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ABBREVIATIONS

ATCC: American Type Culture Collection
bp: base pairs

BSA: bovine serum albumin

BW: body weight

C: core

COVID-19: Coronavirus disease 2019
Crocl110: strain Croc110/2019/1/ZM
CPE: cytopathic effect

DMEM: Dulbecco’s modified eagle medium
dpi: days post infection

E: envelope

EDTA: ethylenediaminetetraacetic acid
FAM: fluorescein

FBS: fetal bovine serum

hpi: hours post infection

IC: intracerebral

ID: intradermal

IP: intraperitoneal

JCRB: Japanese Collection of Research Biosources
MEM: minimum essential media

MGB: minor groove binder

MOI: multiplicity of infection

NGS: next generation sequencing

NS: non-structural protein

PBS: phosphate-buffered saline

PCR: polymerase chain reaction

PFU: plaque forming units

prM: precursor membrane



RT-PCR: reverse transcription PCR

RT-gPCR: reverse transcription quantitative PCR
SARS-CoV-2: severe acute respiratory syndrome coronavirus 2
SC: subcutaneous

TCIDso: 50% Tissue Culture Infectious Dose

UTR: untranslated region

Vero cells: Vero 9013 cells

WNV: West Nile virus

Zmql6: strain Zmqlém11



NOTES

Chapter 1 and 2
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Fandamu P, Kobayashi S, Ito N, Sasaki M, Hang’ombe BM, Simulundu E, Orba Y, Sawa
H. African lineage la West Nile virus isolated from crocodiles exhibits low

neuroinvasiveness in mice. J Gen Virol, 105 (11), 002051, 2024.



GENERAL INTRODUCTION

In recent years, coronavirus disease 2019 (COVID-19) pandemic, caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has threatened human
society, and the society has experienced the fear of infectious diseases transmitted by
animals (1). Most of the infectious diseases for human are derived from animals, and it is
estimated that around 60% of these pathogens for human are zoonotic in nature (2, 3).
Countermeasure against the zoonosis is complicated, because comprehensive approach is
necessary targeting for human, domestic and wild animals, atmosphere, climate and so
on (4). Vector-borne diseases account more than one-sixth of infectious diseases, and
mosquitoes are considered as most dangerous creature in the world, because they transmit
many pathogens, such as protozoa and viruses (5, 6). Orthoflaviviruses are the well-
known viruses transmitted by mosquitoes. In addition to humans and mosquitoes,
orthoflaviviruses can infect to many animal species such as birds and reptiles, and global
warming affects on prevalence of orthoflaviviruses infection (7). The representative
mosquito-borne orthoflaviviruses are dengue virus, Zika virus, Japanese encephalitis
virus, West Nile virus (WNV) and yellow fever virus (8). Especially, it is estimated that
100 to 400 million infection cases were caused by dengue virus each year (9). However,
the treatment of orthoflaviviruses is lacking and patients are treated symptomatically (10).

WNYV belonging to orthoflaviviruses was first discovered in 1937 in Uganda and
now spreads out around the world. WNV outbreaks in human and animals have been
reported in all continents except Antarctica (11). The emergence of WNV disease was
noted in 1999 when a WNYV strain entered North America and caused an outbreak in New
York City. During the epidemic, 59 hospitalized and 7 fetal cases due to WNV
meningoencephalitis were reported (12). The transmission cycle of WNV consists of
mosquitoes, birds and other animals, including humans and horses which are dead-end
hosts. Several studies of simulation models of climate change and vector distribution have
predicted the spread of WNV infection. One study suggests that the risk of WNV can
increase approximately 18-fold in North America in 2050 (13). In Europe, its risk is

thought to increase maximum 5-fold from 2040 to 2060 (14). Given the recent situation



and the potential of future spread, epidemiological surveillance and characterization of

WNV are important for control of public health.



CHAPTER 1

In vitro characterization of WNYV strain isolated from crocodiles in Zambia

Introduction

WNV is a single-stranded RNA virus belonging to the genus Orthoflavivirus
within the family Flaviviridae. The WNV genome is approximately 11 kb and contains
three structural proteins [core (C), precursor membrane (prM) and envelope (E)], seven
non-structural proteins [non-structural protein (NS) 1, 2A, 2B, 3, 4A, 4B, and 5] and two
untranslated regions (UTRs) at the 3'- and 5'- end of the genome (15). This virus circulates
between mosquitoes, especially Culex species, and wild birds in the field, and it can be
transmitted to humans and animals through mosquito bites (11, 12). In humans,
approximately 80% of infected individuals are asymptomatic, whereas the rest can
present with fever, headache, fatigue, and gastrointestinal signs. In severe cases, WNV
infection causes neuroinvasive diseases, such as encephalitis and meningitis (16-18).
Birds are considered as the amplifier and WNV transmitter is mosquitoes (19). Culex
mosquitoes represented by Culex pipiens is well known to be the important vector of
WNV. However, it has been reported that the efficient transmission has been
experimentally demonstrated in various mosquito species in addition to Culex spp. (20).
The range of WNV infection target is very wide, including humans, houses, birds,
crocodilians and other wild animals.

WNV infection has been previously reported in farmed crocodilians (i.e.,
Crocodylus niloticus, Crocodylus moreletii, Alligator mississippiensis) (21-25).
Crocodiles infected with WNV can develop neurological disorders such as swimming in
circles and lymphohistiocytic proliferative cutaneous lesions, called “pix,” leading to
significantly worse commercial skin quality (25, 26). Previous reports suggested that
WNYV can be transmitted to crocodiles through mosquito bites, the consumption of
infected birds, and horizontal transmission through water in the habitat (27, 28).

Although no human clinical case of West Nile fever has been reported in Zambia,

previous studies revealed the circulation of two different WNV lineages in Zambia (21,



29). The lineage 2 WNV strain Zmql6m11 (Zmql6) was isolated from Culex mosquitoes
captured in the Western Province (29). On the contrary, a lineage 1a WNV was detected
by reverse transcription-polymerase chain reaction (RT-PCR) in whole-blood samples
from farmed crocodiles (Crocodylus niloticus) in the Southern Province in Zambia. Its
protein cording sequence was reported as Croc110/2019/ZM; however, its whole genome
sequence was not determined yet (21).

In this study, a crocodile-derived WNV strain in Zambia was successfully
isolated, and its whole genome sequence was determined. Additionally, its in vitro growth
kinetics was investigated in comparison with two prototype strains, a highly pathogenic

(NY99) and a low pathogenic (Eg101) strain (30-32).

