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Preface

Most of the viruses that cause viral hemorrhagic fevers in humans are
taxonomically divided into several families; Filoviridae, Arenaviridae, Flaviviridae,
Nairoviridae, Hantaviridae, Phenuiviridae, and Paramyxoviridae, all of which include
enveloped RNA viruses [1,2]. Clinically approved vaccines or antiviral drugs against viral
hemorrhagic fevers are only limitedly available [3—6] and some of these viruses are
classified as biosafety level (BSL)-4 pathogens. Filoviruses, represented by Ebola virus
(EBOV) and Marburg virus (MARYV), are known to cause severe hemorrhagic fever in
humans and nonhuman primates (NHPs) [6—8]. Arenaviruses such as Lassa virus (LASV)
and Lujo virus (LUJV) are distributed in African continent and also known cause fatal
hemorrhagic fevers in humans [9—-11]. In order to take counter measures against these
hemorrhagic fever viruses, it is important to understand the mechanisms underlying their
pathogenicity and etiology.

On the surface of filovirus and arenavirus particles, there are envelope
glycoproteins (GPs) which are responsible for viral entry into cells [6,8,9,12,13]. In the
initial step of the entry, GPs bind to their attachment receptors on host cell surfaces. T-
cell immunoglobulin and mucin domain 1 and C-type lectins such as dendritic cell- and
liver/lymph node-specific ICAM-3-grabbing non-integrin (DC/L-SIGN), human
macrophage galactose-type C-type lectin (hnMGL), and liver and lymph node sinusoidal
endothelial cell C-type lectin (LSECtin) are known to be attachment receptors of
filoviruses [14,15]. On the other hand, alpha-dystroglycan (a-DG) and neuropilin-2
(NRP2) are reported as attachment receptors of LASV and LUJV, respectively [9,16—19].
After incorporation of viral particles into cellular endosomes, EBOV, MARYV, LASV, and
LUJV need to interact with their intracellular receptors for membrane fusion between
viral envelope and cell membrane. Niemann-Pick C1 (NPC1) is the intracellular receptor
of filoviruses [20,21]. LASV and LUJV utilize lysosomal-associated membrane protein
1 (LAMP1) and CD63 as intracellular receptors, respectively [16,22,23].

Since GPs are essential for virus entry into cells, they are important targets of
neutralizing antibodies and antiviral candidate compounds that block the interaction of
GPs to the respective receptors [24-26]. It is also worthy to note that the interaction
between GPs and their receptors is generally a primary determinant for viral tissue
tropism. Interestingly, the intracellular receptors are also thought to be involved in host
range restriction of filoviruses and arenaviruses [19,27-33]. For example, variation of
NPC1 among cell lines derived from different animal species have been shown to affect
susceptibilities to filoviruses [27,28,30]. To understand the pathogenicity and etiology of

these viruses, it is important to analyze the function and property of GPs.
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The development of anti-EBOV or -MARV drugs has been hampered by the
restriction requiring BSL-4 facility for handling infectious filoviruses. In chapter I, a
surrogate animal model that can be conducted under BSL-2 or -3 conditions was
established. I used Syrian hamsters infected with a replication competent vesicular
stomatitis virus (rVSV) bearing EBOV or MARV GP (rVSV/EBOV or rVSV/MARYV,
respectively) and investigated GP-dependent tropisms and pathogenesis. I further
confirmed the usefulness of this model for screening of anti-EBOV drugs targeting GPs.

In chapter II, I focused on the role of GP in the host range restriction of LUJV
using replication-incompetent VSV pseudotyped wtih LUJV GP (VSVAG-LUJV/GP).
Differential susceptibilities to LUJV infection among animal species or cell lines were
reported [34-36]; however the molecular mechanisms of the tissue tropism and host range
of LUJV is still unknown. In the present study, susceptibility to VSVAG-LUJV/GP was
compared among human- and rodent-derived cell lines and the molecular determinant for

the differential susceptibilities of the cell lines were analyzed.



Chapter I:

A Surrogate Animal Model for Screening of Ebola and Marburg Glycoprotein-
Targeting Drugs Using Pseudotyped Vesicular Stomatitis Viruses

Introduction

The family Filoviridae includes five genera: Ebolavirus, Marburgvirus,
Cuevavirus, Striavirus, and Thamnovirus. The Ebolavirus genus contains five species—
Zaire ebolavirus represented by Ebola virus (EBOV), Sudan ebolavirus, Tai Forest
ebolavirus, Bundibugyo ebolavirus, and Reston ebolavirus. The Marburgvirus genus
consists of only one species, Marburg marburgvirus including the prototype filovirus,
Marburg virus (MARYV) [7]. The filovirus genome encodes seven structural proteins, an
envelope glycoprotein (GP), a nucleoprotein, viral proteins (VP24, VP30, VP35, and
VVP40), and L protein. GP is the only viral surface protein of filoviruses and mediates
attachment of virus particles to host cells and fusion of the viral envelope with the host
cell membrane, which is the initial step of virus infection [6,8,12].

Except for Reston virus, members of genera Ebolavirus and Marburgvirus are
known to cause severe hemorrhagic fever in humans and NHPs with high mortality rates.
The diseases caused by EBOV and MARYV are known as Ebola virus disease (EVD) and
Marburg virus disease (MVD), respectively [6,37,38]. Animal models of EVD and MVD
have been developed in mice, rats, guinea pigs, hamsters, ferrets, and NHPs [39-43]. Of
these, EBOV and MARYV infections of NHPs are the gold-standard models because they
best represent similar pathogenesis of EVD or MVD in humans [8,43]. Thus, the NHP
model has been used for experimental studies of EBOV and MARYV pathogenicity and
for the development of vaccines and antiviral drugs [44-48]. However, the use of NHPs
in a high-biocontainment laboratory is associated with high cost and technical difficulties;
hence, some rodent models have been developed to deal with these problems [41,49-52].

Since wild-type EBOV (WT-EBOV) and MARYV do not cause fatal disease in
immunocompetent mice and guinea pigs, mouse-adapted EBOV (MA-EBOV) and
MARYV, and guinea-pig adapted EBOV and MARYV, all of which cause lethal infection
uniformly in these animals, have been generated by serial passage of the viruses [51,53—
56]. Immunocompromised mice [interferon (IFN)-o/p receptor-knockout (IFNAR”) and
transcription factor signal transducer and activator of transcription (STAT1)-knockout
(STAT17) mice] are also used as alternative models since they are highly susceptible to
WT-EBOV [57]. It has also been shown that infection of Syrian hamsters with MA-
EBOV is a good model that gives increased coagulopathy, which is not generally
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observed in the other rodent models [58]. However, due to the requirement of BSL-4
facilities for handling infectious EBOV and MARYV, the currently available animal
models have limitations of their use for early-stage screening of anti-EBOV and MARV
drugs.

