been proposed to be important for viral spread
and replication in the liver during the early stages of CCHFV infection (28, 68, 69). However, in
YEZV-infected mice, most of the virus antigen-positive cells in the liver were hepatocytes and
only a small number of virus antigen-positive Kupffer cells were detected, even though virus
antigen-positive signals were detected in Ibal (+) macrophages in the spleen. While infectious
viral particles and/or virus RNAs were detected in the kidneys and heart, no tissue damage or
severe inflammation was observed histopathologically. In addition, blood urea nitrogen (BUN)
and creatinine levels, indicators of renal function, were normal. Gastrointestinal disturbances as
reported in mouse models of Leopards Hill virus and Tofla virus (33, 34) were not observed.
These results suggest that YEZV is a hepatotropic virus like the other orthonairoviruses, although
the less tissue damage other than in hepatocytes might be one of the unique features of YEZV that
distinguishes it from the other orthonairoviruses, such as CCHFV.

In this model, even though the viral N protein was detected in the liver at 2 dpi and 4 dpi by
both IHC and immunoblot analysis, the viral titer at 4 dpi was significantly lower than that at 2
dpi. On the other hand, the expression of viral G protein was significantly reduced at 4 dpi
compared to 2 dpi. This result may be related with decreased viral titer, though further studies are
needed to clarify the mechanism of decreased G protein expression.

Furthermore, although viral titers in tissue and serum declined after 4 dpi, the copy numbers
of viral RNA in tissue and serum remained stable until 6 dpi. Together with the temporal reduction
of AST and ALT levels at 4 dpi, later liver injury could be caused without the production of
infectious virus particles but may still be associated with RNA replication.

Recently reported novel pathogenic tick-borne orthonairovirus infections associated with the
Tamdy and Sulina genogroups (3, 10, 12-14, 35) have not been fully analyzed for their
pathogenesis in humans as patients have been mainly identified by retrospective studies. Analysis
using the present mouse model will contribute to our understanding of viral pathogenesis. In the
future, it will be important to conduct detailed analyses in both human-infected patients and
animal models to identify common pathological features. It will also be important to consider co-
infections with other pathogens with tick-borne virus, which has been recently highlighted (72).
In fact, four of the seven YEZV-infected patients reported in Japan were infected with Borrelia
spp. (3). Furthermore, symptoms such as fever and malaise seen in YEZV-infected patients are
atypical and might be difficult to distinguish from other infections. A co-infection mouse model

of tick-borne pathogens may facilitate the development of broad-spectrum pan-tick-borne disease
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treatment.
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Chapter II: Verification of the effects of antiviral agents against YEZV

Summary

As an urgent measure against the newly emerging infectious disease, YEZV infection, it is
important to validate the efficacy of existing antiviral drugs. In this chapter, the effects of antiviral
agents against YEZV were examined using the YEZV-infected AG129 mouse model established
in Chapter 1. Favipiravir (T-705) and ribavirin were selected as candidates for therapeutic agents
and both showed anti-YEZV activity in vitro. Since T-705 had a stronger anti-YEZV effect than
ribavirin, the anti-YEZV effect of T-705 in vivo was subsequently verified using the mouse model
of YEZV infection. AG129 mice treated with T-705 were rescued from lethal YEZV infection. In
addition, viral titers and viral RNA copy numbers in tissue and serum of mice in the T-705-treated
group were significantly decreased compared to those in the vehicle-treated group. This study
demonstrates the anti-YEZV effect of T-705 in the mouse model of YEZV infection and provides

a useful model for evaluating drug efficacy to develop therapeutic agents.
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Introduction
Recently, emerging human pathogenic orthonaviruses have been reported in East Asia in

succession (3, 10, 12—15). There is concern that the number of patients with newly emerging
orthonairovirus infections will continue to increase, but there is no currently available treatment
and relies on symptomatic therapy. The number of reported patients infected with YEZV, one of
the emerging orthonairoviruses, has increased to 28 in these three years since the first case was
reported in 2021 to the present (3, 35, 38—40). Therefore, the development of antiviral agents
against emerging orthonairoviruses, including YEZV, is important to improve the public health
response.

