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Preface

The viruses in the family Hantaviradae comprise negative-sense RNA viruses
belonging to the order Bunyavirales. In the subfamily Mammantavirinae, four genera
and 47 viruses have been registered with the International Committee on Taxonomy of
Viruses and new viruses are continuously being identified. The viruses related to this
study are listed in Table 1. Viruses in the subfamily Mammantavirinae, genus
Orthohantavirus, cause asymptomatic chronic infection in their natural hosts, and
transmission occurs via the inhalation of host excreta or biting due to the presence of
viruses in saliva*>. Humans are considered a dead-end host. Infections of humans with
rodent-borne orthohantaviruses result in two clinical outcomes hemorrhagic fever with
renal syndromes (HFRS) in Europe and Asia, and hantavirus pulmonary syndrome
(HPS) in the Americas®® ¥". HFRS encompasses several diseases, Korean hemorrhagic
fever (KHF), nephropathia epidemica (NE), and epidemic hemorrhagic fever. Although
it is becoming increasingly clear that the clinical differences between HFRS and HPS
are less distinct, with more frequent detection of respiratory disease in patients with
HFRS and kidney involvement in patients with HPS, the mechanisms that determine
whether hantaviruses mainly exhibit virulence in the lungs or the kidneys are still
unclear. Jangra et al. reported that the causative viruses of HPS use the lung
protocadherin-1 molecule for cell entry, which may explain the lung tropism of viruses
causing HPS3L. On the other hand, the molecules that determine the viruses causing

HFRS have not yet been identified.



In many countries, HFRS and HPS have already become a significant public health
problem. In China, approximately 10,000-20,000 cases of HFRS are reported annually,
while Korea and Russia report 300-900 cases each year®®. Several pathogenic
hantavirus strains circulate in the Samara and Bashkirtosatan regions, which is the most
HFRS-endemic region in western Russial. In contrast, in Europe where NE is highly
endemic, 100-300 cases are reported annually in Sweden, as well as 1000 cases in
Finland®®. In Germany, 1688 and 2017 cases were reported in 2007 and 2010,
respectively!81%2®. HPS cases have been reported in 29 states of the USA and three
provinces of Canada, while outbreaks and sporadic cases have also been reported in
Argentina, Brazil, Chile, Paraguay, Bolivia, and Uruguay®*. The geographical
distribution of rodent hosts generally determines the area in which hantavirus disease
occurs. More than 70% of HFRS cases occur in rural regions with poor housing
conditions and high rodent populations, and most patients are local farmers, who live
or work near infected rodents and are therefore at a high risk of infection® 33,

HFRS mortality varies with causative virus species, and ranges from 0.1-0.2% for
Puumala orthohantavirus (PUUV), to 10-15% for Hantaan orthohantavirus (HTNV)
and Dobrava orthohantavirus (DOBYV) infections. Infection with new world
hantaviruses responsible for HPS in the Americas are associated with a higher fatality
rate, averaging 45% without specific treatment®°. The pathogenicity of shrew and bat-
borne hantaviruses in humans is still unknown.

Since hantaviruses are widely distributed worldwide and hundreds of thousands

HFRS cases are reported, particularly in Asian countries, it is important to understand
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HFRS pathogenesis. HFRS is clinically characterized by fever, headache, abdominal
discomfort, acute kidney injury, and hemorrhage®’. HFRS can present as mild,
moderate, or severe illness, depending on the causative virus; PUUV can cause mild
HFRS, while Seoul virus causes moderate illness, and DOBV and HTNV cause severe
HFRS®3. The cause of these differences in HFRS severity is still unknown.

Although the direct effects of immune response to hantavirus-infected cells are not
thought to contribute to pathogenesis, HFRS pathogenesis is still not fully understood.
A suitable animal model for HFRS has not yet been established. In experimental
infections, immunocompromised animals showed different clinical outcomes from
human cases and immunocompetent animals were infected asymptomatically. This
study focused on the report that laboratory mice infected with HTNV strain Korean
hemorrhage fever virus (KHFV) exhibited renal hemorrhage similar to that in severe
HFRS. KHFV was closed to prototype HTNV strain 76-118 in phylogenetic analysis
(Fig. 1), but the virulence in mice was significantly different from that of prototype
infection. Furthermore, a single amino acid mutation on KHFV glycoprotein reduced
the virulence. This model was useful for investigating HFRS pathogenesis’t. However,
pathological studies for HFRS model mice, such as cell-tropism, proliferation in organs,
histopathological analysis, and clinicopathological analysis, were not fully performed
in the present study. Therefore, the comparison of this mouse model and human HFRS
cases is needed to confirm pathological similarity.

Since Thottopalayam thottimvirus (TPMV) was first isolated from Asian house

shrews (Suncus murinus) captured in India in 19643, various shrew-borne hantaviruses
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have been reported worldwide®2. Although the infectivity and pathogenicity of these
viruses to humans are still unknown, it is important to confirm if these viruses are
related to some HFRS or HPS-like diseases or are of uncertain etiology. For example,
chronic kidney disease of unknown etiology (CKDu) places a substantial burden on
public health in Sri Lankan agricultural communities® %, Since high seroprevalences
of hantavirus infection have been reported in patients with CKDu in several locations
in Sri Lanka, Thailand-like orthohantavirus infection might be a potential risk factor
for CKDu®®. More evidence is needed to prove if hantavirus pathogenicity is involved
in the development of CKDu.

In this study, pathological experiments were conducted on an HFRS mouse model
to elucidate the pathogenicity of hantavirus-associated HFRS. Furthermore, a
serological diagnostic method was established for shrew-borne hantavirus infection and
the relationship between the prevalence of these viruses and CKDu in Sri Lanka was

investigated.
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Table 1 Viruses belonging to family hantaviridae, subfamily mammantavirinae

Genus
Orthohantavirus

Orthohantavirus

Orthohantavirus

Orthohantavirus

Orthohantavirus

Orthohantavirus

Orthohantavirus

Orthohantavirus

Thottimovirus

Unclasified

Viruses
Hantaan (HTNV)

Seoul (SEQV)

Dobrava (DOBV)
Thailand (THAIV)
Puumala (PUUV)

Andes (ANDV)

Asama (ASAV)
Seewis (SWSV)
Thottapalayam
(TPMV)
Altai (ALTV)

Host animal
Apodemus agraius

Rattus rattus,

R. norvegicus
Apodemus flavicollis
Bandicota indica
Clethrionomys
glarelus
Oligoryzomys
longicaudatus
Urotruchus talpoides
Sorex araneus
Suncus Murinus

Sorex caecutiens

Disease
Severe HFRS
KHF
Moderate
HFRS
Severe HFRS
Unknown
Mild
HFRS/NE
HPS

Unknown
Unknown

Unknown

Unknown
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Distribution of virus
Asia, Europe

World-wide
Balkans, Russia, Estonia
Thailand
Europe, Balkans, Russia
Argentina
Japan
Europe, Russia

India

Russia, Europe, Mongolia

Reference
Lee et a.l, 1978

Lee et al., 1982*
Avsic-Zupanc et al., 1994
Pattamadilok et al., 200652
Brummer et al., 1980%?
Gorbunova et al., 2010%*
Arai S et al., 2008°
Ling J et al., 20144

Carey DE et al., 197113

Kang HJ et al., 2019%
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Figure 1 Phylogenetic tree of hantaviruses based on (A) M-segment ORF
sequences and (B) deduced amino acid sequences.

The hantavirus M-segment sequences were analyzed by Neighbor joining method in
PHYLIP run on GENETYX-Mac version 21 (Genetyx, Tokyo, Japan). The scale bar
indicates a sequence divergence of 0.1. The sequences accession numbers were listed
below: HTNV (KT885048.1), SEOV (OK500097.1), DOBV (OM677635.1), THAIV
(MZ343361.1), PUUV (OM372470.1), ANDV (MNO095822.1), ASAV
(NC_038274.1), SWSV (KY651022.1), TPMV (NC_010708.1), ALTV
(MK340903.1), and two KHFV sequences, KHF4 (LC209208) and KHF5
(LC209209).
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Chapter 1. Pathological studies on Hantaan virus-
infected mice simulating severe hemorrhagic fever

with renal syndrome
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1. Introduction

Orthohantaviruses are enveloped single-stranded negative-sense RNA viruses
that belong to the family Hantaviridae and the order Bunyavirales .
Orthohantaviruses are responsible for two fatal rodent-borne zoonotic diseases in
humans: HFRS #" and HPS%’. HFRS is caused by Old World hantaviruses, such as the
HTNV 4, SEOV %, DOBV!!, and PUUV*2. Among the above viruses, millions of
HTNV infections have been reported over the past 50 years and it is considered one
of the most important viruses in East Asia, and its specific anti-viral agents have not
yet been established. Inactivated hantavirus vaccines were developed in China and
Korea and clinical trials of DNA vaccines are underway in the United States?®3+5L,
However, most countries do not have a licensed vaccine.