In this study, I evaluated replication-competent recombinant vesicular stomatitis
viruses pseudotyped with EBOV and MARV GPs (rVSV/EBOV and rVSV/MARYV,
respectively) to determine their utility as surrogate viruses for in vivo drug screening
under BSL-2 conditions [59-61]. These viruses were shown to be highly potent live
attenuated vaccine candidates against EVD and MVD in rodent and NHP models [62,63]
and the rVSV/EBOV-based vaccine has been clinically approved in the EU and USA
[4,5]. On the other hand, rVSV/EBOV was reported to cause lethal infection in IFNAR™
or STAT1”- mice and neonatal mice [64], suggesting its potential to cause disease in some
animals. This chapter demonstrates that intraperitoneal inoculation of Syrian hamsters
with rVSV/EBOV and rVSV/MARYV induces acute and fatal infection and that
rVSV/EBOV-infected animals can be completely protected by passive immunization
with a neutralizing antibody specific to EBOV GP. These rVSV/EBOV- and
rVSV/MARV-infected Syrian hamster models may be useful for in vivo screening of anti-
filovirus drugs that target the GP functions.



Materials and Methods
Cells and Viruses

Vero E6 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma) supplemented with 10% fetal calf serum (FCS) (Sigma), 100 U/mL penicillin,
and 0.1 mg/mL streptomycin (Gibco). Replication-competent recombinant VSVs
(rVSV/IVSV) (strain Indiana) and rVSV pseudotyped with EBOV (strain Mayinga) and
MARYV (strain Angola) GPs (rVSV/EBOV and rVSV/MARYV, respectively) were
generated as described previously [59,60]. Briefly, BHK-T7-Ito cells were cotransfected
with a plasmid containing the recombinant VSV genome and plasmids expressing the
VSV nucleoprotein  (p)CAGGS-VSV N), phosphoprotein (pCAGGS-VSV P), or
polymerase (pCAGGS-VSV L) for the viral ribonucleoprotein constituents. After 48
hours at 37°C, supernatants were blind passage onto Vero E6 cells. Recovery of infectious
virus was confirmed by observation for cytopathic effect. Rescued rVSV/VSV,
rVSV/EBOV, and rVSV/MARYV were propagated in Vero E6 cells and stored at —80 °C
until use. Virus titers were determined by a plaque assay and represented as plaque-
forming units (PFU). The use of VSVs was approved by the Committee for Safety
Management of Pathogens, Research Center for Zoonosis Control, Hokkaido University
(10[06]). The generation of recombinant VSVs and plasmids was approved by the
Ministry of Education, Culture, Sports, Science, and Technology, Japan.

Monoclonal Antibodies

Based on the nucleotide sequence encoding the anti-EBOV GP neutralizing
monoclonal antibody (MAb) 6D6 [65], a human—mouse chimeric MAb (ch6D6) was
generated. Briefly, the VH and VL coding regions of 6D6 were separately cloned into in-
house-developed expression vectors for human IgG1 heavy chain and human kappa light
chain, respectively (vector information is strictly restricted under a licensing agreement).
The obtained constructs were transfected into Expi293F™ cells (Invitrogen), and
antibodies were purified from the supernatants using Protein A-conjugated Sepharose
columns (GE Healthcare). An anti-2,4-dinitrophenol (DNP) chimeric antibody was
prepared similarly as a negative control, using a mouse anti-DNP antibody [66].

Experimental Infection of Rats, Mice, and Hamsters

All animal studies were carried out in strict accordance with the Guidelines for
Proper Conduct of Animal Experiments of the Science Council of Japan. The protocol
was approved (18-0026) by the Hokkaido University Animal Care and Use Committee.
Six-week-old male F344/N rats, 6-week-old male BALB/c mice, and 6- or 3-week-old
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male Syrian hamsters were purchased from Sankyo Lab Service. All animals were housed
in animal BSL-2 or BSL-3 facilities in the Research Center for Zoonosis Control,
Hokkaido University.

For the initial experiment, 6 rats, 6 mice, and 6 hamsters were inoculated
intraperitoneally (i.p.) with rVSV/EBOV (107, 108°, and 107? PFU, respectively) in a
total volume of 300, 100, and 500 pL, respectively, and 3 animals from each group were
euthanized on 2 days post-infection (dpi) for tissue sampling, and the remaining 3 animals
were weighed daily for 8 dpi. Surviving animals were euthanized at 8 dpi. and serum
samples were collected for antibody detection. To determine the 50% lethal dose (LDso),
four groups of 6-week-old male Syrian hamsters were infected i.p. with rVSV/EBOV
(10°-108 PFU) or rVSV/VSV (10%-10° PFU) in a total volume of 200 pL and monitored
for 7 dpi. Three groups of three 6-week-old Syrian hamsters were also infected i.p. with
r'VSV/MARYV (10°°-10"° PFU) in a total volume of 500 pL and monitored for 7 dpi. To
investigate virus replication in hamsters, each group (of four 3-week-old hamsters) was
infected i.p. with 10" PFU of rVSV/EBOV, rVSV/MARYV, or rVSV/VSV in a total
volume of 1,000 uL. All surviving animals were euthanized 36 hours after infection and
tissue samples were collected from euthanized and deceased animals for virus titration
and histopathological analysis. To analyze the changes in blood cell counts and blood
chemistry, each group (of four 3-week-old hamsters) was infected i.p. with 10" PFU of
rVSV/EBOV, rVSV/MARYV, or rVSV/VSV in a total volume of 1,000 uL. All animals
were euthanized 12 hours after infection and blood samples were collected.

Virus Titration

Virus titers were determined by plaque assays. Briefly, confluent Vero E6 cells
in 12-well plates were inoculated with 10-fold serial dilutions of 10% tissue homogenates
and incubated for 1 hour at 37 °C with 5% CO>. After the inoculum was removed, the
cells were washed with DMEM and overlaid with Eagle’s minimum essential medium
containing 0.8% Bacto Agar (Becton Dickinson). After 48 hours of incubation, cells were
fixed with 10% formalin and stained with crystal violet. Virus titers were determined as
PFU.