Materials & Methods

Ethical statement

The whole blood samples from the occipital sinus of the spinal vein in crocodiles
were collected, related to the previous study, which was approved by the Department of
National Parks and Wildlife (Act no. 14; 2015) and Crocodile Producers Consortium,
Zimbabwe (21). WNVs were used following the Legislation on Handling of Pathogens
and Other Hazardous Agents in Hokkaido University (Act no. 10 (1))

Cells and viruses

Unless otherwise stated, cells were cultured in medium supplemented with 10%
fetal bovine serum (FBS) and an antibiotic mixture (penicillin, 100 unit/mL; streptomycin,
100 pg/mL). Mosquito-derived C6/36 cells were cultured in Eagle’s Minimum Essential
Medium (MEM, Wako, Osaka, Japan) supplemented with non-essential amino acids
solution (Thermo Fisher Scientific, Waltham, MA, USA). Vero 9013 cells (Japanese
Collection of Research Bioresources Cell Bank (JCRB cell bank), Ibaraki, Japan), SH-
SY5Y human neuroblastoma cells (health protection agency culture collections, UK) and

NA mouse neuroblastoma cells (kindly provided from Dr. Ito in Gifu university) were



cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Wako), DMEM F12 (Thermo
Fisher Scientific) and MEM, respectively. MEM containing 2% FBS and an antibiotic
mixture was used during viral infection. C6/36 cells (American Type Culture Collection
(ATCC), Manassas, VA, USA) were incubated at 28°C, and the other cell lines were
incubated at 37°C, both in the presence of 5% CO,. The NY99 (accession no. AB185914),
Egl01 (accession no. AF260968), Zmql6 (accession no. LC318700), and Crocl10
(Croc110/2019/1/ZM, accession no. LC817237) were propagated in C6/36 cells at 28°C.

Virus titration

Virus titration was assessed in Vero cells using the plaque assay. Briefly, Vero
cells were cultured in six-well plates and infected with 10-fold serially diluted WNV.
After 1 h of incubation with agitation every 10 min, the supernatant was removed, and
cells were overlaid with MEM supplemented with 2% FBS, 1% methylcellulose, and 1%
antibiotic mixture and incubated at 37°C. At 4 days post-infection (dpi), Vero cells were
formalin-fixed and stained with 1% crystal violet. The plaque number was expressed as
plaque-forming units (PFU) and finally used to calculate the viral multiplicity of infection

(MOI). MOI was defined as 1 PFU/cell in this study.

Virus isolation

The Croc110 strain, previously reported by Simulundu et al., was isolated from
crocodile blood as previously described with slight modifications (21, 33). Blood (n =22)
was collected in ethylenediaminetetraacetic acid (EDTA) tubes from juvenile crocodiles
via the post-occipital sinus of the spinal vein. RNA was extracted using the QIAamp viral
RNA mini Kit (QIAGEN, Venlo, Netherlands) according to the manufacturer’s
instructions. WNV RNA was screened using an in-house primer pair and probe (probe,
5'- fluorescein (FAM)-GATCTCGATGTCTAAGAAACCAGGAGG-3'- minor groove
binder  (MGB)-Eclipse; F, 5'-GCGAGCTGTTTCTTRGCAC-3"; R, 5'-
AGRCTCARCATWGCCCTCTT-3') in the ABI Step One real-time PCR-system (ABI,
Warrington, UK) using the Thunderbird probe one-step qRT-PCR kit (TOYOBO, Osaka,

Japan). Four samples were used to identify the sequence which Ct value was lower than



37 on reverse transcription-quantitative polymerase chain reaction (RT-qPCR) for each
sample. The partial sequences of the structural protein-coding region were identified by
conventional PCR and Sangar sequencing with specific primers (21), and a 100% match
was observed in all samples. Each blood sample was diluted 100-fold in MEM
supplemented with MEM non-essential amino acids solution (Thermo Fisher Scientific)
and 2% FBS and filtrated twice. The filtrate was serially diluted (1:100-1:10,000) and
inoculated onto a C6/36 cell monolayer under biosafety level 3 containment. The
cytopathic effects (CPEs) of cells inoculated with filtrates were examined each day for 7

days. One of four samples was used as the Croc110 isolate.

Electron microscopic examination of the Croc110 isolate

The supernatant from C6/36 cells inoculated with Croc110 (MOI of 0.01) for 5
days was collected and fixed with paraformaldehyde (final concentration of 2.5%)
overnight at 4°C. After fixation, the supernatant was centrifuged to remove the cellular
debris, filtrated using 0.22-um filters, and then ultracentrifuged at 110,000 x g on a 20%
sucrose cushion at 4°C for 3 h. The precipitant after ultracentrifugation was suspended in
phosphate-buffered saline (PBS) overnight at 4°C. Dissolved samples (20 pL) were
spotted onto elastic carbon grids (Okenshoji Co., Ltd., Tokyo, Japan) for 5 min. Thereafter,
the grids were washed with PBS three times. The samples on the grids were stained with
2% phosphotungstic acid (pH 5.8) and observed using a transmission electron microscope

(TEM HT7800, HITACHI, Tokyo, Japan).

In vitro viral growth assay

NY99, Egl01, Croc110, and Zmq16 were inoculated into C6/36 cells at MOI of
0.01 and Vero, NA, and SH-SY5Y cells at MOI of 0.001 in 24-well plates for 1 h. Then,
the cells were washed with PBS and maintained in medium. The supernatant was
collected from each cell line at 1, 2, 3, and 4 dpi. Virus titration in the supernatant was
assessed using the 50% Tissue Culture Infectious Dose (TCIDso) assay with Vero cells.
Briefly, WNV-inoculated cell supernatants were serially diluted 10-fold in 96-well plates,

and this dilution was repeated four times in each sample. The diluted samples were



inoculated into Vero cells in 96-well plates. The CPEs in each well were monitored for 7
days. The Reed and Muench method was used to calculate the viral titers as TCIDso/mL
(34). Three independent experiments were performed under identical conditions. The

mean of three viral titers at each time point is presented in the results.

Immunofluorescent staining and focus-forming assay

Croc110 (MOI of 0.01) was inoculated into C6/36 cells in six-well plates and
incubated with agitation at 28°C for 1 h. After infection, cells were overlaid with MEM
supplemented with 2% FBS, 1% methylcellulose, and 1% antibiotic mixture and
incubated at 28°C. At 3 dpi, cells were fixed with formalin, permeabilized with 0.2%
Triton X-100, and blocked with 1% bovine serum albumin (BSA) in PBS. Cells were
stained with an anti-flavivirus NS1 antibody (4G4) (1:500, Mozzy Mabs, kindly provided
by Prof. Roy Hall, University of Queensland, Australia) or with an anti-flavivirus E
antibody (4G2) (1:50, Mozzy Mabs, kindly provided by Prof. Roy Hall, University of
Queensland, Australia) (35, 36) for 1 h, stained with Alexa 488-labeled anti-mouse IgG
(1:1,000, Invitrogen, Carlsbad, CA, USA), and counterstained with Hoechst 33342 for 1
h. Fluorescent images were evaluated using an Olympus 1X-73 microscope (Olympus,
Tokyo, Japan).

To analyze intracellular viral propagation by the focus-forming assay, each WNV
strain was inoculated into Vero, NA, and SH-SYS5Y cells in six-well plates as previously
described. Following incubation period (Vero, 36 h; NA, 72 h; SH-SYS5Y, 30 h), cells
were fixed in formalin and stained with 4G4 antibody. The stained focus area (n = 50)

was measured using Cell Sens software (Evident, Tokyo, Japan).