The mechanism underlying HFRS pathogenesis has not yet been elucidated. VE-
cadherin cell-signaling is one of the candidates associated with vascular
hyperpermeability?*, and reportedly, bradykinin plays a major role in microvascular
hyperpermeability’®®. The use of the bradykinin antagonist led to the successful
treatment of a patient with severe HFRS caused by the Puumala virus infection in
Europe, supporting the report by Taylor et al’’. Inflammatory cytokines are also
considered to be associated with pathogenesis of hantavirus?24°, Interleukin -6 (IL-
6) and other inflammatory cytokines are the key to cytokine release
syndrome/cytokine storm, causing further inflammatory cytokine outburst*,

Animal models are important for analyzing viral pathogenicity and planning anti-
viral strategies. Among them, the laboratory mice are useful experimental animals as
a lot of background information and research tools are available. However, laboratory

mice rarely exhibit symptoms after inoculation with hantaviruses. Neonatal and

severely immunodeficient mice often show symptoms such as encephalitis,
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pneumonia, and wasting syndrome, which are not typical HFRS symptoms®®">#’,

Recently, NIrc3 knockout mice infected with HTNV exhibited innate immune
disorders, with symptoms similar to HFRS®3. Therefore, HFRS models using
immunocompetent mice are required for the evaluation of anti-viral agents and
vaccines.

Previously, it has reported that the HTNV strain Korean hemorrhagic fever virus
(KHFV) causes weight loss and renal medullary hemorrhage in mice and can be used
as a model for HFRS™. CD8+ T cells are involved in renal hemorrhage in this model .
The report has shown that a single amino acid substitution E417K is present in the
envelope glycoprotein (GP) in the avirulent clone-4 (KHF4) compared to KHFV™,
Although this amino acid exchange was not localized within T-cell epitope, a T-cell
response was observed, even with KHF4 infection. Thus, the difference in response
between the virulent clone-5 (KHF5) and avirulent strain KHF4 in mice has not been
understood yet.

In this study, I clarified the viral tissue tropism in mice infected with KHF4 and
KHF5. By clarifying the mechanism of HFRS-like symptoms, | sought to demonstrate
their suitability as an HFRS model by the comparison of biological markers. Further,

I have evaluated the role of the E417K mutation in envelope GP.
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2. Materials and methods

2.1 Viruses and cells

The HTNV strain KHFV was isolated from the blood of a patient with Korean
hemorrhagic fever and passaged 10 times in the brains of newborn jcl:ICR mice®. Five
clones of KHFV were obtained by plaque purification in Vero E6 cells (ATCC
CRL1586) ®™*. Among them, two clones, KHF4 and KHF5, were used in this study.
The HTNV strain 76-118 derived from Apodemus agrarius was used as a prototype
reference®’. The HTNV strains were propagated in Vero E6 cells maintained in Eagle’s
Minimum Essential Medium (MEM) (Gibco; Thermo Fisher Scientific, Carlshad, CA,
USA) supplemented with 5% heat-inactivated fetal bovine serum (FBS; Biowest,
Nuaille, France), 1% MEM non-essential amino acids (Gibco; Thermo Fisher
Scientific), 1% insulin-transferrin-selenium (Fujifilm Wako, Osaka, Japan), 1%
penicillin (50 units/ml), streptomycin (50 ug/ml; Nacalai Tesque, Kyoto, Japan), and
1% gentamicin (100 pg/ml; Nacalai Tesque). Virus infectivity titers were determined
as described previously®.

U937 cells (JCRB cell bank #9021) were purchased from the JCRB Cell Bank
and maintained in RPMI 1640 medium (Thermo Fisher Scientific) with 10% FBS
(Biowest, Nuaillé, France) and 1% penicillin-streptomycin (Nacalai Tesque). The
human adenocarcinoma cell line A549, human embryonic kidney cells, and HEK293T
cells (Riken, Japan) were maintained in Dulbecco's Modified Eagle Medium (DMEM)
(Thermo Fisher Scientific) with 10% FBS and 1% penicillin-streptomycin.

Splenocytes from mice were prepared as described previously®. Splenocytes were
maintained in RPMI 1640 medium with 10% FBS, 50 uM 2-mercaptoethanol

(Fujifilm Wako), 1% penicillin-streptomycin, and 1% gentamicin (Nacalai Tesque).
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Dendritic cells were separated from splenocytes using the CD11c Microbeads
ultrapure kit (Miltenyi Biotec, Bergisch Gladbach, Germany) as per the
manufacturer’s protocols. Peritoneal cells were collected, and adherent cells were used

as the peritoneal macrophage fraction.

2.2 Indirect immunofluorescence assay (IFA)

Vero E6 cells were fixed with acetone one-day post inoculation (dpi) with KHF4
and KHF5. Vero E6 cells expressing the recombinant envelope glycoproteins (rGP)
for KHF4 and KHF5 were fixed with acetone two days after transfection (described
below). Hybridoma culture supernatants with the dilutions 1:1, 1:10, and 1:100, and
secreting monoclonal antibodies targeting HTNV GPs’ were used. Alexa Fluor 488-
conjugated goat anti-mouse immunoglobulin G (IgG) (Invitrogen, Thermo Fisher

Scientific, A-11029) was used as a secondary antibody at 1:1000 dilution.

2.3 Cell fusion assay

The cell fusion assay was performed as described previously with a few
modifications®. The KHFV-inoculated and rGP-expressing Vero E6 cells (see next
section) were treated with prewarmed (37 °C) acetate buffered saline adjusted to pH
5.8 for 2 min. The medium was subsequently replaced with growth medium and
incubated at 37 °C for 16 h. The cells were washed with PBS, fixed with 10% formalin

in PBS, and stained with Giemsa (Merck, Darmstadt, Germany).

2.4. Comparison of KHF4 and KHF5 growth in Vero EG6 cells
Viruses were inoculated into Vero E6 cell monolayers in 6-well plates at a
multiplicity of infection (MOI) = 0.1, and the medium was replaced with fresh medium
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after 1 h of incubation. Subsequently, 150 ul of culture supernatants were collected at
5 dpi, and the viral RNA load was examined by real-time RT-PCR, as described in

section 2.9.

2.5. Expression of rGP and pseudotype virus production

The open reading frames for the KHF4 and KHF5 GPs were amplified from viral
complementary DNA (cDNA) using the following primer pairs: KHFV_MA41F_EcoRlI
(5'-ATCGAATTCATGGGGATATGGAAGTGGCTAGTGATG-3) and
KHFV_M2450R (5-TCCTGCTATACCTTATTGTGATG-3"), and KHFV_2250F
(5'-GTGCTTGTACAAAGTATGAATAACC-3") and KHFV_M_M3448R_Xhol (5'-
AGCCTCGAGCTATGACTTTTTATGCTTCTTTACGG-3"). The entire open
reading frame was connected by overlapping PCR and inserted into the EcoRI and
Xhol sites of the mammalian expression vector pPCAGGS/MCS. The sequences of the
final plasmid constructs pCAG-KHF4M and pCAG-KHF5M were confirmed by
Sanger sequencing. The plasmid vectors were transfected into VVero E6 cells to analyze
their antigenicity. The plasmids were also transfected into 293T cells to propagate the
pseudotype vesicular stomatitis virus (VSV) coated with recombinant GPs of KHF4
and KHF5, as described previously®. The titers of the pseudotype viruses VSVAG*-
KHF4 and VSVAG*-KHF5 were counted as the number of green fluorescent protein

signals in Vero EG6 cells.

2.6. Western blot

Cell monolayers in 6-well plates were inoculated with KHF4 and KHF5 at MOI
=0.1. Five days after inoculation, the cells were lysed with 200 pul SDS sample buffer
and heated to 100 °C for 10 min. The lysate (15 pul) was loaded onto an SDS PAGE
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gel (e-PAGEL 1020 L, Atto, Tokyo, Japan) and electroblotted onto a 0.45 pm pore
immunoblot PVDF membrane (Millipore, Billerica, MA, USA). The N protein of
HTNV was detected using the rabbit polyclonal antibody targeting the recombinant N
protein of HTNV®3, and a horse radish peroxidase (HRP)-conjugated goat anti-rabbit
IgG antibody (Jackson Immuno Research Laboratories Inc., Baltimore, MD, USA,
111-035-003). Bound antibodies were reacted with Amersham ECL Prime (Cytiva,

Tokyo, Japan) and detected using an ImageQuant LAS 4000 mini (Cytiva).