Histology and Immunohistochemistry

Liver, spleen, kidney, heart, lung, brain, salivary gland, testis, and colon samples
were fixed in 10% neutral buffered formalin. The samples were trimmed, embedded in
paraffin, sectioned at 5 um with a microtome, placed on glass slides, and stained with
hematoxylin and eosin (HE). The presence of viral antigens in tissues was also
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investigated by a conventional immunohistochemistry (IHC) technique using HE-
unstained sections. Slides were deparaffined in xylene and rehydrated through a series of
graded ethanol. Endogenous peroxidase activity was blocked by incubation in 3%
hydrogen peroxide in methanol for 10 min. The sections were washed twice in phosphate-
buffered saline (PBS) and incubated with 10% normal goat serum [Histofine SAB-PO
(R) kit, Nichirei Corporation] for 30 min. Then, they were exposed overnight to a rabbit
anti-VSV N polyclonal antibody (in house) at a dilution of 1:1,000 at 4 °C. After washing
with PBS, a biotinylated goat antibody to rabbit immunoglobulin [Histofine SAB-PO (R)
kit] was applied, followed by incubation at room temperature for 60 min. The
immunohistochemical reactions were developed in freshly prepared 3,3’-diamino-
benzidine tetrahydrochloride [Histofine SAB-PO (R) kit]. Slides were counterstained
with hematoxylin and coverslipped in a mounting medium.

Hematology and Blood Biochemistry

Whole blood samples collected in EDTA (ethylenediaminetetraacetic acid)
tubes were used for standard hematologic analysis using VETSCAN HM2 (ABAXIS)
according to the manufacturer’s instructions. The numbers of the following cell types
were counted: white blood cells (WBC), red blood cells (RBC), platelets (PLT),
monocytes (MON), lymphocytes (LYM), and granulocytes (GRA). Blood biochemistry
analysis was performed with VETSCAN VS2 (ABAXIS). The following parameters were
measured: alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
alkaline phosphatase (ALP).

Passive Immunization of Hamsters with Neutralizing Antibody ch6D6
Three-week-old Syrian hamsters (Sankyo Lab Service) were treated i.p. with 100
pg of MAb ch6D6 one day before or one hour after virus challenge with r'VSV/EBOV
(107 PFU), rVSV/MARYV (10 PFU), or rVSV/VSV (107 PFU). An irrelevant Mab,
chDNP, was used as a negative control antibody. The hamsters were monitored for signs
of illness and their body weights were measured daily for 8 days. The animals were
euthanized once they showed neurological signs such as paralysis and/or more than 20%
body weight loss based on their baseline measurement at the time of virus inoculation.

Statistical Analysis

All data were analyzed using GraphPad Prism v6.0 software. To assess the whole
blood counts and liver parameter changes, | performed a one-way repeated-measures
analysis of variance (ANOVA), followed by multiple t-tests comparing the average
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numbers of blood counts and liver parameters using the Tukey method. P values less than
0.05 were considered to be statistically significant.
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Results

Different Susceptibility to rVSV/EBOYV among Rodents

First, the susceptibilities of F344/N rats, BALB/c mice, and Syrian hamsters to
rVSV/EBOV were compared. Groups of three rats, mice, and hamsters were inoculated
with high doses of rVSV/EBOV (107, 10%°, and 107 PFU, respectively) via i.p. injection
and monitored for signs of illness and body weight changes after infection. All of the rats
and mice survived up to the end of the experiment and none of them showed body weight
loss (Figure 1A, B). Using an enzyme-linked immunosorbent assay (ELISA), | detected
high titers (> 10,000) of EBOV GP-specific IgG antibodies in serum samples collected
from the surviving animals (data not shown), indicating that these animals were
asymptomatically infected with the virus. In contrast, r'VSV/EBOV-infected hamsters
showed significant body weight loss and succumbed at 2 or 3 dpi (Figure 1C). These data
indicated that rats, mice, and hamsters were susceptible to r'VSV/EBOV, and that the virus
caused lethal disease only in hamsters.
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Figure 1. Body weight changes and survival curves of animals after rVSV/EBOY infection.
(A) F344/N rats, (B) BALB/c mice, and (C) Syrian hamsters (3 animals for each group) were
injected intraperitoneally (i.p.) with 107, 10%°, and 1072 PFU of rVSV/EBOV, respectively. The

symbols represent mean group weights and the bars represent standard errors.
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Lethal Infection with Recombinant VSVs in Syrian Hamsters

To determine the LDso of rVSV pseudotyped with the GP of EBOV or MARV
(another human-pathogenic filovirus), Syrian hamsters were infected with rVSV/EBOV
or r'VSV/IMARYV. The parental VSV (rVSV/VSV) was also tested to determine its
pathogenicity in hamsters. Three or four groups of hamsters were infected i.p. with
serially diluted rVSV/EBOV, rVSV/MARYV, or rVSV/VSV and their body weight loss
was monitored. | found that all these viruses induced body weight loss and fatal outcomes
(Figure 2). Among rVSV/EBOV-infected hamsters (Figure 2A), animals infected with
10° PFU of the virus showed the most severe body weight loss and all of them succumbed
within 5 dpi. The severity of body weight reduction was virus dose-dependent and the
calculated LDso value was 10*8 PFU. All hamsters infected with rVSV/MARV also
showed a significant body weight loss in a virus dose-dependent manner (Figure 2B).
Two of three animals infected with 105° and 107° PFU of rVSV/MARYV succumbed
within 4 dpi. (LDso = 1052 PFU) (Figure 2B). rVSV/VSV also caused severe and fatal
diseases in hamsters as described previously [67,68], and the LDsg value of rVSV/VSV
was lower (10%® PFU) than those of rVSV/EBOV and rVSV/MARYV (Figure 2C).
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Figure 2. Body weight changes and survival curves of Syrian hamsters infected with
rVSV/EBOYV, rVSV/MARY, or rVSV/VSV. (A) Four hamsters were infected i.p. with 10, 10°,
104, or 10° PFU of rVSV/EBOV. (B) Three hamsters were infected i.p. with 107>, 10%°, or 10°*
PFU of rVSV/MARV. (C) Four hamsters were infected i.p. with 10°, 105, 104, or 10° PFU of
rVSV/VSV. All animals were monitored for body weight and survival for 7 days post-infection
(dpi). The symbols represent mean group weights and the bars represent standard errors (A, B,

and C upper panel).
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Virus Dissemination and Pathological Change in Recombinant VSV-Infected Syrian
Hamsters

I then investigated viral replication in hamsters (Figure 3). Three groups of four
Syrian hamsters were infected with rVSV/EBOV, rVSV/MARY, or rVSV/VSV and tissue
samples (liver, spleen, kidney, heart, lung, brain, salivary gland, testis, and colon) were
collected 36 hours after infection to determine viral titers (Figure 3) and to examine
pathological changes (Figure 4). All the tested tissue samples had detectable viral titers
and the mean viral loads ranged from 10**° to 10733, 10>7° to 107*°, and 10%%7 to 10338
PFU per gram of tissue for r'VSV/EBOV, rVSV/MARY, and rVSV/VSYV, respectively. In
rVSV/EBOV-infected hamsters, the infectious virus was recovered from liver, spleen,
lung, testis, and colon tissues at high titers and relatively lower titers of the virus were
detected in the kidney, heart, brain, and salivary gland (Figure 3A). The viral load in brain
tissue was the lowest (10%!2 PFU/g). Similar trends were observed in rVSV/MARV-
infected hamsters (Figure 3B). The virus titers in the brain were remarkably low (10°!2
PFU/g). Compared with rVSV/EBOV and rVSV/MARY, viral titers of rtVSV/VSV were
overall higher in all the tissue samples, but the difference among tissues was less
prominent (Figure 3C). These results indicated that rVSV/EBOV, rVSV/MARYV, and
rVSV/VSV caused systemic infection of hamsters.