Whole-genome sequencing and phylogenetic analysis

Viral RNA was extracted from Croc110-infected cell supernatant using the High
Pure Viral RNA Kit (Roche, Basel, Switzerland) and reverse-transcribed using the
PrimeScript Double Standard cDNA Synthesis Kit (Takara, Shiga, Japan). DNA libraries
were prepared using the Nextera XT DNA Library Preparation Kit (Illumina, San Diego,
CA, USA) and sequenced using the Illumina iSeq platform (Illumina). Reads were

10



processed and mapped to a reference strain (accession number: KU588135.1) using the
CLC Genomics Workbench (QIAGEN). The mapped reads were extracted and used for
de novo assembly to determine the full-length Croc110 sequence. Since some sequences
in the 3’-UTR could not be determined, Sanger sequencing of the 3'-UTR region was
performed using the primers designed on the basis of a lineage la strain (accession no.
AF404757; F, 5'-GAGGACATGCTGGAGGTTTGGAAC-3'; R, 5'-
AGATCCTGTGTTCTCGCACCACC-3'). To confirm the absence of the genomes of
other pathogens in the isolated virus sample, unmapped reads were also used for de novo
assembly and contigs more than 500 nucleotides in length were extracted and analyzed
by Multi-BLAST (https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/).
Phylogenetic analysis of the polyprotein amino acids sequences of WNV was
performed by the maximum likelihood method. Each sequence used in the phylogenetic
analysis was obtained from GenBank and aligned with ClustalW (37). The evolutionary
history was inferred by the maximum likelihood method and JTT+G+I model using

MEGA11 (38, 39).

Statistical analysis
All statistical analyses were performed using GraphPad Prism 10.1.1. For
comparison of three or more groups, one-way ANOVA with Dunnett’s test was used.

P <0.05 was considered statistically significant.

Repositories
The complete genome sequence of the Crocl10/2019/1/ZM (accession no.
LC817237) has been deposited in the DDBJ/EMBL/ NCBI GenBank database.

Results

Virus isolation and phylogenetic analysis of Croc110/2019/1/ZM
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WNYV was isolated from the blood samples of diseased juvenile crocodiles that
showed clinical signs, including anorexia, weakness, swimming in circles, bloody
diarrhea, and scoliosis (21). Of the 16 samples positive for WNV (16/22), four samples
with Ct values lower than 37 were used for virus isolation. CPEs in C6/36 cells were
evident at 4 dpi in all inoculated samples. Negative-staining electron microscopy of the
cell supernatant identified virus particles of approximately 50 nm in diameter, consistent
with orthoflaviviruses (Fig. 1A). In C6/36 cells, as foci positive for flavivirus antigen
were observed at 4 dpi, isolated virus showed proliferative potential in mosquito-derived
cell (Fig. 1B). Next-generation sequencing (NGS) of total RNA from the supernatant from
virus-infected cells and Sanger sequencing of the 3'-UTR were performed to determine
the entire genome of WNV. Compared to the previously reported polyprotein sequence of
Croc110/2019/ZM (accession number: LC489409) (21), which was obtained by RT-PCR
from one of the blood samples used in this study, the genome sequence of our isolated
WNV (Croc110/2019/1/ZM, Croc110, accession number: LC817237) had four nucleotide
substitutions. Nonetheless, our isolate and Croc110/2019/ZM were 100% identical at the
amino acid level. Phylogenetic analysis based on the amino acid sequence of WNV
polyproteins illustrated that Croc110 belongs to lineage 1a, and it is most closely related
to a WNV strain detected from a camel in United Arab Emirates (accession no.
KUS588135) (40) (Fig. 1C). Although no whole-genome sequence data have been
deposited for other WNV isolates from crocodilians, molecular phylogenetic data suggest
that WNV circulating in crocodiles does not form a unique lineage. To further investigate
amino acid substitutions characteristic of the Croc110 strain, sequences between Croc110
and representative lineage 1a and lineage 2 WNV's were compared (Table 1). In the coding
sequences, 13 amino acid differences were detected in the Croc110 strain compared with

the other strains, and notably, four unique substitutions were found in NS4B.

Comparative analysis of the viral growth Kinetics in mosquito-derived C6/36 cells
The propagation of Croc110 in mosquito-derived C6/36 cells was compared with
that of another Zambian strain isolated from mosquito (Zmq16) and lineage 1a reference

strains (NY99 and EglO1). The cellular supernatant was collected every day after
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infection, and the viral titer was investigated by TCIDso assay using Vero cells (Fig. 2).
In C6/36 cells, the viral titer of Croc110 in the supernatant increased to 1 x 10%°
TCIDso/mL at 2 dpi. Croc110 proliferation was comparable with Zmql6 and NY99 and
significantly higher than Eg101 at 2 and 3 dpi. This data indicated that Croc110 propagate
well in C6/36 cells similarly to NY99 and Zmq16 strains.

Comparative analysis of the viral growth kinetics in mammalian cells

The propagation of Crocl10 in Vero cells, mouse neuroblastoma-derived NA
cells, or human neuroblastoma-derived SH-SYSY cells was compared with that of Zmq16,
NY99, and Egl01 (Fig. 3A-C). The cellular supernatant was collected every day after
infection, and the viral titer was analyzed by TCIDso assay. In Vero cells, the viral titer of
Croc110 in the supernatant increased to 1 x 10® TCIDso/mL within 2 dpi (Fig. 3A). In NA
cells, the viral titer of Croc110 was 1 x 107 TCIDso/mL at 3 dpi, indicating slower
proliferation than in other cell lines. There was no distinct difference in the titers among
four WNV isolates in NA cells (Fig. 3B). In SH-SYS5Y cells, the viral titer of Croc110
increased to 1 x 107> TCIDso/mL at 3 dpi and was comparable to that of other strains
except at 1 dpi, when the Croc110 titer was significantly higher than that of Eg101 (Fig.
3C). These results clarified that proliferation of Croc110 in mammalian cells was

comparable to other WNV strains.

Comparative analysis of the viral propagation in mammalian cells by focus-forming
assay

The viral propagation of Croc110 was investigated by focus-forming assay at
each time points when the titer of Crocl110 in supernatant showed around 1 x 107
TCIDso/mL. Croc110 formed significantly smaller foci in Vero and SH-SYS5Y cells than
other strains in focus-forming assay by NS1 staining (Fig. 4A and 4C). In NA cells, only
Egl01 showed a significantly larger focus size than Croc110 (Fig. 4B). Similar results
were confirmed by assays using E protein staining, as staining of secreted NS1 may affect

focus size. These results indicated that the foci size at the early stage of infection with
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Crocl110 was lower than that of other strains. The tendency of foci size of WNV strains

was varied in cell types.

Discussion

In the present study, a new WNV strain derived from naturally infected
crocodiles was successfully isolated, providing valuable insights into the biology of WNV
derived from reptilian hosts. Phylogenetic analysis demonstrated that Croc110 belongs to
lineage la and is closely related to a strain isolated from camel in the United Arab
Emirates, thus, this lineage may have a broader geographic and host range (40).
Crocl110 and Croc110/2019/ZM did not form a cluster genetically close D66 strain
(accession no. MN954648), a lineage 1b WNV experimentally adapted to crocodiles (27).
Considering that Croc110 was isolated from a whole blood sample from a crocodile,
additional information about whole genome sequence on WNV isolated from naturally
infected crocodiles is needed to determine whether the WNV infection and amplification
in crocodiles is accidental or whether crocodiles are potential reservoirs of WNV.