2.7. Animal experimentation

Five-week-old female BALB/cCrSlc mice (SLC, Hamamatsu, Japan) were injected
with 10° focus forming units (FFU) of KHF4 or KHFS5 via the tail vein. The weights
of the mice were measured from 1 to 14 dpi. At 1, 3, 5, and 7 dpi, two animals were
euthanized, and blood was collected. If available, urine samples were collected. The
lungs, kidneys, spleens, and livers were collected and stored at —80 °C for RNA
extraction and viral protein detection. Tissue pieces from the lungs were used for
further cultivation to analyze viral replication. Mouse organs were fixed in 4%
phosphate-buffered paraformaldehyde (Fujifilm Wako) for histological analysis. All
animal experiments were approved by the Animal Studies Ethics Committee of
Hokkaido University (19-0088). The mice were treated according to the laboratory
animal control guidelines of the Hokkaido University Institutional Animal Care and
Use Committee. Experiments involving viral infections were performed at a BSL-3

facility.

2.8. Viral replication in lung tissues ex vivo
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Lungs were obtained from mice and cut into four pieces. The lung pieces were
cultivated in the upper chamber of the culture insert (1 um pore size, Corning 35310,
New York, NY, USA) in 24-well plates using DMEM supplemented with 10% FBS
and antibiotics. Briefly, 10° FFU of the KHF4 and KHF5 viruses were inoculated into
the lung pieces which were subsequently incubated in 5% CO; at 37 °C. At 24 h after
inoculation, the medium was replaced with fresh medium. After 7 days of inoculation,
culture medium from the lower chamber was collected, and viral load was analyzed
by real-time RT-PCR as described in section 2.9. Next, lung tissues were obtained
from KHF4- and KHF5- infected mice and were cultivated as described. After 7 days
of incubation, the culture medium from the lower chamber was collected, and the viral

load was analyzed as described.

2.9. RNA extraction and real-time RT-PCR

Total RNA was extracted from each tissue using ISOGEN (Nippon Gene, Tokyo,
Japan), as per the manufacturer’s protocol. Real-time RT-PCR was performed using
the iTaq Universal SYBR Green one-step kit (Bio-Rad Laboratories, Richmond, CA,
USA). The gPCR  primer sets used were KHFV-SF (5-
TGGACCAAAGGATTATTGTGC-3) and KHFV-SR (5'-
CATCCCCTAAGTGGAAGTTGTC-3'). The mouse B2-microglobulin forward (5'-
ACAGTTCCACCCGCCTCACATT-3) and reverse (5'-
TAGAAAGACCAGTCCTTGCTGAAG-3") primer pair were used to measure the

standard gene to compare cell numbers.

2.10. Viral antigen detection in organs
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Approximately 10 mg of tissue was lysed in 200 pl SDS sample buffer and heated
to 100 °C for 10 min. The lysate (15 pl) was loaded onto an SDS PAGE gel and viral
N protein was detected by western blotting as described in section 2.6 (page 17). HRP-
conjugated anti-GAPDH antibody (Proteintech, Rosemont, IL, USA, HRP-60004) and
anti-B-actin antibody (Sigma-Aldrich, A5316, Merck) was used to adjust the total

protein concentration in the lysate.

2.11. Histopathology and IHC

Tissues were fixed in 4% paraformaldehyde phosphate buffer solution (Fujifilm-
Wako) at 4 °C, embedded in paraffin within 14 days, sectioned, and stained with
hematoxylin and eosin (HE) (Sapporo General Pathology Laboratory, Sapporo, Japan)
to detect the N antigen of KHFV, using the biotinylated E5/G6 monoclonal antibody®.
Immunohistochemistry (IHC) was performed using the Vector M. O. M.
immunodetection kit (Vector Laboratories, Burlingame, CA, USA) following the

manufacturer’s protocols.

2.12. Microarray analysis

KHF4, KHF5, and mock-infected mouse livers were collected and stored in RNA
Later (Invitrogen). RNA was extracted as described previously, and gene transcription
in the liver was analyzed via microarray analysis, performed at GeneticLab Co. Ltd
(Sapporo, Japan). Briefly, extracted RNA was treated using a GeneChip WT Pico
Reagent kit (Applied Biosystems) according to the manual instructions and then
hybridization was performed using Clariom S Array for mice (Applied Biosystems).
Data were analyzed using Transcriptome Analysis Console (TAC) (Thermo Fisher
Scientific).
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2.13. White blood cell population

A blood smear was prepared to examine the white blood cell (WBC) population.
After fixing with methanol for 10 min, slides were stained with Giemsa solution. A
total of 400 white blood cells were counted on each slide, and the numbers of
monocytes, neutrophils, and lymphocytes were recorded. To count the white blood
cell number, 2 ul of blood was mixed with Turk stain solution (Nacalai Tesque), and

the WBC numbers were counted under a microscope.

2.14. Clinical pathology of infected mice

Serum alanine transaminase activity was analyzed as an indicator of liver
dysfunction using a serum alanine transaminase (ALT) colorimetric activity assay kit
(Cayman Chemical, USA). Blood urea nitrogen (BUN) levels were analyzed as an
indicator of renal dysfunction (DetectX Urea Nitrogen Colorimetric Detection Kit,
Funakoshi, Tokyo, Japan). Urinary proteins were analyzed by SDS-PAGE, followed
by protein staining (Simply Blue, Invitrogen, Thermo Fisher Scientific). IL-6 and
tumor necrosis factor (TNF)-a levels were evaluated to detect the systemic cytokine
storm using a mouse IL-6 detection kit (Chondrex #6702, USA) and mouse TNF-a.

detection kit (Chondrex #6701), respectively, following the manufacturer's protocols.

2.15. Statistics

The paired student’s t-test was used, and statistical significance was set at p <
0.05. Significance was assigned as * p < 0.05, ** p < 0.01, and *** p < 0.001. Images
of Western blot bands yielded by anti-N antigen and GSPCF antibodies were
quantified using open-source Fiji/Image-J software

(https://doi.org/10.1038/nmeth.2019)°°,
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3. Results
3.1. Characterization of KHF4 and KHF5 GPs

The amino acid at position 417 in the GP is the sole difference between the viral
proteins of KHF4 and KHF5, and the amino acid may be responsible for virulence in
mice. However, the role of this substitution has not been clarified. To investigate the
role of this mutation, we compared the antigenicity, fusion activity, and growth of the
two viruses and their recombinant GPs. First, antigenic profiling using 23 types of
monoclonal antibodies against the HTNV GP indicated no remarkable antigenic
difference between the KHF4 and KHF5 GPs (Fig. 2A), KHF4 and KHF5 inoculated
and rGP-expressing Vero E6 cells were exposed to low pH. As shown in Fig. 2B, both
KHF4 and KHF5 showed high cell fusion activity. Next, viral replication was analyzed
in Vero E6 cells. KHF4 and KHF5 were inoculated into Vero E6 cells at an MOI of
0.1, and the supernatant was collected from 1 to 10 dpi to determine the amount of
viral RNA present using real-time RT-PCR (Fig. 2C). The viral RNA copy number of
KHF5 was significantly higher than KHF4 since 3 dpi. To compare viral entry,
pseudotype VSV coated with the rGPs of KHF4 and KHF5 were generated (Fig. 2D).
Both pseudotyped viruses showed high and similar titers. This observation indicates

that both GP were assembled into VSV virions without any difference.
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Figure 2 Virological characterization of KHF4 and KHF5.

(A): GPs of KHF4 and KHF5 were compared for monoclonal antibody binding. The
culture supernatants of hybridoma of monoclonal antibodies were diluted 1:1, 1:10,
and 1:100, and positivity in the 1:100, 1:10, and 1:1 dilution was assessed as +++, ++,
and +, respectively.
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(B) Cell fusion assay. Cell fusion activity of recombinant glycoproteins of KHF4 and
KHF5 expressed in Vero E6 cells by transfection (upper panels). Fusion activity of
Vero EG6 cells infected with KHF4 and KHF5 (central panels). Cells were inoculated
with viruses at a MOI of 0.1 and incubated for 5 days. Uninfected Vero EG6 cells were
used as negative controls (NC; lower panel).

(C) Viral growth in Vero E6 cells. Culture supernatant was collected from cells
between 1 to 10 dpi, and the viral load was quantified by real-time RT-PCR.