The nucleic acid analogs, favipiravir (T-705) and ribavirin have shown antiviral effects against
a broad spectrum of RNA viruses (41, 51), including human pathogenic tick-born bunyaviruses,
severe fever with thrombocytopenia syndrome virus (SFTSV) and CCHFV (46, 47, 50, 73, 74).
T-705 is converted to favipiravir ribofuranosyl-5'-triphosphate by host intracellular kinases,
which inhibit viral replication by acting on viral polymerases (52). Previous studies have
demonstrated the antiviral effects of T-705 in SFTSV-infected mouse models, CCHF V-infected
mouse models and macaque models (46, 47, 49, 50, 73). Ribavirin is metabolized into ribavirin
monophosphate, and ribavirin triphosphate. Several antiviral mechanisms are known for ribavirin,
including inhibition of viral RNA-dependent RNA polymerase (RdRP) activity and the induction
of viral mutation by substitution of GTP for ribavirin triphosphate (41). Ribavirin is recommended
by the WHO as a treatment for CCHFV infection, but data on its efficacy in animal models and
in humans remain controversial (23, 44, 47). Ribavirin showed anti-CCHFV effects in STAT-1-
KO mouse and STAT-2-KO hamster models, but no efficacy in a type I IFNR-KO mouse model
(25, 46-48).

In this study, the anti-YEZV activity of T-705 and ribavirin was demonstrated in vitro.
Furthermore, AG129 mice treated with T-705 were rescued from lethal YEZV infection thereby

successfully demonstrating the antiviral effect of T-705 in the established mouse model.
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Material and Methods
Ethics statement

All animal experiments were approved by the Animal Care and Use Committee of Hokkaido
University (Approval numbers: 18-0149 and 23-0063) and were performed in accordance with

the committee’s guidelines.

Cells and viruses
Vero (JCRB9013) and Vero E6 (JCRB9007) cells were maintained in DMEM supplemented
with 10% FBS, 100 unit/mL penicillin, and 100 pg/mL streptomycin at 37°C with 5% CO..
YEZV strain HH003-2019 was isolated from infected patients as previously reported (3).
Briefly, the virus was isolated from the supernatant of Vero E6 cells inoculated with the AG129
mouse serum collected at 5 days after intraperitoneally inoculation of infected patient’s plasma.

The virus was stored at -80°C until use.

Mice

All animal experiments were conducted in a BSL-2 laboratory at the International Institute
for Zoonosis Control, Hokkaido University with the above-described ethical approval. AG129
mice, double KO immunocompromised mice lacking both type I and type II IFNRs (S129
background), were obtained from Marshall BioResources and maintained in our laboratory. Sex-

mixed 5-weeks-old AG129 mice were used for the animal infection experiments.

Verification of the efficacy of antiviral agents

Favipiravir (T-705) (Angene International, Nanjing, China) and ribavirin (Fujifilm Wako Pure
Chemical, Osaka, Japan) was purchased from Namiki Shoji (Tokyo, Japan) and Fujifilm Wako
Pure Chemical Industries, respectively. T-705 was dissolved in dimethyl sulfoxide (DMSO) for
in vitro experiments and in 0.5% methyl cellulose 400 solution for in vivo experiments. Ribavirin
was dissolved in DMSO for in vitro experiments.