Viral growth kinetics in mosquito-derived C6/36 cells revealed robust
proliferation of Croc110 comparable to other strains. Interestingly, in mammalian cells,
Crocl10 exhibited smaller focus size compared to other WNV strains at the early stage
of infection. Despite comparable viral titers in the cell supernatants, the reduced spread
of Croc110 in neighboring cells may imply a lower efficiency in facilitating intercellular
transmission in mammalian hosts. Previous studies have shown that amino acid mutation,
particularly in E protein, are involved in the intracellular transmission of WNV (41). N-
glycosylation at the amino acids 154-156 position (asparagine-tyrosine-serine) in E
protein is one of the sites associated with activity of transcellular transport in vitro and
neurovirulence in mice in vivo (42-44). In addition, the amino acid change at 159 position
in E protein from valine to isoleucine decreased the WNV replication activity in vitro and
in mice brain in vivo (45). Croc110 has E protein with the amino acid sequence at 154-

156 position which may be potentially N-glycosylated but has isoleucine at the 159
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position in E protein. As shown in Table 1, 13 unique amino acids were identified in
Croc110 that differ from other representative WNV strains, and 10 of the 13 substitutions
were observed in NS proteins (NS1, NS3, NS4B, NS5). In the case of Croc110, amino
acid substitutions in the E protein or other regions may interact to balance the propagative
activity in vitro. As these NS proteins have been suggested to be involved in modulating
viral replication and host immune evasion (46-48), amino acid substitutions in the NS
proteins of Croc110 may affect the growth of Croc110 in mammals. To clarify the in vivo
pathogenicity of Croc110, further experiments were conducted using a mouse model in

Chapter 2.

Summary

WNV is a mosquito-borne orthoflavivirus that causes encephalitis in humans and
infects crocodiles, resulting in rashes and neurological signs. In Zambia, two distinct
lineages of WNV have been detected in neighboring areas: lineage 2 in mosquitoes and
lineage la in farmed crocodiles with clinical symptoms. In this study, lineage 1a WNV
was successfully isolated from naturally infected farmed crocodiles (Croc110/2019/1/ZM,
Crocl10). The isolated virus was then analyzed the whole genome sequence and viral
proliferation in cells in comparison to a WNV isolate from mosquitoes captured in
Zambia (Zmq16) and two reference strains, including a highly pathogenic (NY99) and a
low pathogenic (Eg101) strain. Croc110 well propagated in mosquito-derived C6/36 cells
and in mammalian cells, including Vero and mammalian neuronal cells. Although viral
proliferation was comparable among the strains, Crocll0 exhibited small focus in
mammalian cells, which suggested that Croc110 has low intracellular transmission
efficiency at the early stage of infection. This study provided genomic information and in

vitro characterization of WNV isolated from naturally infected crocodiles in Zambia.
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Fig. 1. Characterization of the WNV Croc110 strain isolated from crocodiles
(A) Electron microscopic image of negatively stained Croc110 particles. Scale bar, 100

nm. (B) Focus formation by Croc110 in C6/36 cells. Cells were infected with Croc110 at

16



an MOI of 0.01 and stained with 4G4 antibody at 4 dpi (green). Cell nuclei were
counterstained with Hoechst (blue). Scale bar, 100 pm. (C) Phylogenetic tree of Croc110
and other representative WNV strains. Phylogenetic analysis was performed using the
full-length WNV polyprotein amino acid sequences by the maximum likelihood method
with 1,000 bootstrap replicates. The tree is drawn to scale, with branch lengths measured
in the number of substitutions per site. The isolated Croc110, Croc110/2019/1/ZM,
previously identified Croc110/2019/ZM and Zmq16 are indicated in red text. The WNV

strains used in this study are denoted in bold.
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Table 1. The amino acid differences characteristic of Croc110 compared to other

WNYV strains
Protein pt™M NS1 NS3 NS4B NS5
ggg}ggnacid 35 44 | 96 [ 157 334 368| 8 31 72 102| 42 791
1(3?8C11712037 v R|L|A F T|R G V S|Y D
Lnense g‘%% ; 35| 1 K|M|P S M|K E I C|H N
L |av2es3| ! K|M|P S8 M|K E I C|H N
I/1111{29092541 I K|M|P S M|K E I C|H N
E%IO%IISM I K/M|P S M|K E I C|H N
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Fig. 2. Comparative analysis of viral growth Kkinetics in mosquito-derived C6/36 cells
The viral growth kinetics of Croc110 compared with NY99, Eg101 and Zmq16 in C6/36
cells. The viral titer in the supernatant was determined by the TCIDso assay using Vero
cells. The log-transformed values of viral titer are presented on a logio scale as the mean
+ SD of three independent experiments. Statistical analysis was performed by one-way
ANOVA and Dunnett’s multiple-comparison test in comparison to the result for Croc110

(*, P<0.05; **, P<0.01; *** P <0.001; **** P <0.0001).
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Fig. 3. Comparative analysis of the viral growth Kinetics in vitro

Viral proliferation of Croc110, Zmql6, NY99, and Eg101 in Vero (A), NA (B), and SH-

SYSY cells (C). The viral titer in the supernatant was determined by the TCIDso assay

using Vero cells. The log-transformed values of viral titer are presented on a logio scale

as the mean + SD of three independent experiments. Statistical analysis was performed

by one-way ANOVA and Dunnett’s multiple-comparison test in comparison to the result

for Crocl110 (*, P <0.05; **, P <0.01; *** P <0.001; **** P <0.0001).
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Fig. 4. Comparative analysis of viral proliferation in vitro by focus-forming assay

Differences of focus size in Vero (A), NA (B), and SH-SY5Y cells (C). Focus formation

was visualized with anti-flavivirus NS1 antibody (green) and nuclear staining (blue) at

36 h post-infection in Vero cells, 3 dpi in NA cells, and 30 h post-infection in SH-SY5Y

cells. Representative focus images of each WNV strain are presented. Scale bar, 100 pm.

Foci (n = 50) were randomly selected to measure the focus area. The values are presented

as the mean + SD of 50 foci from one experiment. Statistical analysis was performed by

one-way ANOVA and Dunnett’s multiple-comparison test in comparison to the result for

Crocl10 (*, P <0.05; **, P <0.01; *** P <0.001; **** P <0.0001).
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CHAPTER 2
Investigation of pathogenicity of WNVs

isolated from crocodiles and mosquitoes in Zambia

Introduction

WNV infection causes many symptoms in humans. Following an incubation
period within two weeks, patients experience fever, headache, fatigue, diffuse
maculopapular rash and myalgias. Gastrointestinal complaints, including nausea and
vomiting, were reported in many cases (50). In severe cases, encephalitis and meningitis
may occur, and even patients who have recovered have been observed to develop
aftereffects such as depression (51). WNV infection, which is considered an endemic
disease in many regions, is well monitored in the USA and Europe, and a lot of previous
reports investigated the WNV infection in Africa as well (52-54). In order to take
countermeasures against the transmission of WNV infection from wild animals to humans,
it is necessary to conduct epidemiological surveys and correctly evaluate the
pathogenicity of WNVs found in various wild animals (55).