(D) Pseudotype VSV were infected to KHF4 and KHF5 glycoproteins expressing
HEK293T cells and the propagated pseudotype VSV and titers were determined in
Vero E6 cells.
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3.2. The cell tropism of KHF4/KHF5 in vitro

To identify the factors responsible for the virulence change caused by the E417K
mutation, the cell and organ tropism of KHF4 and KHF5 were examined in vitro. As
shown in Fig. 3, the production of viral N protein after inoculation with KHF4 and
KHF5 was compared in Vero E6, A549, U937, and HEK 293T cells. KHF4 showed
higher N protein production than KHF5 in all cell lines except U937. Vero E6 cells
were used for amplification of HTNV strain 76-118. A549 cells were originally used
for amplification of HTNV 76-118%. Conversely, U937 cells were used for antibody
dependent enhancement of HTNV 76-118%, meaning that without anti-GP antibodies,
U937 cells were not infected with HTNV 76-118. Similarly, KHF4 and KHF5 had no
infectivity to U937 cells in the current experiments. In mouse in vitro experiments,
KHF4 showed higher N protein production than KHF5 in peritoneal macrophages,
dendritic cells, and splenocytes, similar to in the cell lines. Compared with the
prototype HTNV strain 76-118, which was not pathogenic in immunocompetent mice,
both KHFV strains showed high infectivity toward immune cells.

According to the observations from Vero E6 cells shown in Fig. 1C and Fig. 2A,
KHF4-infected cells expressed N protein in cells more than KHF5-infected cells;
however, virus release was significantly lower than in KHF5-infected cells. The
tendency of intracellular N protein to be higher in KHF4-infected cells is consistent in
various cells shown in Fig. 3. The results suggest slight differences between KHF4
and KHF5 in the release of viral progeny. Next, | needed to examine differences

between KHF4 and KHF5 in mice to understand KHF5 pathogenesis.

26



Vero A549 U937 HEK 293T

i v <o v <o X w &
F £ 8 & & << ¢ 3
& 5 N o S g ¥
GADPH--
Peritoneal macrophage DC Spleen cell

Figure 3 Cell tropism of KHF4 and KHF5 ex vivo

Viral N protein production was compared by Western blotting to clarify virus
replication in various cells. Four cell lines, (Vero E6, A549, U937, and HEK 293T)
and peritoneal macrophages, dendritic cells (DC), and spleen cells obtained from five-
week-old BALB/c mice were inoculated at a MOI of 0.1 and cultured for 5 days.
GAPDH was used as the reference protein.

27



3.3 KHF5 targeting the lungs may play an essential role in pathogenesis

As reported previously, BALB/c mice infected with KHF5 showed weight loss
at 5 dpi (Fig. 4A) %, and severe kidney hemorrhage occurred at 7 dpi (Fig. 4B), from
which the mice subsequently clinically recovered, based on symptoms such as ruffled
fur and decreasing activity. As shown in Fig. 4A, the viral RNA loads in the lung, liver,
spleen, and kidney were determined at 1,3, 5, and 7 dpi using real-time RT-PCR. The
viral RNA load in the lung and kidneys was significantly higher in KHF5 than in
KHF4-inoculated mice at 3 dpi. In the lungs, high levels of viral N protein were
detected in mice with KHF5 infection alone (Fig. 5B). The results suggest that the
lungs are an important site for viral replication during the early phase of infection in
mice. A high viral load in the liver was detected in both the KHF4 and KHF5-
inoculated mice. Significantly higher viral loads were observed in KHF5-inoculated
mice at 5 and 7 dpi. Viral N protein was detected in the liver, and the ratio of protein
was almost the same as that in the lung when compared with the reference protein
GAPDH in KHF5-infected mice (Fig. 5C). Conversely, in KHF4-infected mice, N
protein production in lung was lower than in KHF5-infected mice. The results suggest
that the high viral load in KHF5 infected lung at the early phase may related to the

renal hemorrhage appearance. Viral N protein in spleens were below detectable levels.
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Figure 4 Body weight and renal changes in mice with KHF4 and KHF5
infection.

(A) Five-week-old BALB/c mice were infected with KHF4 and KHF5 strains, or mock
inoculation with culture medium of Veo E6 cells (NC). Subsequently the weight
changes were measured between 1 to 14 dpi. (B) At 7 dpi, a significant weight loss
and renal hemorrhage were observed.
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Figure 5 Viral replication in the lung, liver, spleen, and kidneys.

(A) Viral load in the four organs were quantified via real-time RT-PCR. The viral load
was detected using S segment primer sets, normalized relative to -2 microglobulin,
and compared with the negative control (AACt KHFV = (Ct kHrv s— Ct xurv pam) — (Ct
ncs— Ctnepam)). (B) The anti-HTNV viral N protein was detected by western blotting.
Results from each two mice are shown. (C). Western blot images of lung and liver
shown in Fig. 4B were quantified by Fiji/lmageJ software. Ratio of N protein to
GAPDH was estimated in liver and lung tissues.
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3.4. Viral replication in the lung tissue

To confirm the KHF5 tropism in the lungs, lung tissues from infected mice were
cultured. After 7 days, culture supernatants were collected from the lower chamber
and viral load was examined by RT-PCR. Viral RNA load in the medium were higher
for KHF5 than KHF4 (Fig. 6A). Next, KHF4 and KHF5 were inoculated into the lung
tissue obtained from mice with no viral inoculation, and the tissues were subsequently
cultured for 7 days (Fig. 6B). KHF4 showed higher viral production in the culture

supernatant and N protein production in the lung tissue than KHF5 (Fig. 6C).
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Figure 6 KHF4 and KHF5 replication in lung tissue.

(A) Lungs were collected from KHFV-infected mice at 5 dpi and cultured. After 7
days, the supernatant was collected for real-time RT-PCR. (B) Uninfected BALB/c
mouse lungs were collected and cultured as described above. After infection with
KHFV, the supernatant was collected at 7 dpi for real-time RT-PCR analysis. (C) Viral
N protein in the lung tissue as shown in Fig. 5B detected by western blot. Results from
mock inoculated mouse and lung tissue are shown in NC.
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3.5. KHF5 infection caused renal hemorrhage, lung edema, and acute hepatitis

As reported previously’, KHF5 infection causes renal hemorrhage. As KHFV
targeted the lungs and both strains showed high infectivity to the liver, viral N antigens
were analyzed by IHC to examine the distribution of viruses in the lung, liver, and
kidneys. In the KHF5-infected lungs of mice, viral antigens were detected in alveoli
and bronchial epithelial cells, compared with the negative control and KHF4 infected
lungs. KHF5 infection caused severe pneumonia, and aggregation of lymphoid cells
was identified near the peri-bronchus edema. Additionally, mononuclear cell
infiltration with KHFV antigens was found in capillary vascular endothelial cells (Fig.
7A). As both strains showed high infectivity in the liver, the viruses caused acute
hepatitis due to lymphocytic infiltration of inflammatory cells. Reduced glycogen
storage and petechial hemorrhage were observed in KHF5-infected mice alone (Fig.
7B). Focal interstitial hemorrhage was observed in the renal medulla, cortex, and
tubular region in KHF5-infected mice alone, and viral antigens were detected mainly

in the tubular region (Fig. 7C).
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Figure 7 Immunohistochemistry analysis of tissues from KHF4 and KHF5-
infected mice

Tissue slices were stained with hematoxylin and eosin (HE), and viral antigens were
detected using a biotinylated E5G6 monoclonal antibody with the Vector M.O.M
immunodetection Kit. Characteristic lesions were indicated by open triangles. Viral
antigens are indicated by closed triangles. (A) Peri bronchus edema with lymphocyte
aggregation was observed in KHF5-infected lungs, and mild antigen reaction was
observed in KHF5-infected alveolar epithelial cells. (B) Petechial hemorrhage was
observed in KHF5-infected livers by HE staining, whereas KHF5-infected livers
showed multiple antigenic reactions and hemorrhage. The KHF4 infected liver also
showed perivascular lymphoid infiltration. (C) Renal hemorrhage caused by KHF5
infection was distributed in the cortex-medullary region, and antigens were detected
in the tubular regions.
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3.6. KHF5 infection caused acute hepatitis and neutrophilia

Acute hepatitis with lymphocytic infiltration of immune cells was observed in
the KHF4 and KHF5 sections; therefore, liver dysfunction was assessed via ALT
activity analysis. As shown in Fig. 8A, serum ALT activity was significantly increased
in both KHF4 and KHF5-infected mice at 7 dpi. In contrast, BUN levels did not change
at 5 dpi and 7 dpi despite renal hemorrhage (Fig. 8B). We collected blood from each
mouse at 1, 3, 5, and 7 dpi to examine the white blood cell population levels, which
showed a decrease in white cell numbers at 5 dpi, and an extreme increase at 7 dpi. At
5 dpi, KHF5-infected mice showed a high ratio of neutrophils, indicating that
neutrophilia may be related to pathogenesis in this phase (Fig. 8C). Serum IL-6 and
TNF-o were examined but both of them were not detected (Figure 9A). To analyze
renal damage, we examined renal proteins by SDS-PAGE (Figure 9B). Compared to
urine from control mice, multiple bands were evident in the urine of infected mice,
indicating that functional changes may have occurred. However, albuminuria was not
detected. Notably, 120 KDa bands were observed in KHF5 inoculated mice at 7 dpi,
though the protein sequences could not be identified (data not shown). Urine kidney
injury molecule (KIM-1) levels were also examined using a KIM-1 detection kit, but

no increase in KIM-1 levels was detected (data not shown).
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Figure 8 Clinicopathological tests by peripheral blood and serum.