Viral antigens were then investigated by IHC using the rabbit anti-VSV N
polyclonal antibody (Figure 4A). In the liver, the viral antigen was detected in hepatocytes
and capillary vessels along with severe hepatocellular necrosis and mild inflammation
uniformly in rVSV/VSV-, rVSV/EBOV-, and rVSV/MARV-infected hamsters (Figure
4C). In the spleen, viral antigen-positive cells were mainly observed around white pulp
in rVSV/EBOV- and rVSV/MARV-infected hamsters (Figure 4B and 4C). In
rVSV/EBOV- and rVSV/MARV-infected hamsters, strong immunostaining of the viral
antigen was seen in monocytic cells. In contrast, many cell types including monocytic
cells and lymphocytes were viral antigen-positive in rVSV/VSV-infected animals (Figure
4B and 4C). In the brain, where r'VSV/EBOV and rVSV/MARYV replicated less efficiently
than rVSV/VSV, the viral antigen distribution was different among the viruses; viral
antigen-positive neurons were extensively observed in rVSV/VSV-infected hamsters and
capillary vessels and neurons were weakly stained in rVSV/EBOV-infected hamsters
(Figure 4A and 4C). Taken together, the IHC results were consistent with the viral loads
in the organs and indicated that viral tropisms and primary target cells might vary among
the viruses.
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Figure 3. Virus titers in hamsters infected with rVSVs. Four hamsters in each group were
infected i.p. with 107 PFU of (A) rVSV/EBOV, (B) rVSV/MARYV, or (C) rVSV/VSV. Thirty-six
hours after virus inoculation, tissue samples were collected and used for virus titration in plaque
assays. Two of four rVSV/EBOV-infected, three of four r'VSV/MARV-infected, and three of four
rvVSV/VSV-infected animals already succumbed at the sampling time point. Each symbol
represents the value of an individual hamster. The bars represent the means for the infected
hamsters. The broken lines indicate the detection limit (<2.0 log10 PFU/g).
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Figure 4. Histological and immunohistochemical analyses of liver, spleen, and brain
(cerebral cortex). (A) Tissue sections were stained with hematoxylin and eosin (HE) and a rabbit
anti-VSV N polyclonal antibody. Scale bars represent 100 um. (B) Enlarged images of the spleen
sections stained with the anti-VSV N antibody are also shown. Scale bars represent 100 um. (C)
High-power magnification images of the liver, the spleen, and the brain sections stained with the
anti-VSV N antibody are also shown. Scale bars represent 50 um. Brown-stained cells represent

viral antigen-positive cells.
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Hematology and Blood Biochemistry in Syrian Hamsters Infected with
Recombinant VSVs

To investigate the hematologic and blood biochemical changes, animals infected
with rVSV/EBOV, rVSV/MARYV, and rVSV/VSV were euthanized 12 hours after
infection and blood samples were collected for analysis. The results showed differences
in the WBC, PLT, and LYM counts among rVSV/EBOV-, rVSV/MARV-, and
rVSV/VSV-infected hamsters (Figure 5A). The numbers of WBC and LYM decreased
upon infection in all the infected hamsters, although a significant difference was only
found in r'VSV/MARV-infected animals. Interestingly, a significant reduction of the PLT
count in rVSV/EBOV-infected hamsters was observed. Although this effect was slightly
seen in r'VSV/MARV- and rVSV/VSV-infected animals, it was not significant compared
to uninfected animals. Significant upregulation of liver parameters, AST and ALP, were
observed in rVSV/EBOV- and rVSV/VSV-infected hamsters (Figure 5B). ALT was
slightly, but not significantly, increased in rVSV/EBOV- and rVSV/VSV-infected
hamsters. These results suggested that viral pathogenesis might differ among
rVSV/EBOV, rVSV/MARY, and rVSV/VSV.
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Figure 5. (A) Blood cell counts and (B) liver parameters in hamsters infected with rvVSVs.
Four hamsters in each group were infected i.p. with 107 PFU of rVSV/EBOV, rVSV/MARYV, or
rVSV/VSV. Twelve hours after virus inoculation, blood and serum samples were collected and
used for cell counts and blood biochemistry. Each symbol represents the value for an individual
hamster. The bars represent the means of the infected hamsters. * P < 0.05, ** P < 0.005, *** P
< 0.0005, **** P < 0.00005.
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Prophylactic and Therapeutic Effects of Antibody Treatment of Syrian Hamsters
Infected with rVSV/EBOV

To test the utility of rVSV/EBOV-infected Syrian hamsters for in vivo screening
of anti-EVD drugs, the prophylactic and therapeutic effects of passive immunization with
an anti-EBOV GP-neutralizing MAb were investigated in this model. I used a human-
mouse chimeric MADb (ch6D6) generated based on the variable region sequence of mouse
MADb 6D6, which has been shown to provide high levels of protection against EBOV
infection in mice [65,69]. Syrian hamsters were treated with 100 pg of MAb ch6D6 or
chDNP (negative control MAD), one day before (Figure 6) or one hour after (Figure 7)
the challenge with rVSV/EBOYV, rVSV/MARY, or rVSV/VSV and their body weight
changes and survival rates were monitored. The prophylactic treatment of animals with
ch6D6 protected all three animals from lethal rVSV/EBOV infection, though one animal
showed body weight loss. In contrast, all three animals that received chDNP showed body
weight loss and one of them died at 2 dpi. As expected, the treatment of animals with
ch6D6 did not show protective effects against 'VSV/MARV and rVSV/VSV infection.
The post-exposure therapeutic effect was also confirmed in this model (Figure 7). All
animals treated with ch6D6 one hour after the virus challenge survived without body
weight loss, whereas all of the chDNP-treated animals succumbed at 2 dpi. Infection of
animals with r'VSV/MARYV and rVSV/VSV induced severe disease signs with remarkable

weight loss regardless of the treatment and most of them succumbed at 2 or 3 dpi.