The pathogenicity of WNV can be assessed in rodent models, and C57BL/6
mouse has been used to understand WNV pathogenicity and immune response toward
WNYV infection. In addition to C57BL/6, C3H/HeN has been also used as
immunocompetent mouse models. The mouse models exhibit lethal neurological signs
following Intraperitoneal (IP) or intradermal (ID) WNV infection, providing insight into
the characterization of WNV pathogenicity (18, 41, 56, 57). In order to determine the
pathogenicity of WNV, various inoculation methods have been used, such as IP, ID,
intracerebral (IC) and subcutaneous (SC) inoculation. IC inoculation is useful to examine
WNV proliferation in brains (58-60). ID inoculation via footpad or auricular skin have
been used to mimic transmission by mosquito-bites and has often been used in the
research of WNV pathogenicity (61-64). It has been reported that survival rate of WNV
infected mice was varied in different inoculation methods. For example, NY99 showed

almost 100% lethal rate in IP inoculation under various conditions (65, 66), but the

22



survival rate was increased under footpad-ID and SC inoculation (32, 67). It remains
unclear how the viral inoculation route affects the pathogenicity of WNV.

In this study, the first in vivo analysis was conducted using C57BL/6 mice to
determine the pathogenicity of Zambian strains (Croc110 and Zmq16) in comparison with
NY99 and Egl101. Moreover, to investigate the differences in pathogenicity manifested
by different inoculation routes, the clinical manifestations of these WNV strains were

examined by IC, IP, and ID inoculation routes.

Materials & Methods

Cells and viruses

Unless otherwise stated, cells were cultured in medium supplemented with 10%
FBS and an antibiotic mixture (penicillin, 100 unit/mL; streptomycin, 100 pg/mL).
Mosquito-derived C6/36 cells were cultured in MEM (Wako) supplemented with non-
essential amino acids solution (Thermo Fisher Scientific). Vero cells were cultured in
DMEM (Wako). MEM containing 2% FBS and an antibiotic mixture was used during
viral infection. C6/36 cells were incubated at 28°C, and the Vero cells were incubated at
37°C, both in the presence of 5% CO>. The NY99 (accession no. AB185914), Eg101
(accession no. AF260968), Zmqlémll (accession no. LC318700), and Crocll0
(Croc110/2019/1/ZM, accession no. LC817237) were propagated in C6/36 cells at 28°C.

Virus titration

Virus titration was assessed in Vero cells using the plaque assay. Briefly, Vero
cells were cultured in six-well plates and infected with 10-fold serially diluted WNV.
After 1 h of incubation with agitation every 10 min, the supernatant was removed, and
cells were overlaid with MEM supplemented with 2% FBS, 1% methylcellulose, and 1%
antibiotic mixture and incubated at 37°C. At 4 dpi, Vero cells were formalin-fixed and

stained with 1% crystal violet. The plaque number was expressed as PFU.
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Animal experiments

Animal experiments were approved by the Institutional Animal Care and Use
Committee of Hokkaido University (19-0019 and 23-0060) and performed according to
the committee’s guidelines.

Groups (n = 6) of female C57BL/6J mice (6 weeks old) were IC (10 PFU/20 uL),
IP (100 PFU/100 puL), or ID (100 PFU/50 pL) infected with NY99, Eg101, Crocl110, or
Zmql6 or mock-infected with virus-free medium. The survival rate and body weight
(BW) changes of mice were monitored for 13 days after IC inoculation and for 22 days
after ID or IP inoculation. Experiments were replicated twice. Clinical signs were
monitored every day and evaluated using a clinical score as follows: 0, healthy; 1, 7.5%
BW loss versus the maximum BW; 2, unsteady gait; 3, kinetic tremors and severe ataxia;
4, paralysis; and 5, death or humane endpoint euthanasia. The criteria for the humane
endpoint were 25% BW loss versus maximum BW and a loss of spontaneous drinking or
feeding by considering the severe neurological symptoms in each mouse.

The serum samples of surviving mice inoculated ID or IP were collected for
further neutralizing antibody testing. After heat inactivation of serum at 56°C for 30 min,
samples were first diluted 5-fold and then diluted serially 2-fold in medium. Diluted sera
were mixed 1:1 with 100 TCIDso of each virus strain and incubated at 37°C for 1 h.
Following incubation, mixed samples were inoculated into Vero cells and observed for 7
days. Serum concentrations that inhibited CPEs by 50% were taken as neutralizing
antibody titers.

To evaluate viral RNA levels in tissues, WNV-infected mice by ID or IP
inoculation were sacrificed via humane euthanasia under deep anesthesia. Serum, spleen,
brain, and small intestine samples were collected from mice by ID inoculation at 3, 6, and
9 dpi, and brain samples were collected from mice by IC inoculation at 2, 4, and 6 dpi.
Half of the brain or intestine and the entire spleen were used and homogenized in PBS
(800 pL for brain samples, 500 pL for spleen samples, and 3 mL for small intestine
samples). The clarified supernatant (100 puL) and serum samples were used for RNA

extraction. Viral RNA levels in whole tissue were determined by RT-qPCR as previously
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mentioned, corrected according to the tissue volume, and expressed as PFU in whole

tissues using a calibration curve generated using a previously titrated sample.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 10.1.1. Mann-
Whitney U test was performed to compare viral RNA amounts of Croc110 and each of
the other strains. For comparison of three or more groups, one-way ANOVA with

Dunnett’s test was used. P <0.05 was considered statistically significant.

Results

Differences in the pathogenicity of WNV isolates in C57BL/6 mice

To compare the pathogenicity of Zambian WNV isolates in mice with that of
NY99 and Egl101, each WNV was inoculated into C57BL/6 mice by IC, IP, or ID route.
The ID inoculation was performed on the skin of the auricle to mimic transmission by
mosquito bites (68). As for IC inoculation, the survival rate of mice inoculated with
Crocl10 was 25%, which was significantly higher than that for mice inoculated with
Egl01, and BW loss was observed in all the strain groups (Fig. 5SA and B). However, the
survival rates of mice inoculated with Croc110 were 91.7% and 100% following ID and
IP inoculation, respectively, similar to those observed for Egl01 (100% following ID
inoculation and 91.7% following IP inoculation, Fig. 5A). The mortality rate was 100%
by IC inoculation of Zmq16, and high mortality rates were observed in mice inoculated
by ID or IP with the Zmq16 and NY99 strains (Fig. 5SA). Most of the mice inoculated by
ID or IP with Crocl10 did not show obvious BW loss, and small number of mice
recovered from weight loss after 10 dpi (Fig. 5B). Some of the mice that recovered from
Croc110 infection showed BW loss of up to about 20%. In addition, the survival rate of
mice inoculated by ID with Zmql6 (16.7%) was significantly lower than that of mice
inoculated with NY99 (41.7%). These results suggest that the pathogenicity of Croc110
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was comparable to that of the low pathogenic strain Eg101, whereas Zmql6 was highly
pathogenic following IP inoculation.

Sera from surviving mice inoculated by ID or IP were collected and assayed for
neutralizing antibodies to confirm establishment of WNV infection in those mice (Fig.
5C and 5D). For Croc110 infection, the neutralizing antibody titer was 1:160 - 1:320 by
ID inoculation and 1:80 - 1:320 by IP inoculation. Neutralizing antibodies were detected

in all surviving mice, indicating that infections occurred also in surviving mice.