In the experimental infection in vitro, Vero cells were infected with YEZV at a multiplicity of
infection (MOI: FFUs of inoculated virus/ number of seeded cells) of 0.001 per cell in the
presence of various concentration of T-705 (0.01, 0.1, 1, 2, 4, 8, 16, 32, 64, and 128 uM) or
ribavirin (0.01, 0.1, 2, 4, 8, 16, 32, 64, 128, and 256 pM). Supernatants of cell culture were then
collected at 6 dpi and used for virus titration. The 50% inhibitory concentration (ICso) and the
90% inhibitory concentration (ICs) were calculated by regression analysis using ImagelJ software

(60). The 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium Bromide (MTT) assay was
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performed to evaluate cell viability according to previously reported methods (75). Vero cells
were cultured for 6 days in the presence of the designated concentration of agents without viral
infection. Cell viability was calculated as follows: [(absorbance of cell culture supernatant in the
presence of the agent — absorbance of culture medium without cells in the absence of the
agent)/(absorbance of cell culture supernatant in the absence of the agent — absorbance of culture
medium without cells in the absence of the agent)] x 100. Viral replication reduction assays and
cell viability assays were performed in triplicate.

In the animal experiments, each AG129 mouse was inoculated by ip with 100 puL of YEZV
(10* FFUs). The infected mice were orally dosed with T-705 (100 or 300 mg/kg/day) or vehicle
using a stomach probe at 1 hour, 1 day, 2 days, and 3 days post-infection. The body weight change
and survival of 6 vehicle-treated-mice, 7 mice treated with 100 mg/kg/day of T-705, and 6 mice
treated with 300 mg/kg/day of T-705 were monitored for 14 days. In order to collect blood and
tissue samples, 5 mice treated with 300 mg/kg/day T-705 and 5 mice treated with vehicle were

sacrificed at 2 and 4 dpi, respectively.

Virus titration

The titers of YEZV used in this study were defined as FFUs. The samples diluted in DMEM
were inoculated into Vero cells on 24-well plates and incubated at 37°C for 1 hour. The
supernatant was removed, and the treated cells were cultured in MEM containing 1%
methylcellulose and 2% FBS for 6 days. The cells were then fixed with methanol for 20 minutes
at —30°C. After blocking with PBS containing 1% bovine serum albumin for 30 minutes, the cells
were incubated with 1,000-time-diluted YEZV-infected mouse serum for 1 hour. After washing
three times with PBS, the cells were incubated with Goat Anti-Mouse IgG H&L- HRP (1:1,000,
Abcam) for 1 hour. After washing in the same manner, the cells were incubated with DAB
(Nacalai twsque) for 10 to 20 minutes. The staining procedure was performed at room temperature.

Stained foci were counted, and the titers were determined.

RNA extraction and Quantitative real-time PCR

Total RNA was extracted from the 10% tissue emulsions, mice serum using TRIzol LS
Reagent (Thermo) and used to quantify YEZV viral RNA expression. Quantities of YEZV viral
RNA were measured using RT-qPCR with One Step PrimeScript Il RT-qPCR Mix (Takara Bio)
and the specific primers
(5’-GGTGTAAAGCCCAACATCCT-3 and 5’-CTCAACCTGCTTCCAACCTATC-3’) and
probe (5’-/5Cy5/CCAAGGAAG/TAO/CACACAGATGGGTACA/3IAbRQSp/-3’) for the L
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gene. The RT-qPCR reaction protocol included 5 minutes at 52°C, 10 seconds at 95°C and then
40 cycles of 5 seconds at 95°C and 30 seconds at 60°C. The signals were measured at the
elongation step. A cloned plasmid was used for the standard to estimate the copy number. RT-
qPCR was performed using qTower’ G (Analytik Jena), and the obtained data were analyzed by
qPCR soft (Analytik Jena).

Histopathological analysis

Formalin-fixed, paraffin embedded tissues were sectioned into 3 um and stained with
hematoxylin-eosin or used for IHC. IHC was performed using YEZV-N peptide (POS: 165-182)
immunized rabbit serum (1:20,000) (Cosmo Bio) or anti Ibal goat polyclonal antibody (1:500,
#001-27991, Wako) as primary antibodies. For YEZV antigen detection, peroxidase-labeled goat
anti-rabbit IgG polyclonal antibody (Nichirei Bioscience) and DAB were used as secondary
antibodies and substrates, respectively. All images were acquired using Nikon ECLIPSE 80i light

microscopy (Nikon).