(A) Fluctuation of ALT for liver dysfunction. (B) Fluctuation of BUN. MEM medium
injected into five-week-old BALB/c mice was used as the negative control (NC), and
the positive control (PC) was provided with an ALT kit. The optical density was read
at 340 nm and 450 nm, and ALT activity and BUN analysis were performed as per the
manufacturer’s instructions. (C) White blood cell number per pl of blood (left panel)
and in the population (right panel).
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Figure 9 Detection of serum cytokine concentration and detection of protein
urea in KHF4 and KHF5 inoculated mice

A). Comparing the IL-6 and TNF-alpha levels in sera. Sera were obtained from KHF4,
KHF5 at 7 dpi, and mock infected mice (NC, n=2). Sera were examined at 1:3 dilutions.
Positive control IL-6 (333.3 pg/ml) and of TNF-alpha (187.5 pg /ml) were used. All
tests were performed in duplicate.

B). Urinary protein analysis by SDS-PAGE. Urine from KHF4 and KHF5 infected
and non-infected mice were applied to gels at 10 ul / lane.
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3.7. KHFV infection induces T cell and neutrophil infiltration in the liver

| found that KHF4 and KHF5 show high levels of replication in the liver and cause
hepatitis. To analyze the pathogenicity of these viruses in the liver, mMRNA expression
was examined using microarray analysis. A total of 20,226 genes showing
transcriptional changes were compared among the KHF4, KHF5, and mock infection
groups. As shown in Fig. 10A, the expression of several genes was altered between
the infected and control groups. However, few genes differed in expression between
the KHF4 and KHF5 groups. Increased expression of genes in CD8+ T cells and that
of licocalin-2 was identified in both KHF4 and KHF5-infected liver cells. As shown
in Fig. 10B, the levels of cytotoxic T cell (granzyme A and B) and neutrophil-related
genes (lipocalin-2/neutrophil gelatinase-associated lipocalin) were increased. In
KHF4-infected mice, the expression of CD8+ cell-related genes showed a greater
increase than in KHF5-infected mice. In contrast, lipocalin-2 expression levels were
changed in KHF5-infected mice more than in mice infected with KHF4. These genes
were derived from cells that infiltrated into the liver from the blood or hepatocytes. In
contrast, acute phase proteins produced by hepatocytes (serum amyloid A2 and A3)
were higher in both KHF4 and KHF5-infected mice, indicating that viruses induce

inflammation in the liver, but KHF5 may cause a predominant response to neutrophils.
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Figure 10 Liver gene expression profiling using microarrays.

A). Transcriptional changes were compared between the three groups. The scatter plot
shows the transcript clusters, and a total of 22,206 transcript clusters were analyzed.
B). Transcriptional changes were compared in KHF4, KHF5, and mock-infected mice.
The top ten genes showing the maximum fold-change difference in KHF4/KHF5-
infected mice relative to the controls were selected and compared.

42



4. Discussion

In this study, KHF5 was used to investigate HFRS-like pathogenesis in mice. It
was previously reported that the amount of viral RNA in the kidneys of KHF5-infected
mice was greater than that in KHF4 infected mice and peaked before the onset of
disease’. However, the organ tropism and histological data were not fully examined
to evaluate whether this experimental mouse was suitable as a model for human HFRS.
Therefore, the renal pathology was analyzed in this study. The viral antigen and
petechial hemorrhage were identified in the tubular region, which induced HFRS
symptoms in humans?3,

In addition, | found that the pathogenic strain KHF5 alone targeted the lungs and
caused lung edema in the HFRS mouse model. The high viral load detected from
KHF5 infected lungs at the early phase may suggested the relationship to renal
hemorrhage appearance. We also found neutrophil infiltration near the bronchus
edema. Previously, we reported that the depletion of neutrophils can suppress
pulmonary vascular hyperpermeability and the occurrence of pulmonary edema in
SCID mice®. In humans, a few HFRS patients reportedly develop respiratory
disorders'®®®. Inhalation of excreta from wild rodents is considered the main route of
hantavirus transmission to humans, and an epidemiological study on the Puumala virus
(PUUV), one of the causative agents of HFRS in Europe, indicated a relationship
between smoking and seropositivity*®. Burdening the lungs by smoking can increase
the efficiency of hantavirus infection. These reports suggest that the lungs play an
essential role as the primary target site in the initial phase of hantavirus infection.

Interestingly, both strains showed extremely high infectivity towards the liver,
and acute hepatitis and lymphatic infiltration of inflammatory cells were observed in

KHF4 and KHF5-infected mice. The elevated ALT levels showed KHF viruses caused
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acute hepatitis in mice. Serum ALT activity and liver section analysis showed that
KHF4 and KHF5 infections caused hepatitis; however, glycogen storage reduction and
petechial hemorrhage in the presence of viral antigens were detected in mice with
KHF5 infection. Significant increases in ALT activity have been frequently reported
in HFRS cases, and liver damage is considered important for hantavirus pathology %°7".

We counted the number of white blood cells in mice at 1, 3, 5, and 7 dpi, and
found that leukocyte levels decreased from 3 to 5 dpi and were subsequently increased
at 7 dpi, which was similar to the pattern observed in two patients with severe HFRS
infection as reported previously*. In addition, Strandin and colleagues reported the
presence of neutrophil activation in acute HFRS™. A similar increase in neutrophils
was observed in KHF5-infected mice at 5 dpi, the onset points of weight reduction and
renal hemorrhage, and the levels were subsequently reduced at 7 dpi at a severe stage
of disease which was considered to indicate the beginning of recovery. The change in
neutrophil levels followed by the change in symptoms indicates the importance of
neutrophils in HFRS pathogenesis.

Cytokine storms may play a crucial role in the manifestation of both HFRS and
HPS?2%, To examine the cytokine storm in mice, the levels of IL-6 and TNF-a. in the
blood at 7 dpi were analyzed, but no significant differences were found among the
KHF4, KHF5, and negative control groups. Therefore, a systemic cytokine storm was
not considered to have occurred in these mice.

The microarray analysis results showed that both KHF4 and KHF5 showed high
expression levels of granzyme A and granzyme B in the liver, which were produced
mainly by CD8+ T cells. Recently, we reported that CD8+ T cells are involved in the
development of renal hemorrhage in KHF5 inoculated mice’?. Notably, non-
pathogenic KHF4 induced higher expression of granzyme A and B than KHF5. These
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results suggest that CD8+ effector T cells may be involved in renal injury and recovery
from infection. Lipocalin-2 expression showed a 393-fold and 445-fold increase in
KHF4 and KHF5-infected mice, respectively, compared to the negative control group.
Lipocalin-2 is mainly expressed by neutrophils and hepatocytes and is induced by IL-
6 in mice®. In this study, the source of lipocalin-2 in the infiltrated neutrophils or
hepatocytes was not determined. However, the increase in lipocalin-2, serum amyloid
A2, and A3 gene expression levels in the microarray analysis indicated the induction
of inflammatory cytokines in the liver. An increase in BUN levels or albuminuria were
not observed in KHF4 and KHF5 inoculated mice, despite the presence of renal
hemorrhage. It was difficult to collect enough volumes of urine specimens to examine
KIM-1 from mice. In HFRS patients, KIM-1 elevation in urea was reported?®. In the
present study, KIM-1 concentrations in a few urine samples were examined; however,
we could not detect high concentrations of KIM-1. Further investigations are required
to evaluate renal dysfunction in KHF5-infected mice.

Hantavirus is beginning to be recognized as a virus that causes hepatitis’®.
Recently, it has been reported that the livers of host rodents are infected with
hantaviruses®’. Seoul orthohantavirus targets the microvasculature in the liver of
chronically infected asymptomatic rats®. In the present study, KHF5 could infect
parenchymal cells of the liver more frequently than endothelial cells. Moreover,
antigen-positive hepatocytes were dispersed. However, there are very few reports on
hantavirus infectivity to hepatocyte. Once the types of hepatocytes targeted by
hantavirus in the liver are known, novel techniques such as single-cell RNA
sequencing, would provide useful information.

As demonstrated in a previous paper, under KHF5 infection, T-cells are
obviously involved in the expression of pathogenicity, because weight loss was not
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observed following CD8+ T cell depletion’"?, Results from microarray analysis of
liver also suggest T-cell activation. Conversely, virus specific CD8+ T cells are also
effective in recovery®. Suppression of CD8+ T cells is probably associated with the
establishment of persistent infection®®*. Since KHF, especially KHF5, replicates faster
in mouse tissues than prototype Hantaan virus strain 76-118, T-cell activation in mice
are toward to increasing inflammation rather than recovery.