Differences in the clinical signs of WNYV isolates in C57BL/6 mice

Clinical signs such as BW loss, lethargy, unsteady gait, kinetic tremor, severe
ataxia, and paralysis were scored on a five-point scale following the previous study (69)
(Fig. 6). The severity of clinical signs was consistent with the BW changes. Croc110-
infected mice showed the BW loss (score 1) and neurological symptoms (score 2-4) by
IC inoculation. However, by ID inoculation, only one mouse showed kinetic tremors and
severe ataxia (score 3) and died. In the case of Zmql6 infection, most of infected mice
showed neurological symptoms (score 2-4) by all inoculation routes. As Zmq16-infected
mice showed neurological symptoms from 7 dpi by ID and IP inoculation, the earliest
appearance of neurological signs was found in Zmqlé6-infected mice by ID and IP
inoculations, and NY99-infected mice developed the neurological symptoms after a delay

of 2-3 days from the case of Zmq16 infection.

Replication of WNYV isolates in sera, spleen, small intestine and brain

From Fig. 5A and Fig. 6, the pathogenicity of Croc110 was almost similar among
ID and IP inoculation, and Zmq16-infected mice showed lower survival rate than NY99
by ID inoculation, unlike IP inoculation. Therefore, in order to investigate the propagation
of each WNV strain, ID inoculation was applied to C57BL/6 mice. The viral replication
in peripheral tissues after ID inoculation was evaluated in sera, and spleen and small
intestine at 3, 6 and 9 dpi (Fig. 7A-C). When viral RNA levels were analyzed by RT-
qPCR, low amounts of viral genome were detected in the serum and viremia was observed

at 3 dpi for all strains, and the RNA amount of Croc110 was significantly lower than that
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of NY99 and Zmql6 (Fig. 7A). An increase in viral RNA was observed in the small
intestine from 3 to 6 dpi for all strains, indicating productive infection in the intestine
following ID inoculation (Fig. 7C). The RNA levels of Croc110 were significantly lower
than those of the highly pathogenic strains NY99 and Zmq16 in the spleen at 3, 6 and 9
dpi and small intestine at 6 and 9 dpi (Fig. 7B and 7C). In the spleen at 3 dpi and in small
intestine at 6 dpi, Zmql6 infected mice showed higher RNA amount than NY99 infected
mice. These data indicated that Croc110 proliferated less efficiently in peripheral tissues
compared with high pathogenic WNV strain, NY99 and Zmql6 strain, whereas the
proliferation of Zmq16 was similar to or greater than that of NY99.

The viral replication in the brain was further analyzed in each WNV-infected
mice at 3, 6 and 9 dpi for ID inoculation (Fig. 7D) and 2, 4 and 6 dpi for IC inoculation
(Fig. 7E). In the brain, the viral RNA of Zmql6, NY99, and Eg101 were detectable at 6
dpi by ID inoculation, whereas Croc110 RNA was below the detection limit in the
majority of brain samples (Fig. 7D). By contrast, IC inoculation resulted in comparable
viral growth in the brain among all examined WNYV isolates, suggesting that Croc110
could replicate similarly as NY99 and Zmq16 in the brain (Fig. 7E). Zmq16 proliferation
in the brain by IC inoculation was significantly higher than that of NY99 at 4 dpi (Fig.
7E). Thus, it was suggested that Croc110 has a comparable proliferation ability in brain
but is less neuroinvasiveness than other strains.

Taken together, these results indicate that the efficiency of virus replication in
the periphery before brain entry differs between WNV isolates and that Croc110 is less
proliferative than NY99 and Zmq16 in the periphery, and the difference of pathogenicity

by ID inoculation might be related to viral proliferation in peripheral tissues.

Discussion

There was no detailed information on WNV isolates derived from naturally
infected crocodiles and their pathogenicity in mammals. In this study, Croc110, belonging

to lineage 1a of WNVs circulating in Africa, Middle East, and Europe, was isolated from
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crocodiles with neurological signs in chapter 1. The results of virus propagation in the
brain after IC inoculation indicated that the efficiency of Croc110 replication in neuronal
cells was comparable to that of the highly pathogenic strain NY99. However, when mice
were peripherally infected with these WNV strains, the initial proliferation of Croc110 in
peripheral tissues was lower than that of NY99, which might reduce its neuroinvasiveness
and contribute to its low pathogenicity in mice.

On the contrary, mice infected with the lineage 2 WNV Zmql6, which was
isolated from Culex mosquitoes in Zambia, displayed a comparable phenotype as those
infected by the highly neuroinvasive NY99 strain. Zmql6 is genetically related to the
South African isolates HS101 08, SPU116/89, and SA93/01, which were originally
isolated from horse or human cases, and they have been demonstrated to be highly
pathogenic in mice (59, 70). Thus, the pathogenicity results of Zmql6 in mouse are
consistent with the highly pathogenic characteristics exhibited by the closely related
South African strains.

Previous studies on the pathogenicity of WNV in mice suggested that both
lineage la and lineage 2 have highly and less neuroinvasive phenotypes and that
pathogenicity is related to genetic differences, but not to lineages or geographic
distributions (59, 70). Several genetic determinants involved in WNV pathogenicity have
been identified in the viral non-coding and protein-coding regions (41). This study
showed that Croc110 was less neuroinvasiveness and replicated less in peripheral tissues
than other strains. Croc110 had several amino acid substitutions in the polyprotein that
have been reported to be associated with low pathogenicity. As discussed in chapter 1,
Croc110 has isoleucine at 159 position in E protein, which has been suggested to decrease
the WNV replication activity in vitro and in mice brain in vivo (45). However, as this
amino acid substitution was suggested not to affect viral neuroinvasiveness but decrease
the viral replication in brain, it might not be related to low-neuroinvasive Croc110
pathogenicity. It is also noted that Croc110 possesses a serine residue at position 102 in
NS4B protein (C102S). The C102S substitution in NS4B has been reported to attenuate
viral proliferation at 41°C and causes less neuroinvasive phenotypes in NY99-infected

mice (71). This C102S substitution in NS4B might be associated with the attenuated
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pathogenicity of Croc110 in mice. In addition, the high temperature-sensitive phenotype
of the C102S mutant also suggests that Croc110 replicates well in ectothermic crocodiles
but not in mice. Further experiments are required to elucidate the factors associated with
the differences in pathogenicity between crocodilians and mammals.

The ID inoculation of mice has normally been performed via the footpad in
WNV infection experiments. In this study, ID inoculation via the ear skin was established
in WNV infections in mice. The ear skin infection is useful for evaluation of WNV
infection dynamics in mice, considering that it can mimic a mosquito-bite and is relatively
easy to collect samples from the initial infection site than the inoculation via the footpad.
The mice infected with WNV via the ear skin showed the neurological symptoms.
Macroscopic changes were observed in the small intestines, including paralysis of the
small intestines presumed from faces retention and intestinal distension or atrophy. In
summary, the mammalian reactivity to acute WNYV infection can be validly assessed in
vivo using conventional mice, and ID inoculation via the ear skin allows systemic

infection.