Statistical analysis

Survival rates were compared using log-rank test. Blood biochemistry levels were compared
between uninfected and infected mice by the steel test. Statistical differences in viral RNA copy
number between the two groups were examined by the Mann-Whitney U test. All statistical

analyses were performed using EZR (61). Statistical significance was set at p < 0.05.
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Results
Evaluation of the effects of antiviral agents on YEZYV in vitro
The anti-YEZV effects of T-705 and ribavirin were evaluated using Vero cells in vitro. Both
T-705 and ribavirin inhibited YEZV replication in Vero cells (Fig 10). The ICso and ICqo of T-
705 were 3.51 uM and 8.79 uM, respectively, and those of ribavirin were 12.32 uM and 25.47
uM, respectively. Since T-705 showed a stronger antiviral effect than ribavirin in vitro, the

antiviral effect of T-705 was further analyzed in vivo using YEZV-infected AG129 mice model.

Evaluation of the effects of antiviral agents on YEZYV in vivo

To investigate the effects of T-705 on YEZV in vivo, YEZV-infected AG129 mice were
treated with 100 mg/kg or 300 mg/kg of T-705 immediately after the viral challenge. In these
experiments, T-705 was orally administered once a day from 1 hour post-infection to 3 dpi. All
mice in the vehicle-treated group died up to 7 dpi with body weight loss (Fig 11). In contrast,
100 mg/kg/day and 300 mg/kg/day of T-705-treated groups showed 57% and 100% survival
rates, respectively (Fig 11). Mice in the T-705-treated group which survived during the
monitoring period showed milder body weight loss than those in the vehicle-treated group (Fig
11).

To investigate the effects of T-705 treatment on tissue damage and viral replication, liver,
spleen, and serum were collected at 2 and 4 dpi for pathological and virological analysis.
Hepatocyte degeneration and infiltration of inflammatory cells in the liver was milder in T-705-
treated mice than vehicle-treated mice (Fig 12). The follicular structure of the spleen was
preserved at 4 dpi in T-705-treated mice (Fig 12). Positive signals for YEZV N proteins in the
liver and spleen were markedly less in T-705-treated mice than in vehicle-treated mice (Fig 12).
Viral titers in the liver, spleen, and serum of T-705-treated mice were under the detection limits
(Fig 13A). Consistent with the virus antigen expression and titer, the copy number of YEZV
viral RNA in the liver, spleen, and serum of T-705-treated mice was significantly lower than
that of vehicle-treated mice (Fig 13B). In summary, the mouse model of YEZV infection clearly
demonstrated the anti-YEZV effect of T-705 in vivo.
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Fig 11. The effects of antivirals on YEZYV infection in vitro.

Inhibitory effects of T-705 and ribavirin on YEZV replication in Vero cells were verified. Viral
titers (white circles and solid lines) in the supernatant and cell viability (white triangles and dotted
lines) at 6 dpi were compared with those in the absence of the chemical compounds.
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Fig 12. Survival and body weight change for 14 days of YEZV-infected AG129 mice
treated with T-705 or vehicle

AG129 mice inoculated by ip with 10* FFU of YEZV were orally dosed with T-705 (100 or

300 mg/kg/day) or vehicle using a stomach probe at 1 hour, 1, 2 and 3 dpi (represented by gray

color on the figure). All mice were monitored for survival (left panel) and body weight changes

(right panel) for 14 days. Fourteen-day survival rates and body weight changes were compared

with the vehicle-treated group, 100 mg/kg/day of T-705-treated group and 300 mg/kg/day of T-
705-treated group using a log-rank test.
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Fig 13. Histopathological findings in YEZV-infected AG129 mice treated with T-705 or
vehicle

Vehicle- or 300 mg/kg/day of T705-treated YEZ V-infected AG129 mice were sacrificed at 2 and
4 dpi to collect blood and tissue samples. Representative gross images and H&E-stained tissue
images and IHC images of the liver and spleen of mice are shown. YEZV N proteins were detected
by IHC in the liver and spleen of vehicle-treated and T-705-treated mice. Each side of a square in
the gross images is 5 mm. The scale bars on the histological images of the liver and spleen are
100 um and 500 pm, respectively.
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Fig 14. Viral titers and viral RNA in the liver, spleen and serum of YEZV-infected AG129
mice treated with T-705 or vehicle.