Although a single amino acid mutation in Gn altered the virulence of KHFV in
mice, we did not determine the cause of the difference. Under KHF5 infection, viral
RNA was higher in the culture supernatant, whereas viral N protein was reduced in
the cells. In contrast, viral N protein showed higher induction in KHF4 inoculated cells
in vitro and lung tissues. The results indicate that avirulent mutations may affect the
release of daughter viruses. The minor difference may ultimately result in a distinct
pathogenicity difference in mice. Conversely, KHF5 progeny viruses in the lungs were
high under in vivo inoculation, but low under lung tissue inoculation, indicating that

an unknown factor favors the growth of KHF5 in lung of mice.

5. Conclusions

In this study, KHF5-infected mice showed phenotypes similar to human HFRS
cases, such as renal hemorrhage, pneumonia, hepatitis, and other clinicopathological
changes. However, the phenotypes confirmed in this study did not include renal
dysfunction. In mice, indicators besides BUN and albuminuria should also be
considered. Also, inflammatory cytokines were induced but not enough to be
considered as an evidence of cytokine storm in the mouse model, and the pathology
progressed along with the activation of neutrophils. These observations showed the

potential of KHF5-infected mice as a model for severe HFRS infection.
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6. Summary

Hantaan virus is the causative agent of hemorrhagic fever with renal syndrome
(HFRS). The Hantaan virus strain, Korean hemorrhagic fever virus clone-5 (KHF5),
causes weight loss and renal hemorrhage in laboratory mice. Clone-4 (KHF4), which
has a single E417K amino acid change in its glycoprotein is an avirulent variant. In
this study, KHF4 and KHF5 were compared to evaluate pathological differences in
mice in vitro and in vivo. The characteristics of the two glycoproteins were not
significantly different in vitro. However, the virulent strain KHF5 targeted the lungs
and caused pneumonia and edema in vivo. Both strains induced high infectivity levels
in the liver and caused hepatitis; however, petechial hemorrhage and glycogen storage
reduction were observed in KHF5-infected mice alone. Renal hemorrhage was
observed using viral antigens in the tubular region of KHF5-infected mice. In addition,
an increase in white blood cell levels and neutrophilia were found in KHF5-infected
mice. Microarray analysis of liver cells showed that CD8+ T cell activation, acute-
phase protein production, and neutrophil activation was induced by KHF5 infection.
KHF5 infectivity was significantly increased in vivo and the histological and

clinicopathological findings were similar to those in patients with HFRS.
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Chapter 2: Serological methods for detection of
infection with shrew-borne hantaviruses:

Thottapalayam, Seewis, Altai, and Asama viruses
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1. Introduction

Hantaviruses are enveloped single-stranded negative-sense RNA viruses that
belong to the family Hantaviridae of the order Bunyavirales. Some viruses are
responsible for two fatal rodent-borne zoonotic diseases in humans, HFRS and HPS.
The nucleocapsid (N) protein not only plays an essential role in viral replication and
assembly®® but is also the main target for immune response and is used as a diagnostic
antigen for hantavirus infection?147084,

Various shrew-borne hantaviruses have been reported in many countries®. The
TPMV was the first isolated hantavirus. It was isolated from Suncus murinus (musk
shrew or Asian house shrew) captured in southern India in 1964%. Full-genome
analysis of TPMV showed an early evolutionary divergence from rodent-borne
hantaviruses’®8!, and very low or no antigenic cross-reactivity has been observed
between TPMV and other rodent-borne hantaviruses*>®. In serological screening in
Asian countries, only one human seropositive case of TPMV has been found in
Thailand®®. However, a conclusion about the infectivity and pathogenicity of TPMV
to humans cannot be made because of the small number of screened cases. On the
other hand, TPMV-seropositive and RNA-positive Asian house shrews have been
found in Vietnam, Indonesia, India, and China!32>48:5262,

Seewis orthohantavirus (SWSV) is widely distributed in European and Siberian
Russia, and several species of Sorex shrews could be its natural hosts*®. Ling et al.

investigated a truncated SWSV N antigen since the N-terminal 120 amino acids have
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been shown to be highly antigenic. They reported a low frequency of human SWSV
infection and low degrees of cross-reactivity between SWSV and other types of
hantaviruses. There is no evidence showing pathogenicity of SWSV to humans®®.

Phylogenetic analysis of SWSV showed well-resolved lineages organized by
geographic origin®. Eurasian common shrews (S. araneus) captured in Hungary and
Russia showed a highly divergent hantavirus lineage, and comparison of 300-
nucleotide regions of L segments indicated that a distinct hantavirus was being
maintained, and it was proved to be Altai orthohantavirus (ALTV). ALTV is
distributed widely in Russia, Mongolia, and Europe and is carried by various species
of shrews including S. araneus, S. caecutiens, S. minutissimus, and S. roboratus ®.
However, antigenic characterization of ALTV has not been reported yet.

Phylogenetic analysis has shown that Asama orthohantavirus (ASAV) is closer
related to SWSV than to ALTV and TPMV*. ASAV is carried by Japanese shrew
moles (Urotrichus talpoides) and these animals are endemic to Japan, suggesting that
the distribution of ASAYV is limited to Japan.

Genetic analyses indicated that shrew-borne hantaviruses are variable®*?. Despite
numerous genetic reports, antigenic relationships among various shrew-borne viruses
have not been reported because serological detection methods have been developed
for only a few types of shrew-borne hantaviruses®?7°.

Recently, we reported unusually high seroprevalence among CKDu in Sri Lanka®®,

Although Sri Lankan hantavirus has not been identified yet, Thailand orthohantavirus
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(THAIV)-related virus must be infected to them. THAIV is considered as not causative
virus for HFRS, but significant relationship between seropositivity to THAIV and
renal disease was observed in this area®®. However, about half of CKDu patients were
seronegative to THAIV. It is necessary to explore the existence of hantavirus in these
areas and confirm if there is a relationship between CKDu and hantavirus infectious
disease.

In this study, by using a novel serological diagnostic method, we found the first
seropositive human case to ALTV antigen. Although most of the shrew-borne
hantaviruses have not been isolated, the serodiagnosis method that we have developed
can be used without isolated viruses. Therefore, this method is useful for further

serological investigations of shrew-borne hantaviruses.

2. Materials and methods

2.1 Plasmids

The coding region of the N protein of SWSV and ALTV were amplified by PCR
from shrews captured in the Khovsgol region of Mongolia, in August 2010. The PCR
amplicon of SWSV was obtained from Sorex araneus and that of ALTV was obtained
from Sorex tundrensis. The coding region of the N protein of ASAV (EU929070) was
previously prepared’™. The expression vector for the TPMV N protein (AY526097)
with a mutation for monoclonal antibody E5/G6 binding was previously prepared®,

Coding regions of the N proteins of SWSV, ALTV, and ASAV were insert into a
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mammalian expression vector, pPCAGGS/MCS®. Briefly, the NP coding region of
SWSV, ALTV and ASAV were amplified by PCR using AmpliTag DNA polymerase
(Thermo Fisher Scientific). SWSV_NPF/ EcoRl
(CACGAATTCATGGAGGATATCAAACAGTT) and SWSVNPEND-Xhol
(TTTCTCGAGTCACAGCTTCATTGGCTCCA), ALTV_NPF/ EcoRlI
(TATGAATTCATGGCAGATATAAAGCAGGG) and ALTVNPEND-Xhol
(TTTCTCGAGTTACAGCTTTAATGGTTCCT), ASAMA-16F
(AGGAATTCATGGCAACATTGAGGACATCC), and ASAMA-S-1317R-Xhol
(CGTCTCGAGTTACAGCTTGAGAGGATCCATGTTTGAAATC) were used as
primers. The PCR products were purified by QlAquick PCR Purification Kit (Qiagen,
Hilden, Germany) and digested with EcoRI (Takara, Kusatsu, Japan), Xhol (Takara),
then purified by Gel purification using Wizard SV Gel and PCR Clean-up system
(Promega, Madison, WI USA), according to the manufacture’s direction and finally
ligated with a mammalian expression plasmid vector, pPCAGGS/MCS by using 2X
Rapid Ligation Buffer (Promega). Finally, plasmid DNA of pCAGGS-ASAV-NP,
pCAGGS-TPMV-NP, pPCAGGS-ALTV-NP, and pCAGGS-SWSV-NP were prepared
using Maxiprep Kit (Qiagen). Also, the coding region of N of SWSV and ALTV were
inserted into the Xhol and EcoRI restriction site of expression vector pET43.1
(Novagen, Merck Millipore, Burlington MA, USA) for expression of N proteins fused
with NusA and histidine-tagged protein. These constructs were designated as p43.1-

ALTV-NP and p43.1-SWSV-NP.
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2.2 Preparation of rabbit antisera to recombinant NP of ALTV and SWSV

The p43.1-ALTV-NP and p43.1-SWSV-NP plasmids were introduced into E. coli
strain BL21 (DE3) and then the expression of the recombinant proteins were induced
according to the manufacturer’s instructions (Novagen). Recombinant N proteins were
purified using HisTrap HP columns (Amersham, Piscataway, NJ, USA) according to
the manufacturer’s instructions. Molecular weights of purified antigens were
evaluated by a Western blot assay using a mouse anti-NUS antibody (NuseTag™
Monoclonal Antibody, Novagen). Rabbit antisera to NUS-tagged rN of ALTV and

SWSV were prepared by Sigma Aldrich Technical Service Japan.