Summary

Considering the risk of direct WNV transmission from mosquitoes and direct or
vector-mediated WNV transmission from crocodiles to mammals, it is necessary to
elucidate the pathogenicity of WNV strains. In Chapter 2, the pathogenicity and viral
proliferation of two Zambian WNYV strains isolated from mosquito (Zmq16) and crocodile
(Croc110) were investigated in a mouse model and compared with highly pathogenic
(NY99) and low pathogenic (Egl01) strains. In addition to intracerebral (IC) and
intraperitoneal (IP) inoculation routes, intradermal (ID) inoculation was used to mimic
the mosquito-bites. As a result, more than 70% of mice after IC inoculation with Croc110
displayed neurological signs, and Crocll0-infected mice exhibited similarly high
mortality rates as NY99- and Zmq16-infected mice. Meanwhile, comparable virus growth

was observed among the strains in the brain. However, the virulence of Croc110 was
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significantly lower than that of Zmql6 and NY99 following ID and IP inoculation.
Consistently, Croc110 displayed lower growth than Zmql6 and NY99 in the brain and
peripheral tissues after ID inoculation. These results revealed that the crocodile-derived
WNV strain is less neuroinvasive in mice, and it exhibits distinct pathogenicity from the

highly pathogenic mosquito-derived WNYV strain circulating in Zambia.
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Fig. 5. Differences in the pathogenicity of WNYV isolates in CS7BL/6 mice

C57BL/6 mice were infected with Croc110, Zmql6, NY99, or Eg101 or mock-infected
intracerebrally (IC), intradermally (ID), or intraperitoneally (IP). Survival rates (A) and
body weight changes (B) were monitored every day. In total, 12 (for each strain) or 9
mice (mock infection) were used in this study (A, B). BW at 0 dpi was set as 100% (B).

Statistical analysis was performed using one-way ANOVA and the log-rank test in
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comparison to the result for Croc110 (*, P <0.05; *** P <0.001; **** P <0.0001).
The result of statistical analysis between Zmq16 and NY99 is indicated by red letters. (C,
D) Serum samples were collected from the surviving mice in (A) in one experiment. The
neutralizing antibody titer was measured using Vero cells, and the dilution that inhibited
CPEs by 50% was taken as the titer (C, ID inoculation; D, IP inoculation). Samples with

a 10-fold dilution or greater were considered as WNV neutralizing antibody-positive.
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Fig. 6. Differences in the clinical signs of WNYV isolates in CS7BL/6 mice

C57BL/6 mice were infected with Croc110, Zmql6, NY99, or Eg101 or mock-infected
intracerebrally (IC), intradermally (ID), or intraperitoneally (IP), and clinical signs were

monitored every day. 6 mice were monitored and scored as follows: 0, healthy; 1, body

weight loss; 2, unsteady gait; 3, kinetic tremors and severe ataxia; 4, paralysis; and 5,

death. The percentage of each clinical score is presented as a bar graph.
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Fig. 7. Replication of WNYV isolates in sera, spleen, small intestine and brain

The viral RNA levels in the serum (A), spleen (B), small intestine (C), brain (D) of
C57BL/6 mice intradermally (ID) infected with each WNV strain (n = 5). Each sample
was collected at 3, 6 and 9 dpi. The viral RNA levels in brain of C57BL/6 mice
intracerebral (IC) infected with each WNYV strain (n = 6) (E). Each sample was collected
at 2, 4 and 6 dpi. In the Zmq16-infected group at 9 dpi, the analysis results from four mice
are shown, as one mouse died before analysis. The amount of viral RNA was quantified
by RT-qPCR and presented as PFU equivalents, i.e., corrected as the amount in whole
tissue samples. Individual values were presented as each plot, with black lines indicating
the median for each group. Statistical analysis was performed using Mann-Whitney U
test in comparison to the result for Croc110 (*, P <0.05; **, P <0.01; *** P <0.001;
sk P <0.0001). The result of statistical analysis between Zmql6 and NY99 is

indicated by red letters.
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CONCLUSION

WNV is one of the mosquito-borne orthoflaviviruses and known to infect a wide
range of organisms, including mosquitoes, birds, reptiles, and mammals, spreading
through mosquito-mediated transmission. Although WNV has been detected in crocodiles
in some countries, there have been no report on the characterization of WNV isolated
from naturally infected crocodiles. In this study, a novel WNV strain, Croc110, was
isolated from farmed crocodiles that showed neurological symptoms. /n vitro and in vivo
analyses of Croc110 compared with another Zambian strain, Zmq16, and two reference
strains demonstrated that Croc110 has lower intercellular proliferation in neuronal cells
and exhibits low neuroinvasiveness in mice model. On the other hand, mosquito-derived
Zmql6 showed high neuroinvasiveness and propagation in mice model. This study
revealed that there are two different WNV strains with distinct pathogenicity in Zambia.
To assess the WNV pathogenicity in mammal, the conventional C57BL/6 mice model and
ID inoculation via the ear skin were used in this study. C57BL/6 mice are commonly used
mice model for WNYV infection, and this mice model allows for the evaluation of acute
infection dynamics of Croc110 and Zmql6. The data in this study also showed that ID
inoculation via the ear skin established systemic WNV infection.

In conclusion, this study is the first report about characteristics of WNV strain
isolated from naturally infected crocodile. This study also elucidated the characteristics
and pathogenicity of new WNV strains detected in Zambia and provides novel
foundational insights into WNV research. Our findings suggest that differences in
pathogenicity between animal species should be considered in preventive measures
against zoonotic WNV diseases and in the development of WNV vaccines for humans
and crocodiles. A previous study reported the detection of WNV antibodies in human
serum samples from Zambia, highlighting the need for further epidemiological studies on
WNYV prevalence in the region. Thus, continued monitoring for the infection status of
each WNV strain, including its transmission route, is required to prevent West Nile fever

epidemics in humans and crocodiles in Zambia.
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SUMMARY IN JAPANESE

PN AR T =y

WOIRE % 72 RRE B bR T 2 2 k0 BUE B RS TE <
DEFEGEZEZ L TWDLZ EME, kbt MNIAEREMTHL LEZHNT
W5, WES OHERIERELIC X A oA I OYEKR S, A £ TEGE i EGE Mt
TOHIEENPHER S IVTWTRYED, F7e 2l CRAET L2V A7 BEED |
WA 7 A IV A JEYE I T ARG A LN HERfE L 7o T D, U= A M
ANVTAIVA (WNV) (X, TUoTTOANA PHTA VA HRIME T A VA
L LI D T T E A NARA N T T E T AL ABDRNA T A L
AN END, WNV I 1937 FFIZ T H o X THRRE I TLSE, BUE TIEm M
Kbz < 2TORBETHITLTEY  FHTHEEMED R lineage 1la & 2 234
NGRS R & 72> T D, WNV IR 80% DEYYERI T MM RBAM
Y2 L, 720 D 20%IFFIE L, BVERESRE, WkeHERZ 27 2, K
% B E O EREIER & FIET 2 BE ITEGRF O 5 © 1% AR C, HIEEE
DIETRIL3I~15% TH D, WNV OFFJEMEIL, C5TBLI6 ~ U A @ir~ U AE
TV EROCTRIT STV 5, BIEE N WNV BYSEICA 7R T 7 F o KO
B 7R IRIRE IS S TR S, WNV OBAFEME & 5 U B9 % JEREAY 20 7,
DOERIT, WNV BYYERRICHNETH D, WNV ITAWEEIRZH L TEBY .,
FARRCII e BECRYSR A AT 503, flicb e b, CH¥E, v~ Z0Ofh
Bk %2 70 B3 AL B DML O FIZIZ K 0 G 5, WNV XU =G L T pix & MR
NDFBOMBRFIVEREZ AT S, VR FEEICITREEZ 52T 5D,