24



012345678
Days Post Infection

Days Post Infection

Days Post Infection

A B C D
chDNP + rVSV/EBOV chDNP + rVSV/IMARV chDNP + rVsv/ivsv chDNP + Saline
o 160 » 160 » 160 » 180
(=] [= (=] (=]
{:E; 140 - {:E; 140 {:E; 140 {:E; 132
£ 120 £ 120 £ 120 5
o 2 . 2 120
= 100 4 z 100 z 100 = 100
& 80 +—rTT T 80 F 80 & 80
0123458678 012345678 012345678 012345678
Days Post Infection Days Post Infection Days Post Infection Days Post Infection
ch6D6 + rVSV/IEBOV ch6D6 + rvVSV/IMARV ch6D6 + rVsSvivsv ch6D6 + Saline
o 160 o 160 o 160 o 180
S 140 S 140 § 140 § 160
2 20 2 120 s 120 § 140
5! T 5 5 120
2 100 £ 100 2 100 2 100
£ 80 £ 80 & 80 &80
012345678 012345678 012345678 012345678
Days Post Infection Days Post Infection Days Post Infection Days Post Infection
100 g=¢- 100 100 100 9=0-0—0-0-0-0-0-0
E 80 A E 80 T 80 - E 80
gﬁoq ——t—t——a—a gﬁo_ gao_ gﬁg_
w40 4 @ 40 4 Sttt @ 40 4 @ 40 4
B = 20 4 & 20 - = 20 4
0 TTr T T T T T 0 vvvvvv D : : : : : : 0 TTr T T T T T

012345678
Days Post Infection

Figure 6. Effects of prophylactic treatment with the neutralizing antibody in rVSV/EBOV-
infected hamsters. Three hamsters in each group were treated i.p. with 100 pg of MAb ch6D6
or negative control MAb chDNP one day before (A) rVSV/EBOV, (B) r'VSV/IMARYV, or (C)
rVSV/VSV i.p. challenge (10" PFU), or (D) treated with saline alone. Symbols represent
percentages of body weight for each hamster (upper and middle panels). Open and solid symbols

represent survival curves of 6D6- and chDNP-treated animals, respectively (lower panel).
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Figure 7. Therapeutic effect of post-exposure treatment with the neutralizing antibody in
rVSV/EBOV-infected hamsters. Three hamsters in each group were treated i.p. with 100 pg of
MADb ch6D6 or negative control MAb chDNP one hour after (A) r'VSV/EBOV, (B) rVSV/MARYV,
or (C) rVSV/VSV i.p. challenge (107 PFU), or (D) treated with saline alone. Symbols represent
percentages of weight for each hamster (upper and middle panels). Open and solid symbols
represent survival curves of 6D6- and chDNP-treated animals, respectively (lower panel).
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Discussion

In this study, | investigated the pathogenic potential of rVSV/EBOV and
r'VSV/MARYV in mice, rats, and hamsters and evaluated the hamster model as an in vivo
GP-targeting drug screening tool that could be handled under BSL-2 conditions. Rats and
mice inoculated with high titers of rVSV/EBOV did not show body weight loss and
infectious virus was not recovered from any of the tested tissues collected at 2 dpi (data
not shown). However, GP-specific serum IgG antibodies were detected at high titers in
all of the animals at the end of each experiment (data not shown), indicating asymptomatic
infection in rats and mice by rVSV/EBOV. In contrast, rVSV/EBOV infection resulted
in fatal outcomes for Syrian hamsters. It was reported that rVSV/EBOV used as a live
attenuated vaccine candidate induced strong immunity against EBOV GP and protected
6-week-old hamsters from lethal MA-EBOV infection [62]. In that study, the hamsters
were inoculated with 10° PFU of rVSV/EBOV and systemic replication of rVSV/EBOV
was confirmed at 1 dpi, but it is unclear whether these rVSV/EBOV-infected hamsters
showed disease signs or not. In my study, hamsters infected with 10° PFU of rVSV/EBOV
showed significant body weight loss and some of them succumbed within 2 dpi. Infection
with a higher dose (107 PFU) of rVSV/EBOV also led to fatal outcomes and the virus was
recovered from all the tested tissues, consistent with the previous study [62]. It is
conceivable that the difference in susceptibility to VSV among hamster strains affected
the different outcomes. Previous reports and my results indicate that WT VSV Indiana
induces fatal infection of hamsters [67,68,70]. However, differential susceptibility among
inbred Syrian hamster strains to the VSV Indiana serotype was reported [67,68]. The
susceptibility of outbred Syrian hamsters to rVSV/EBOV might vary depending on their
genetic backgrounds.

Interestingly, the tissue tropism of rVSV/EBOV and rVSV/MARV might differ
from that of rVSV/VSV. In rVSV/VSV-infected animals, the virus was detected in all of
the tested organs at high titers, suggesting the pantropicity of this virus. By contrast,
rVSV/EBOV and rVSV/MARYV seemed to prefer target organs such as the liver, spleen,
and lung. The virus titers were much lower in the brain samples collected from
rVSV/EBOV- and rVSV/MARV-infected hamsters than in those from rVSV/VSV-
infected animals, which is consistent with the observation that the nervous system is not
the main target of EBOV and MARYV [8]. Importantly, the histopathological analysis of
the infected animals also revealed different cellular tropisms among the viruses. It is
noteworthy that rVSV/EBOV and rVSV/MARYV, but not rVSV/VSV, preferentially
infected monocytic cells in the spleen, which are known to be one of the major target cells
of EBOV and MARV [14,15]. These observations suggest that rVSV/EBOV and
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r'VSV/MARV might have tissue tropisms similar to those seen in actual EBOV and
MARYV infection in mice and nonhuman primates. Since inflammation is most likely the
key factor of pathology in most animal models and human cases of EBOV and MARV
infections, the infection of macrophages and dendritic cells might also play important
roles in the pathogenesis of this hamster model although the immune regulation
mechanisms mediated by viral proteins other than GP should differ from those in animals
infected with authentic EBOV and MARV.

Different viral tropisms are often determined by the interaction between viral
envelope proteins and their host receptors. VSV exhibits a robust pantropic infectivity
mediated by its envelope protein, VSV G. It has been reported that nonspecific
electrostatic and hydrophobic interactions mediate the attachment of VSV to cells [71,72].
The involvement of the cell surface LDL receptor as the major ubiquitous VSV cellular
receptor has also been suggested [71,72]. On the other hand, the filovirus GP-mediated
attachment to host cells is believed to have tropism to cells expressing C-type lectins such
as DC/L-SIGN, hMGL, and LSECtin [14,15]. Hepatocytes, endothelial cells, dendritic
cells, monocytes, and macrophages, all of which express C-type lectins, are thought to be
preferred target cells of EBOV and MARV. In this study, I found that rVSV/EBOV and
rVSV/MARY infected hepatocytes and monocytic cells, although tropism to endothelial
cells was not clearly observed. In contrast, rVSV/VSV widely infected many types of
cells, including hepatocytes, macrophages, lymphocytes, and capillary cells. These results
suggest that r'VSV/EBOV and rVSV/MARYV preferentially infect particular types of cells,
which is reflected by GP-mediated cell tropism, likely through the interaction with C-
type lectins.