2.3 Cells

The Vero E6 cells (ATCC C1008) were grown in MEM (MEM, Gibco, Life
Technologies Corporation, NY USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Biowest, Nuaillé), MEM Non-essential Amino Acid (Gibco),
Insulin-Transferrin selenium (Gibco), penicillin (50 units/ ml), and streptomycin (50
pg/ ml) (Sigma-Aldrich Co, St Louis, MO. USA), Gentamycin (100 pg/ ml, Sigma)
in a 5% CO2 incubator at 37°C. HEK293T cells were cultured in Dulbecco Modified
Eagle Medium (DMEM, Gibco) with 10% FBS (Biowest), and 1% penicillin-

streptomycin (Sigma).
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2.4 Antibodies and immune sera

Rabbit antisera to TPMV-rN were prepared previously®2. Experimentally immune
mouse sera to TPMV was previously prepared®?. Rabbit antisera to ALTV-rN and
SWSV-rN were prepared as described above. Mouse monoclonal antibody E5/G6 was
prepared to the N protein of Hantaan orthohantavirus®. The epitope sequence of
E5/G6 was analyzed previously®. Interestingly, the N protein of ASAV had the
epitope sequence for monoclonal antibody E5/G6. In previous report, rNP of TPMV
having mutations to bind to E5/G6 was prepared in mammalian cells®’. Therefore, we

used E5/G6 monoclonal antibody to detect rN of TPMV and ASAV.

2.5 Transfection

HEK?293T cells and Vero E6 cells (3 x 10° cells per 35 mm dish) were transfected
with 2.5 pg plasmid DNA using 7.5 pl of LT-1 transfection reagent (Mirus, Madison,
WI, USA) in 250 pl DMEM neither with serum nor antibiotics and were harvested for

IFA or Western blot analysis at 48 hr after transfection.

2.6 Indirect immunofluorescence assay (IFA)

IFA tests were performed as described previously®. Recombinant N proteins of
ASAV, TPMV, ALTV, and SWSV were expressed in Vero EG6 cells and the cells were
acetone-fixed on 24-well grass-slide (Matsunami, Kishiwada, Japan). Alexa Fluor

488-labeled goat anti-mouse IgG antibody (Molecular Probes, Life Technologies
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Corporation, NY) was used as a secondary antibody for E5/G6 monoclonal antibody.
To detect antibodies in shrew, rabbit, and human sera, Alexa Fluor 488 labeled Protein

A (Molecular Probes) was used.

2.7 Western blot analysis

Proteins in the transfected HEK293T cells were separated by sodium dodecyl
sultfate-polyacrylamide gel electrophoresis and transferred to a Immobilon® - P
transfer membranes (Merck Millipore, Ireland). Immune rabbit sera to hantavirus rNP
or monoclonal antibody E5/G6 or human sera were used as primary antibodies, and
the bound antibodies were detected with HRP-conjugated protein A (Prozyme, San

Leandro, CA USA) and ECL Prime Western Blotting Detection Reagent (Amersham).

2.8 Focus reduction neutralization test (FRNT)

The endpoint titers of neutralizing antibodies against TPMV were determined by
FRNT as described previously®?. Immune mouse serum was used as a positive control.
Briefly, 15 pl serum was diluted in 285 pl of PBS containing 2% FBS, and then two-
hold serial dilutions from 1:20 to 1:2560 were prepared. An equal volume of TPMV
containing 50 focus-forming units was mixed with sera at 37°C in a CO2 incubator for
1h. Fifty pl of the mixture was inoculated to Vero E6 cells in a 96-well tissue-culture
plate (Corning Incorporated, Costar, ME, USA). After 1h incubation at 37°C in a CO>

incubator, the medium was changed to 1.5% carboxymethyl cellulose contained
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growth medium. After 7-day incubation in a CO: incubator, cells were fixed with
acetone-methanol (1:1) and dried. The foci of virus-infected cells were detected by
staining with rabbit antiserum to rN-TPMV as previously described %2. The FRNT titer
was expressed as the reciprocal of the highest serum dilution that resulted in more than

50% reduction in the number of infected cell foci.

2.9 Human sera

Sera from 104 renal patients collected in 2016 and 305 healthy controls collected in
2018 from Girandrukotte, Sri Lanka, were used. Sera were already examined about
anti-rodent-borne hantavirus antibodies®® 8. Ethical approval for this study was
obtained from the Institutional Ethical Review Committee, Faculty of Medicine,
University of Peradeniya, Sri Lanka (2016/EC/64) and the Ethical Review Committee

of the Graduate School of Medicine, Hokkaido University, Japan (M17-023).

3. Results
3.1 Expression of rNP in Vero E6 cells

To confirm the expression of rN proteins in mammalian cells, Vero E6 cells were
transfected with pC-ASAV-NP, pC-TPMV-NP-Mu, pC-ALTV-NP, and pC-SWSV-
NP and rN proteins were detected by an indirect immunofluorescence antibody assay
(IFA) (Fig. 11B).

The rN protein of TPMV-mu that had been modified for binding with E5/G6 was
used (Fig. 11A). E5/G6 showed fluorescence in the cytoplasm of pC-ASAV-NP and
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pC-TPMV-mu-NP-transfected cells (Fig. 11B). Similarly, anti-rN of ALTV and
SWSV immune rabbit sera showed fluorescence in cells expressing the homologous
antigens. As shown in Fig. 11B, mock-transfected cells and unimmunized rabbit sera
showed no specific fluorescence. These results indicated that rN proteins of ASAV,
TPMV-mu, ALTV, and SWSV were successfully expressed in Vero E6 cells.
Recombinant N protein of ASAV was only detected by E5/G6 and showed no-cross
reactivity to antisera to TPMV-mu, ALTV, and SWSV. These results indicated highly
divergent antigenic characteristics of N proteins of the four shrew-borne hantaviruses.

HEK293T cells were tranfected with plasmids pC-ASAV-NP, pC-TPMV-NP, pC-
ALTV-NP, and pC-SWSV-NP. At 48 hrs after transfection, the cells were collected
and lysed for Western blot assays. No cross-reactivities of immune seraamong ASAV,
TPMV-mu, ALTV, and SWSV were also confirmed by Western blot assays. As shown
in Fig. 11C, molecular weights of detected rN proteins were around 50 kDa, which
were close to the estimated sizes of N. Since degraded products were also detected, it
is thought that there are sites that are easily cleaved. E5/G6 detected both rN proteins
of ASAV and TPMV-mu expressed in HEK293T cells. On the other hand, anti-TPMV,
ALTV, and SWSV immune sera detected only the homologous rN antigen (Fig. 11C).
The use of a combination of two different assays, IFA using Vero E6 cells and Western
blot assay using HEK293T cells, is expected to be effective for excluding reactivities

against cellular components of Vero E6 cells observed in an IFA assay. Finally, sera
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that responded to both tests, Vero E6 cell-based IFA and HEK293T-based Western

blot assay, were considered as positive.
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Figure 11 Expression of rN proteins of ASAV, TPMV, ALTV and SWSV.

A: Epitope sequence of E5/G6 in TPMV and ASAV. The deduced amino acid
sequence of the E5/G6 epitope of ASAV is close to that of Hantaan virus. On the other
hand, wild-type N of TPMV lacked binding with E5/G6. The rN of a TPMV mutant
(TPMV-mu) had four amino acid substitutions to enable binding with E5/G6 27,
Corresponding regions of ALTV and SWSV are also shown.

B: Vero E6 cells expressing rN on 24-well glass slides were fixed with acetone.
Monoclonal antibody E5/G6 and rabbit antisera to rN of TPMV, ALTV and SWSV
were used for detection of rN of ASAV, TPMV, ALTV and SWSV, respectively. Cells
transfected with pCAGGS/MCS plasmid were used as negative control cells (Mock).
C: HEK293T cells transfected with rN were lysed and used as an antigen for a Western
blot assay, and the same antibodies as those in B were used for detection of rN proteins.