AHFGEIL, B —ET, VU ETORMY =0 bR S 7288 WNV £
ERIGUC, T A VA EE & SRR 2 A2 D A L A MRIRART % S 0E L 72,
BT, V= b OSBRICINZ T, RN BT O b ArBES 75l
D WNV FRIZBE L€, EBRERE & il L ¢, BT T L~ U A& H O T2 R AR
PraFil, Fre7 oy s EEES iz WNV IZB3 2 BgEt: & R %
fRfT 52 L2 EE LT,
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B—E FLrerovs, RUMPLHSBESNTZ 20O TR N FA VT AV
AED in vitro \Z 1T B HEIRFEMT
INETIZ, 7AU I, AFva A ATT)VET, U=26 WNV B
BHESENTHD2, BRER LU =5 HEES N7 WNV BRO2 S ) Ll
AL & TR O 13720, o B 7 EFNE T, 2016 FICHRES
NI DY > 7 LB 91 T WNV (Zmqléml1 £k, Zmql o)A EEE S, & 52
2019 I v BT O U =BT B WO THRFEIRSE O BRI &R L7z
RN G, BB EES L2 WNV & 13572 5 lineage D WNV 23¢ HH 7=,
AHFFEIL, FFEHET =25, WNV (Croc110/2019/1/ZM : Croc110) KR4y Bl ik
DL, £DOET 7 AEHEEE LTz, WIZ, Zmqle, K OVERRK CTH 5 &in Rtk
R (NY99) &ARSHIEMERE (Eglol) &L LC. Crocl10 OH:H Al PN HE il %
BELOMIPAR TER L7z, ZOfER, Bk C6/36 Ml Tik, Crocll0 i Eglo1
EHART, 2,3 dpi THEICHIIEMENEWZ &L NY99 <° Zmql6 & [F145 D iEtt
EAETHIEEHOMNC LI, £o, WAIEBEMY HORIFMHEAIN ToH D Vero Al
e, R O FLAEBh A AR B SR AR T D NA HIRIZ T D 7 A L A G I
FREOKETRIBE TH D Z &, SH-SYSY ATl Eglol & bk#k LT, 1dpi T
HEICHEIEEN SN EZRALNI Lz, — 5, BEMRicB T 5277 —7 %A1
R % bl U765, NA MR Tl Crocl10 13 Eglol KW HEI/INESWT T —7
A X% L, NY99 & Zmqle ¥R L [RREED 7T — 7 A &R LT, Vero #lifd
& SH-SYSY MAEIZH W TlE, Crocll0 (Ifthod 3 fk & bl L CHEIWC T 7 — 27
A XPBINS o Tz,

BE Fre7ovaBlU0BrodBSNTZY A NFANVATALVAD

< U AR B IRFEAERET

PFoETOU = KOS HEES iz WNV BROIFLEAEMY) T DR
AR ONCT D720, B _FETIL, Y =H33E Crocl10 &H{H¥E Zmql6 kD~
7 A (C57BL/6) (28 DIRFEMEE 7 A LV ABEFMEZ . NY99, J Y Eglol &b
WERAT LTz, U A VARG & U C, IMNEERE, NERENEERE. BN D OEN
PEREAMH Lz, T ORER, MPNEERE L7221, Crocll0 &Y~ w7 2 D 70%F
JEDMFRRRSEROE IR 2 B L. JETSERIT Eglol e~ 7 2 L 0 FEITE< . NY99,
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Crocl10 Ji&Zs~ U7 A DFETRIL, BIFIEMEKRD Eglol EFRRETH Y . NY9I9,
KON Zmql6 (R THBEIERNZ ERH SN2 572, Zmql6 3N & IE
PERNEERIZEH VT NY99 & RIFRFE OSB3R LR EIRZ 2 L, AR TIX
NY99 I[ZHA_THEICEHWETELZE L, v~V RIZBIT A HEEERICEBWNT,
Crocl10 [FRMEREIZ I T Eglol & [FIFREE OARVRIEME, P EERE TIE NY99
& RIRRE OIFFEMZ R L=, £72. Zmql6 3PN EERE & BBV CIE NY99 &
FIEOEFRFEETH Y . BN T NY99 X0 @EVEEMEZ2 R 2 & a3 b
STz, TOREFIZ—FH LT, Crocl10 FENBEREL DEYe~ 7 AN, K OFKMH
AR T 2 U A VAL, @EMETH D Zmqle, KON NY99 K~ 7 R
EH U THRICERWZ LR Sz, AFRIZ IV | Crocll0 1X, RAGHEFE
L7z~ 7 ARV TA Fllfas COMGENME, K ORRIZEEMEDMK < | lineage 2 IZ)&
T 5 Zmql6 TR DEEMEE R T ERH LN E o T,

AR DG

AWFFETIX, VBT DT =5 lineage la (ZJE T DH7-72 WNV %4y
BEL., 2025 ) MRS EFE LIZIEh, V=, ROt siiz, #7725
2 BROMINE T ORIGENE, Y~ 7 A TORFENE & $EETE 2 T U, ABFZRIE.
BRI T = B Sl WNV BRICBIT 2 910 TOMRREENT CTh 5, AHF
FETCHorHE. fEfTZ L7z Crocll0 XM FLEENMY RIS E M W T ORR &t
RCT T =7 A ZAP/hE L 7T ASORMEEERE Tl 23 CTHEZEME
DO LV B | AR B SRR A R Lz, xFLC, Zmql6 X##
e T ORI L ORK & RFLE T, RIFEMICH T 5~ U A TOREMET S <
NY99 & [RIFRELL EToH 0 | A Fflas TmV WM 2R LTz, 7o, AR08 Tl
< 7 AOD WNV BEFRIZ W CIMNEERE, JEVENEERE, BN OREE LKW
PR AR LT, B &I Lo R NEERRI L EN B R 2 P> WNV
BT LT, BERETAL OBM OR G S & Mk5 5 & BN &40 Ulc BRNEERRIL,
FES CILH ST % foodpad T L7-FENEEREL D &, WNV O NEEREIZH
HThobeEX NI,

LAATZIE, ELISA Z AW iEFHIfREIC L0 . VFreT7 o Mgt
2. T WNV JURD IR Sz &0 0 SBATE A A ST b, ABFFEIC K
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0. E TR, BT D IS ISV TR S lineage & RIRMEAH T 5 WNV
DIAET D Z EDPIRENTc, DD, B eIkl o e FLEMITK LT,
Crocl10 X°> Zmql6 DFEGLRIL DOV —_—F 2R &ffi T 5 Z LiX, Fre7ic
BT D WNV FEERZ 7l 2 72O ETH D EEZ LR,

VL b, ARWFEIE, 87 THEES U 2 D0 WNV BROMIR 2 gt 3
HZEICkY, BAREYY =k WNV (ZBET Dm0k & AmiE PN B pE i &
RS s L bz, FreTHE WNV o~ T A TOREMELE 7 A LAl
FEVEZ DR E LTz, ARFEEERY N LIZH-DUN T Crocl10 OELHZ A THFZE CTHAED
T BT ORE & ESN A g5 2 & T, WNV IS 2 AN gsE s, kO~
U A TORRREME & MRS 257 XV BEROGEM Z IR T 2 FHNA
BEIC72 D,
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