(A) Viral titers and (B) the copy number of viral RNA (YEZV L-segment) in the liver and spleen
of vehicle-treated and T-705-treated mice were quantified. Dotted lines indicated the LOD for the
assay (4 FFU/mg of liver and spleen and 0.4 FFU/uL of serum). Plots lower than the LOD are
indicated by the half value of LOD on the graph. Statistical differences in viral RNA copy number
between the vehicle-treated group and T-705-group were examined by the Mann-Whitney U test,
and the significant difference (p < 0.01) is indicated as double asterisks.
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Discussion

Recently, the emergence of new human pathogenic orthonairoviruses, including YEZV, has
been reported in East Asia. There is concern that the number of those infection cases will increase,
but there are no currently active therapeutic agents for the treatment of these newly emerging tick-
borne orthoanirovirus infections. One of the options for an immediate response to emerging
infectious diseases is the validation of existing antiviral drugs. In this study, the anti-YEZV effects
of T-705 and ribavirin were evaluated, and both agents inhibited YEZV replication in vitro.
Consistent with other human pathogenic tick-borne bunyaviruses including CCHFV and SFTSYV,
T-705 showed smaller ICso and ICo than ribavirin against YEZV in vitro (46, 52, 73). In addition
to in vitro results in this chapter, since previous studies have reported that T-705 showed better
therapeutic effects than ribavirin in mouse infection models of CCHFV, SFTSV, and Heartland
virus (47, 73, 76), the anti-viral effect of T-705 was evaluated using the YEZV infection mouse
model. Oral administration of T-705 rescued YEZ V-infected AG129 mice from lethal infection in
a dose-dependent manner, and viral titers in tissues of T-705-treated mice were lower than the
limit of detection (LOD). In addition, severe inflammation was not observed in tissues of mice
treated with T-705. These results suggest that T-705 inhibited YEZV replication in the early stages
of infection, thus preventing lethal inflammation.

In this study, the mice were treated with T-705 immediately after YEZV inoculation, so the
therapeutic effect of T-705 after the onset of disease is unknown. Considering that treatment is
usually initiated after the onset of disease, further experiments are needed to verify the efficacy
of post-infection treatment. Furthermore, as shown in Chapter I, in the YEZV-infected AG129
mice model, severe inflammation persist even after the virus has been eliminated. Therefore,
control of inflammation may be important in addition to administration of antiviral agents in the
treatment of YEZV infection.

Clinical studies evaluating the therapeutic effects of T-705 on SFTSV-infected patients have
been reported in China and Japan (53-55). These studies showed improvement in clinical
symptoms and decreased mortality in SFTSV-infected patients treated with T-705, suggesting that
T-705 is effective in the treatment of SFTS. Based on these results, T-705 was approved in Japan
as the first antiviral treatment for SFTS in June 2024. Importantly, SFTSV and YEZV coexist in
China and Japan. In addition, clinical findings such as fever after tick bites, thrombocytopenia,
leukopenia, and elevated liver enzyme levels are consistent between SFTSV- and YEZV-infected
cases. T-705 has the potential to be an antiviral agent applicable to both SFTSV-infected cases
and YEZV-infected cases. Therefore, the early administration of T-705 may be an important

option for febrile patients with thrombocytopenia after tick bites, even before diagnosis.
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General Conclusion

To control emerging infectious diseases, establishment of animal infection models is
necessary to analyze pathogenicity of the causative agents and to develop prevention and
treatment measures. In this dissertation, a lethal mouse model of YEZV, an emerging
orthonairovirus, infection was established for pathological and virological analysis. In addition,
as an immediate countermeasure against the emerging infectious disease, YEZV infection, anti-
YEZV effects of existing antiviral agents were verified.