Rabbit antisera to

none
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3.2 Serological detection of shrew-borne hantavirus in human

In this study, | tried to clarify the association between shrew-borne hantavirus
infection and renal diseases. Sera from 104 renal disease patients and 275 healthy
controls collected from 2016 to 2018 in Girandrukotte, Sri Lanka were used?-®, As
shown in Fig. 12A, seropositivity rates were very low and no significant difference
between patients and healthy controls was found. These results indicated that there
was no association between seropositivity to shrew-borne hantaviruses and renal
disease. However, we found one serum specimen that was positive for ALTV antigen
(#1) from patients and two serum specimens that were positive for TPMV antigen (#2
and #3) from healthy controls. Western blot profiles of these sera are shown in Fig.
12B. In IFA, serum specimen #1, #2 and #3 also showed specific reactions to ALTV
and TPMV (data not shown). Interestingly, specimens #1 and #3 were also THAIV-
seropositive in previous studies®®8, Because of the lack of antigenic cross-reactivities
of N antigen among TPMV, ALTV, and THAIV, transmission of TPMV or ALTV
from shrews and transmission of THAIV from rodents might have occurred
independently in this area. For further antigenic comparison, focus reduction
neutralization (FRNT) assays were carried out as previously described®. Although the
anti-TPMV immune serum used as a positive control showed a high FRNT titer of
over 160%2, neither #2 nor #3 showed a significant focus reduction (<20). These results

suggested that a TPMV-related but serologically distinct virus might have infected
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humans in Girandurukotte, Sri Lanka. Unfortunately, isolated ALTV was not available,

and we could not perform an FRNT assay for ALTV.
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Tested ASAV TPMV ALTV SWSV THAIV
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Renal Patients 104 0 0 @#1) 0 61
Healthy control 271 0 (#22 3) 0 0 52
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Figure 12 Serological screening of human sera by using rN of ASAV, TPMV-
mu, ALTV, and SWSV.

A: Numbers sera that are positive to ASAV, TPMV-mu, ALTV, and SWSV were
confirmed by two tests, IFA and Western blot assay, at a serum dilution of 1:100.
Number of antibody positives to THAIV was confirmed by two IFA tests by using rN
of THAIV-expressing cells and THAIV-infected cells as previously described®®. We
found one seropositive for ALTV antigen (#1) from renal diseases patients and two
seropositives for TPMV-mu antigen (#2 and #3) from healthy controls.

B: Western blot patterns of human sera #1, 2, and 3 to rN antigens of ASAV, TPMV,
ALTV, and SWSV.
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4. Discussion

In this study, rN antigens of four shrew-borne viruses, TPMV, ASAV, ALTV, and
SWSV were produced. Recombinant antigens expressed in two different mammalian
cells, Vero E6 cells and 293T cells, were useful as IFA and Western blot antigen,

respectively.

Various shrew-borne hantaviruses were reported from many countries. Genetic
analyses indicated that the shrew-borne hantaviruses are more variable than rodent-
borne hantaviruses®. It is believed that rodent-borne viruses were offspring of host-
switched virus from shrew-borne hantaviruses®. In spite of numerous genetic reports,
antigenic relationship among various shrew-borne viruses were not reported. Also, the
serological detection methods have been developed for a few types of shrew-borne

hantaviruses.

SWSV is widely distributed, and its reservoir was not unique. Several species of
Sorex shrews could be its natural hosts. Ling et al expressed the recombinant N antigen
of SWSV for production of antisera and they showed no cross-reactivity to rodent-
borne hantaviruses®®. Next, they expressed the entire N protein of Finish SWSV as
IFA and Western blot antigens®®. They found cross-reactivity of rabbit anti-rN
antiserum of SWSV to Puumala virus. On the other hand, most of Puumala virus-
positive human sera were negative to the SWSV antigen except several sera. They
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concluded that several positives were considered to be due to cross-reactivity to
Puumala antigen. Indeed, no case by SWSV infection was reported. These
observations indicated low frequency of human SWSV infection and low cross-

reactivity between SWSV and other hantaviruses.

TPMV is considered to be distributed to Asian countries according to the
distribution of S. murinus. Because TPMV was isolated and adapted to cell culture,
focus-reduction neutralization assay is available. It is well known that TPMV has
distinct antigenicity from other hantaviruses. Okumura et al. reported that antigenicity
of the N protein of TPMV was not cross-reactive except a part of the Gc region which
is the common antigenic site of hantaviruses®2. Using monoclonal antibodies Schlegel
et al. also showed that antigenicity of TPMV NP was unique and no cross-reactive
antigenicity was found between TPMV and ASAV’. Throughout serological
screening in Asian countries, only one human seropositive case was found in Thailand
5262 However, the infectivity and pathogenicity of TPMV to humans have not
conclusively proven because of low number of screened cases. On the other hand,
seropositive and TPMV genome-positive animals were found in Viet Nam, Indonesia,

India, and China.

ALTYV is a sorex-borne hantavirus but belongs to distinct lineage from SWSV.

ALTYV distributes widely in Russia, Mongolia, and Europe, carried by various shrews
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such as S. araneus, S. caecutiens, S. minutissimus, and S. roboratus®®. However,

antigenic characterization of ALTV has not been reported yet.

ASALV is relatively closed to SWSV rather than ALTV and TPMV in phylogenetic
analysis*. ASAV is carried by Japanese shrew mole (Urotrichus talpoides) and this

animal is endemic to Japan, suggesting that distribution of ASAV is limited in Japan.

In this study, we tried to screen the patients and control sera by using shrew-borne
hantavirus antigens distinct from THAIV. The TPMYV seropositive sera without FRNT
activities were detected from a healthy control. Although I also found a seropositive
serum to the ALTV antigen from the CKDu patient group, no significant relationship
between seropositivity and renal disease was found. A total 3 of 375 samples showed
shrew-borne hantavirus-seropositive, suggested the potential infectivity of shrew-
borne hantaviruses to humans. However, there is still no strong evidence showing that
these viruses caused renal disease in humans. In Sri Lanka, TPMV or ALTV- positive
shrews have not been reported yet. However, Sri Lanka is a habitat of many species
of shrews. It is necessary to find shrews species carrying hantaviruses in the country.
Recently, Qi et al. suggested that the N protein of Imjin virus shows no antigenic cross-
reactivities to rodent-borne hantavirus, and they also suggested Imjin or Imjin-like
virus infection in humans in China®. Their results also suggested that potential human

infection of shrew-borne virus has occurred in various countries.
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5. Summary

The infectivity of shrew-borne hantaviruses to humans is still unclear because of
the lack of a serodiagnosis method for these viruses. In this study, we prepared rN
proteins of ASAV, TPMV, ALTV, and SWSV. Using monospecific rabbit sera, no
antigenic cross-reactivities were observed among these viruses. In a serosurvey of 104
samples from renal patients and 271 samples from heathy controls from Sri Lanka,
one patient and two healthy control sera reacted with rN proteins of ALTV and TPMV,
respectively. The novel assays should be applied to investigate potential infection of

humans with shrew-borne hantaviruses.
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Conclusions

BALB/c mice infected with the HTNV strain KHF5 were used to analyze hantavirus
pathogenesis. KHFV targeted lungs and caused immunopathogenesis in the lungs and
liver with neutrophilia, monocyte infiltration, and CD8+ T cell activation, followed
by pneumonia, edema, hepatitis, and renal tubular hemorrhage with proteinuria. The
in vivo factors that dramatically increased KHF5 infectivity remain unclear. In the
future, more evidence will be needed to prove kidney dysfunction and cytokine storms,
which are generally involved in hantavirus pathogenesis.

The antigenic diversity of four shrew-borne hantavirus antigens, ASAV, TPMV,
ALTV, and SWSV N proteins were confirmed by IFA and western blot, and novel
serological diagnostic methods using N antigens were established. Then, sera from
104 renal disease patients and 271 healthy controls from Sri Lanka were screened. One
serum sample from a patient with CKDu tested positive for ALTV and two healthy
control sera were positive for TPMV. These results show the infectivity of ALTV and
TPMV to humans, but evidence to show shrew-borne hantavirus pathogenicity, which
may cause renal disease, is still lacking.

Although HFRS is thought to be caused by rodent-borne hantaviruses, the results of
this study suggest a need to pay more attention to shrew and bat-borne hantaviruses
with unknown infectivity to humans. The novel serological diagnostic method

established in this study provides researchers with a fast and accurate tool to study

67



shrew-borne hantavirus epidemiology. Through epidemiological studies, we can learn
how anthropological environmental changes affect animal movements, who can
potentially carry zoonotic viruses. This study will assist researchers in identifying
these animals, locating them, and identifying those that carry viruses that pose a risk
to public health. Furthermore, the pathological aspects revealed in this study could
help to develop treatments for infectious diseases. Overall, this study promotes a

further step towards the goal of One-Health.
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