Patients having EVD or MVD typically present with abnormally low numbers
of leukocytes, lymphocytes, and platelets at the time of clinical onset [73,74]. In all rVSV-
infected animals, leukocytopenia and lymphocytopenia were observed and the degree was
most severe in r'VSV/MARV-infected hamsters. Interestingly, severe thrombocytopenia
was only observed in rVSV/EBOV-infected hamsters. The coagulopathic state seen in
EVD appears to be caused by a combination of activation of the mononuclear phagocytic
system, platelet aggregation, and consumption [12,73,74]. My data suggest that
rVSV/EBOV-infected hamsters might share a similar pathological mechanism with
EBOV infection of humans and nonhuman primates, though rVSV/MARYV seemed to
have lower preference for the mononuclear phagocytic system.

Significant increases of ALT and AST and a high AST/ALT ratio are common
features of EVD and MVD, indicating acute hepatic failure [73,74]. In the present study,
elevated levels of serum liver enzymes were observed in rVSV/EBOV-infected hamsters,
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but not in rVSV/MARV. | assumed that rVSV/EBOV induced pathological changes
similar to those in actual EBOV infection of humans and NHPs, whereas rVSV/MARV
caused milder infection in hamsters, resulting in less prominent pathological changes. The
increase of the liver enzymes was also seen in rVSV/VSV-hamsters. Considering the
pantropic property of VSV, elevated levels of the enzymes in rVSV/VSV-infected
hamsters, particularly ALP levels that were higher than in r'VSV/EBOV-infected animals,
might suggest that riVSV/VSV induced severe multiple organ disfunction that was distinct
from that observed in rVSV/EBOV- and rVSV/MARV-infected animals.

In the present study, I confirmed the pathogenicity of replication-competent
rVSV pseudotyped with filovirus GPs in Syrian hamsters, and demonstrated the utility of
this model to investigate the prophylactic and therapeutic effects of passive immunization
with an anti-GP neutralizing antibody. Since the entry of rVSV/EBOV and rVSV/MARV
into target cells depends on the function of GPs, this animal model is a useful tool for
screening of anti-GP drugs under BSL-2 conditions and is expected to accelerate drug
development targeting the function of GPs.
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Summary

The development of vaccines or antivirals against EVD and MVD have been
hampered because of biosafety restriction of EBOV and MARV. To accelerate the
development of countermeasures against these diseases, it is necessary to generate the
surrogate model that can be conducted under BSL-2 or -3 facilities. I investigated the
susceptibilities to r'VSV/EBOV among experimental animals including mice, rat, and
Syrian hamsters, and only hamster showed lethal outcomes. The pathogenicity of
rVSV/EBOV or r'VSV/MARYV to hamsters shared some features with EBOV or MARV
infection in humans such as severe hepatocellular necrosis, resemble tissue and cell
tropisms including hepatocytes or monocytes and depletion of the number of platelets that
did not observed in rVSV/VSV infection animals. This observation suggested that the
pathogenicities and cellular tropisms of rVSV/EBOV and rVSV/MARV were mainly
determined by their surface glycoprotein derived from EBOV and MARYV. Using this
model, I confirmed the therapeutic effect of passive immunization with the anti-EBOV
monoclonal antibody targeting EBOV GP before/after virus inoculation. From this result,
this animal model seems to be attractive in vivo GP-targeting drug screening tool that
could be handled under BSL-2 conditions.
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Chapter II:

Molecular mechanisms underlying the cellular entry and host range restriction of

Lujo virus, an arenavirus

Introduction

Viruses in the family Arenaviridae are divided into four genera: Antennavirus,
Hartmanivirus, Reptarenavirus, and Mammarenavirus. The genus Mammarenavirus is
classified into two major groups, the Old World (OW) and the New World (NW)
arenaviruses, based on their serologic, genetic, and geographic relationships. Some
mammarenaviruses infect humans and cause diseases ranging from asymptomatic to
severe hemorrhagic fever. Of these, LASV and LUJV, OW arenaviruses, are etiologic
agents of fatal hemorrhagic fevers in humans. NW arenaviruses, including Junin,
Machupo, Sabia, Guanarito, and Chapare viruses, are also known to cause hemorrhagic
fevers in humans [9,10]. LUJV caused an outbreak in 2008 in Zambia and South Africa.
Although the number of patients was limited, the mortality rate reached 80% [10,11]. In
general, rodents are natural reservoirs of arenaviruses, except for Tacaribe virus isolated
from an artibeus bat [9,75]. A natal multimammate mouse (Mastomys natalensis) is
known as the natural host of LASV; however, the reservoirs of LUJV are still unknown
[76,77]. To establish effective countermeasures against arenavirus infections, it is
important to understand the molecular bases on their pathogenicities and host ranges.

Arenaviruses are enveloped, two-segmented single-stranded ambisense RNA
viruses. The S segment of the viral genome encodes the glycoprotein (GP) precursor and
the nucleoprotein and the L segment encodes the matrix protein (Z) and the RNA-
dependent RNA polymerase (L) [9,13]. GP is synthesized as a single polypeptide chain
and cleaved post-translationally into mature GP1 and GP2 by a cellular proprotein
convertase, subtilisin kexin isozyme-1/site-1 protease [78,79]. GP1 is located on the top
of the viral surface GP spike and mediates the attachment of virions to the target cell. GP2
contains the transmembrane region of the GP spike and mediates membrane fusion
between the viral envelope and host cell membrane [13,18]. In accordance with the
phylogenetic differences of GP sequences, arenaviruses utilize different cellular receptors.
It is known that NW and OW arenaviruses use human transferrin receptor-1 (TfR1) and
a-dystroglycan (a-DG), respectively [13,18]. On the other hand, NRP2 and CD63 have
been reported as the cellular factors for LUJV infection [16]. NRP2 acts as the attachment
receptor and the direct interaction between LUJV GP1 and NRP2 has been well
investigated [16,17]. CD63 is thought to be required for pH-activated GP-mediated
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membrane fusion in endosomes. However, the detailed mechanisms by which the
interaction between CD63 and LUJV GP triggers membrane fusion is still unclear [16].

Although LUJV causes severe and life-threatening hemorrhagic fevers in
humans, previous reports suggested different susceptibilities to LUJV infection among
animal species. Cynomolgus macaques experimentally infected with LUJV only
displayed mild, non-lethal illness [34]. More prominent differences in the susceptibility
to LUJV were reported among rodents. LUJV did not cause any clinical symptoms or
mortality in newborn and weanling mice, whereas LUJV-infected guinea pigs developed
hemorrhagic manifestations similar to the symptoms observed in human cases [35].
However, neither viral nor cellular factors that explain such differential susceptibility
among animal species have been elucidated.