YEZV is an emerging tick-borne orthonairovirus isolated from febrile patients in Hokkaido,
Japan in 2019 and 2020. YEZV belongs to the Sulina genogroup, which is phylogenetically
distinct from the CCHFV, known as a highly pathogenic orthonairovirus in humans, and is closely
related to other emerging orthonairoviruses belonging to Tamdy genogroup, which has been
recently reported in East Asia. In clinical cases, patients showed fever, thrombocytopenia,
leukopenia, and elevated liver enzyme levels. However, due to the small number of cases and lack
of animal infection models, the pathogenicity of YEZV remains unclear.

In Chapter I, the pathogenicity of YEZV in mice was examined. YEZV infection did not cause
any clinical symptoms in wild-type mice but was lethal to AG129. Therefore, a mouse model of
lethal YEZV infection was established using AG129 mice, and pathological and virological
analyses were conducted. Blood biochemical tests showed elevated levels of liver enzymes in the
serum, consistent with YEZV-infected cases. Histopathological analysis revealed hepatocyte
degeneration and infiltration of inflammatory cells in the liver and disruption of follicular
structures in the spleen of YEZV-infected mice. Positive signals of YEZV antigen were detected
diffusely in the liver and spleen of YEZV infected-AG129 mice by IHC. Viral titers in the tissues
peaked at 2 dpi and decreased after 4 dpi. These results suggested that YEZV replicates primarily
in the liver and spleen, and causes acute hepatitis in AG129 mice.

In Chapter II, the effect of antiviral agents against YEZV was examined. Ribavirin and T-705
showed anti-YEZV effects in vitro. In addition, T-705 showed anti-YEZV effects in the mouse
model of YEZV infection. AG129 mice treated with T-705 were rescued from lethal infection
with significantly decreased viral titers in tissues and serum. These results suggest that this AG129
mice model can be useful for the validation of antiviral agents against YEZV infection.

The present mouse model is the first mouse infection model of emerging human pathogenic
orthonairoviruses involving the Tamdy and Sulina genogroups. Infected patients with emerging
orthonaviruses have been found mainly through retrospective cohort studies, so pathogenicity in
humans has not well analyzed. This study will provide a better understanding of the pathogenicity

of emerging orthonairoviruses, including YEZV, and provide a basis for the development of
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therapeutics that will help to control the infection. In addition, this study demonstrated the anti-
YEZV effect of T-705 in the mouse model of YEZV infection. T-705 is approved in Japan as a
treatment for severe fever with thrombocytopenia syndrome (SFTS). YEZV infection and SFTS
coexist in Japan and China. In addition, symptoms and laboratory findings are similar in both
cases, such as fever after tick bite, thrombocytopenia, and leukopenia. Therefore, T-705 has the
potential to be an antiviral agent applicable to both YEZV infection and SFTS cases, even before

diagnosis.
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Summary in Japanese

HHELEYE O % HE L <% OIREE QRO IFTE % N L. T - 1Bk % Bl
T 52701t MPEEET VOBNIBEE NS, AL TIRFEA LY FLa T L0
ZCH BTV ANR (Orthonairovirus yezoense, YEZV) DEICIE R~ T ZAET N %
ML L. WEEN S XY A VRSEREIT 2 L 72, 72, FTEEGYECH 5 YEZV
BYFE~DO R Z X L LT, BHFEOPLY A WV RIEOYLYEZV SR & MGREL 72,