To determine the molecular mechanisms underlying the potential host specificity
of LUJV, I focused on the difference between human and rodent CD63 proteins. Using
replication-incompetent VSV pseudotyped wtih LUJV GP (VSVAG-LUJV/GP) [36], I
found rodent-derived cell lines that showed significantly lower susceptibility than the
human derived-cell lines tested and further demonstrated that a single amino acid residue
located in the large extracellular loop (LEL) [16—-18] was essential for the differential
susceptibility to VSVAG-LUJV/GP. It is suggested that the importance of the interaction
of LUJV GP with the LEL region of CD63 for LUJV infection and also provide useful

information for understanding the molecular basis of the host range of LUJV.
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Materials and methods
Cell lines

African green monkey kidney Vero E6, human embryonic kidney HEK293T,
human hepatoma Huh7, murine embryo fibroblast NIH3T3, and baby hamster kidney
fibroblast BHK cells were grown in DMEM (Sigma) supplemented with 10% FCS (Cell
Culture Bioscience), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Gibco). Plat-GP
cells (Cell Biolabs) were grown in DMEM supplemented with 10% FCS. All the cell lines

were grown at 37°C in a 5% CO; incubator.

Viruses

VSV containing the green fluorescent protein (GFP) gene instead of the VSV
glycoprotein (G) protein gene (VSVAG-G) and pseudotyped VSVs bearing GPs of LASV
(strain Josiah) or LUJV (strain IGR140) were generated as described previously
[36,80,81]. Infectious units (IU) of the pseudotyped VSVs in each cell line were
determined as described previously [65,82]. Briefly, cells were seeded in 96-well plates
one day before virus inoculation and 24 hours later GFP-positive cells were counted using
an IN Cell Analyzer 2000 (GE Healthcare). To reduce the background infectivity of the
residual parent VSVAG-G, each pseudotyped virus stock was treated with a neutralizing
monoclonal antibody specific to VSV G protein (VSV-G[N]1-9) before use [83]. The use
of VSVs was approved by the Committee for Safety Management of Pathogens, Research
Center for Zoonosis Control, Hokkaido University (10[06]) and Hokkaido University

Safety Committee for Genetic Recombination Experiments (21[4]).

Construction of plasmids and generation of cells expressing CD63 and/or NRP2
Total RNA was extracted from HEK293T, NIH3T3, and BHK cells using
ISOGEN (Nippongene) and mRNAs were reverse transcribed with Superscript IV
(Invitrogen). To amplify the CD63 and NRP2 genes, polymerase chain reaction (PCR)
was performed with KOD-One (TOYOBO) using primer sets designed based on the
sequences of human CD63 (Genbank accession number; NM_001257389.1), mouse
CD63 (Genebank accession number; NM 001042580.1), hamster CD63 (Genbank
accession number; XM _013120354.2), and human NRP2 (Genbank accession number;
NM 201266.1). The cDNA encoding human CD63 fused with an N-terminal 3XFLAG
tag was cloned into the pMXs-neo vector (Cell Biolabs) using an In-Fusion cloning kit
(BD Clontech) and the cDNA encoding human NRP2 fused with a C-terminal HA
(hemagglutinin) tag was also cloned into the pMXs-puro vector (Cell Biolabs). In the

same way, the cDNAs encoding mouse CD63 and hamster CD63 were also cloned into
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the pMXs-neo vector. The cDNA encoding chimeric CD63 and point mutant CD63 were
amplified using KOD-One and the primers containing the desired mutations, and cloned
into the pMXs-neo vectors using an In-Fusion HD Cloning Kit (Clontech). To generate
the retroviruses carrying the CD63 or NRP2 genes, Plat-GP cells were transfected with
the pMXs-neo or pMXs-puro vectors encoding cDNA of these genes together with the
expression plasmid pCAGGS encoding the VSV G gene using the TransIT-LT1
transfection reagent (Mirus) according to the manufacturer’s instructions. Two days after
transfection, the culture supernatants were collected, filtrated with 0.45-um filters, and
inoculated into BHK cells. BHK cells stably expressing CD63 or NRP2 were selected
with DMEM containing 10% FCS and 1,000 pg/ml G418 (GE Healthcare) or 10 pg/ml
puromycin (InvivoGen). BHK cells stably expressing both human CD63 and NRP2 were
generated by infecting BHK cells with both retroviruses carrying human CD63 and NRP2,
and selected with both 1,000 pg/ml G418 and 10 pg/ml puromycin. The expression of
exogenous CD63 and NPR2 was confirmed by western blotting analysis. For vector
control cells, BHK cells were transduced with the retrovirus produced with the pMXs-
neo vector alone. The use of recombinant plasmids was approved by Hokkaido University

Safety Committee for Genetic Recombination Experiments (21[4]).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
western blotting

Cells (6.0 x 10° cells for each cell line) were lysed with 100 ul RIPA buffer (50
mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1%
SDS) containing a protease inhibitor mixture (Roche) and incubated for 30 min on ice.
After centrifugation (10,000xg at 4°C) for 10 min, supernatants were mixed with SDS-
PAGE sample buffer (Bio-Rad) containing 10% 2-mercaptoethanol and incubated for 5
min at 98°C. The lysed proteins were separated in 6% (for NRP2) or 10% (for CD63 and
B actin) SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane
(Merck). PBS containing 5% skim milk (BD) and PBS containing 0.05% Tween 20
(PBST) were used as blocking and wash buffers, respectively. The PVDF membrane was
incubated with a mouse anti-FLAG M2 monoclonal antibody (Sigma), goat anti-NRP2
polyclonal antibody (R&D), or mouse anti-f3 actin monoclonal antibody (Abcam) for 60
min, washed with PBST, and then incubated with a goat anti-mouse IgG polyclonal
antibody conjugated with horseradish peroxidase (HRP) or donkey anti-goat IgG
polyclonal antibody conjugated with HRP (Jackson ImmunoResearch) for 60 min. After
washing with PBST, the bound antibodies were visualized with Immobilon Western
(Millipore) and Amersham Imager 600 (GE Healthcare).
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Immunofluorescence assay

To investigate the expression and localization of exogenous CD63, BHK cells
expressing exogenous 3XFLAG-tagged CD63 were seeded into eight-well chamber slides
(Merck) precoated with poly-L-lysine (Cultrex). At 24 hours after cell seeding, the cells
were washed with ice-cold PBS, fixed and permeabilized with ice-cold methanol for 15
min. After washing with PBS, the cells were incubated with PBST containing 3% bovine
serum albumin for blocking, followed by incubation with the mouse anti-FLAG M2
monoclonal antibody and a rat anti-lysosomal-associated membrane protein 1 (LAMP1)
polyclonal antibody (Sigma) as a late endosome marker for 1 hour at room temperature.
The cells were washed with PBST and then incubated with a goat Alexa Fluor 488-
conjugated anti-mouse IgG antibody (Molecular Probes), goat Alexa Fluor 594-
conjugated anti-rat 1gG antibody (Molecular Probes), and 5 pg/ml Hoechst 33842
(Thermo Fisher) for 1 hour in the dark at room temperature. Images were acquired with
a 100 x oil objective lens on a Zeiss LSM700 inverted microscope using ZEN 2009
software (Carl Zeiss).