YEZV 1% 2019 3 X O 2020 FicdbifE cv X = HIRZIc K E B L2 BEH» 55
S nFHANL Y FA T ANR (T=2XY T ALZM, FA4r T4 L2E) THY,
HAR L PECTELEELPRME I N TV, b F~DRRERHRS CTRvwALy F4 v A
NAELTHONTWE 2 Y I7 - ay aim#Ey 4 v 2 ( Orthonairovirus
haemorrhagiae) ¥ X FARFMICE T 2 Sulina BETRECE L TH Y, EERT VT T
WwEIN TS Tamdy BIEFRICEST 2 ALY FA v T A VL RITEKTD 5,
YEZV EEGYE O BRRAERG] 3. F8EA RV, TR 72 & ofEtR, B X G IMEGR A
HIEREGR D . PRl o R, g7 = U F VD L7 7 & ORI 5L A58
HEINTWE, Lo L, REEIEZ DAL, £, BIERE T AR I vk
Wz YEZV EGYEDIRE D RE ITAHTH 5,

H 18Tk, YEZV O~ v A~DFFEEZ T L 72, YEZV [ZBPER < v 2T 3]
IWIERAR Z o7, 1BBIXCNMA v 2 =T 2 vZEEK ) v /T b~y
A TH D AGI29 v v R TIRBGENRELZER L2, YEZV 2L 72 AG129 < v
2T B B IMMRAE A IR, YEZV BRYER] & —303 2 ik o o BFs i i &
D EF %R U 72, JRELRRR A IRNT OSSR, YEZV Bt~ 7 2 @ fFfii < 12 AT
fu o223 X O RIEMEMAE 0=, PR < 128 E DH AR D b Tz,
Rk i X v R o YEZV PR A BRH L 228538, ~ v 2D fFlEs X
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O T YEZV LR O E AR bz, 72, Mk o v A4 v 2 Jiffild
Ytz 2 HOlRRER D, 4 HUAETHEA L T, M EofEs» 5, YEZV 1%
AG129 ~ v ZICIRYLth, FICHNR L PR cHgi L. BB AL 2R 32 &8
B S 20 & 70 o 72,

F2E Tk, BIFEOVVANRIETH LY N Y v e 77 I e (T-705) O
YEZV #h3 % BEEL 72, Vero Mifid % AT in vitro TOHLY A4 L ZAEWR %2 BEE L 72 4%
RV A vEBXOT-705 13 YEZV o HE 2 [HE L 72, YEZV OEEIN 52 T-705
D 50%FHEEE S X O 90%HERE XY N ) v X {KEETH Y, T-705 23)
Y vED W PLYEZV IR EZ R T L BHO e o7z 5 1 Tl L 72 YEZV
&S AG129 ~ 7 R E T A& FAWT T-705 OHT YEZV %5 % BEE L 724558, 300 mg/kg/
Ho T-705 % 3 HE# G S 17z AG129 =7 2Tl IiEs L CBK T v 4 v 23854
EANH X 1, BOCH RIS R b 720 o 7o, LA L DA R A & L ARWFZE CRINZ L 72 YEZV
BRAGI2) vV RETADBHLY A NAEOFHHICHEHTH 2 Z L 2R I L7z,

AWFFECRINL L 72~ 7 2 EYee 7 A ld, Tamdy F X O Sulina #{5 7#EICE D % & b
RIREEZE T 2HEAL Y F L a0 AV RBCBET I RYIO~ Y RERETLTH
B, HHANY F AT TANZAORPEFIFICHEAME 25— FMFRICK > THRAX
NTEY, b P ~DIFFEMEDEITIZHEA T\, 2 D70, AIFEHEIR YEZV 28
UHEALY F A4 0 AN ZORFEFEEE X0 G HE L BYSEDHIH~ & 2 7a 2 5k
RO L 725  EBAREEI NS, 72, RIFFETIL YEZV &~ 7 ZE T LIC
BT T-705 OFL YEZV SRAVR & Nrz, T-705 13 HARIC I\ CEEREM/ MR
KEMERE (SFTS) oipfER L L (A T3, HAR L hETIX YEZV EYYE & SFTS
DHFELTE D, & 5T X =R L o FE M/MREGRA B X OTH IMERECRD 72 & iiE

HICED N ARERCHREN FLIZELL T3, 20720, T-705 IIMAERITH > T
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