Fusion assay

To increase the cell-surface localization of CD63 exogenously introduced into
HEK293 cells, retroviruses expressing CD63 with a mutated C-terminal lysosomal
targeting motif (GY234AA) [84] were generated and HEK293 cells were transduced with
the viruses. The surface localization of the exogenous CD63 was confirmed by flow
cytometric analysis. For this analysis, a mouse anti-human CD63 monoclonal antibody
(FUJIFILM Wako Pure Chemical Corporation) and rat anti-mouse CD63 monoclonal
antibody (MBL) as primary antibodies and a goat Alexa Fluor 488-conjugated anti-mouse
IgG antibody (Molecular Probes) and goat Alexa Fluor 488-conjugated anti-rat 1gG
antibody (Molecular Probes) as secondary antibodies were used. As the target cells, 1.5
x 10° HEK293 cells were cultured in poly-1-lysine coated 96-well plates and, 6 hours later,
the cells were transfected with pPCAGGS encoding the LUJV GP gene and pTOPO-T7-
IRES-nanoluciferase using TransIT-LT1 transfection reagent (Mirus) according to the
manufacturer’s instructions. The expression of surface LUJV GP was confirmed by flow
cytometry using an in-house mouse anti-LUJV GP monoclonal antibody. As the effector
cells, 3.0 x 10° HEK293 cells stably expressing exogenous CD63 were seeded in 6-well
plates at 6 hours prior to transfection. As vector control cells, HEK293 cells transduced
with the retrovirus produced with pMXs-neo vector were used. The effector HEK293
cells were transfected with pCAGGS plasmids encoding the GFP and pCAGGS-T7

polymerase genes using TransIT-LT1. Twenty-four hours after transfection, the effector
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cells were harvested with trypsin-EDTA and resuspended in DMEM supplemented with
10% FCS, and then 3.0 x 10* cells were overlaid onto the target cells in each well of 96-
well plates. After co-culturing target and effector cells for 24 hours, the cells were washed
once with PBS and then treated with citrate-phosphate buffer (pH 4.5) or PBS (pH 7.4)
for 10 min at 37°C followed by washing with PBS and replacement of the medium with
DMEM containing 10% FCS. After 24-hour incubation, syncytium formation was
examined by fluorescent microscopy and fusion activity was quantified by measuring
relative luciferase activity using the Nano-Glo Luciferase Assay System (Promega)
according to the manufacturer’s instructions. The use of recombinant plasmids was

approved by the Ministry of Education, Culture, Sports, Science, and Technology, Japan.

Statistical analysis

All data were analyzed using GraphPad Prism v6.0 software. For comparison of
viral infectivity among CD63-transduced cell lines, I performed a one-way repeated-
measures analysis of variance, followed by Dunnett’s test. P values of less than 0.05 were

considered statistically significant.
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Results
Differential susceptibility of human- and rodent-derived cell lines to VSVAG-
LUJV/GP and effects of NRP2 and CD63 expression on the susceptibility of BHK
cells

To analyze the susceptibilities of human and rodent cell lines to arenaviruses,
Vero E6 (African green monkey kidney), HEK293T (human kidney), Huh7 (human liver),
NIH3T3 (mouse embryo fibroblast), and BHK (hamster kidney) cells were infected with
VSV bearing Lassa virus GP (VSVAG-LASV/GP), Lujo virus GP (VSVAG-LUJV/GP),
and VSV G protein (VSVAG-G) (Figure 8A). I found that, unlike the tropism of VSVAG-
G, VSVAG-LASV/GP and VSVAG-LUJV/GP similarly infected Vero E6, Huh7, and
HEK293T cells more efficiently than NIH3T3 and BHK cells, and this tendency was
particularly prominent for the VSVAG-LUJV/GP infectivity. Interestingly, VSVAG-
LUJV/GP showed much lower infectious units (2-3 log lower) in NIH3T3 and BHK cells
than VSVAG-LASV/GP. Notably, BHK cells were almost nonpermissive to VSVAG-
LUJV/GP. I then assumed that the differential susceptibility was due to the differences of
the LUJV receptor molecules (i.e., NRP2 and CD63). To confirm the roles of these
receptor molecules, I generated BHK cell lines stably expressing exogenous human CD63
and/or NPR2, and examined their susceptibilities to VSVAG-LUJV/GP (Figure 8B). As
expected, the expression of these molecules in BHK cells significantly enhanced the
infectivity of VSVAG-LUJV/GP, whereas only marginal enhancement was observed for
the expression of NPR2. Accordingly, the amino acid sequences of the N-terminal CUB1
domain of NRP2, which is critical for binding between NRP2 and LUJV GP1 [9,10], are
well conserved among mammalian species and there are no amino acid differences that
could explain the lower susceptibility of the rodent cell lines tested, suggesting the limited
role in the differential susceptibility between the human and rodent cell lines (Figure 8C).
I then focused on the CD63 molecule, and BHK cell lines expressing human, mouse and
hamster CD63s were generated for comparison of their susceptibilities to VSVAG-
LUJV/GP and VSVAG-LASV/G. I confirmed similar intracellular localization and
expression levels of the exogenous CD63s by confocal microscopy and western blotting
(Figure 9A and 9B). In contrast to VSVAG-LASV/GP, which uniformly infected all these
cell lines, VSVAG-LUJV/GP showed significantly higher infectivity in human CD63-

expressing cells than in the cells expressing mouse or hamster CD63 (Figure 9C).
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Figure 8. Differential susceptibility of primate- and rodent-derived cell lines to pseudotyped
VSVs and importance of CD63 for LUJV entry into cells. (A) Infectious units (IU) of VSVAG-
LUJV/GP, VSVAG-LASV/GP, and VSVAG-G were determined in Vero E6, Huh7, HEK293T,
NIH3T3, and BHK cells by counting the number of GFP-expressing cells as described in
Materials and Methods. Each experiment was conducted three times, and averages and standard
deviations are shown. (B) BHK cells transduced with exogenous human CD63 and/or NRP2
genes were infected with VSVAG-LUJV/GP. The experiment was conducted three times, and
averages and standard deviations are shown. Significant differences compared to the cells
transduced with the vector control (Vector control) are shown (*P<0.05, **P<0.01, ***P<0.001,
*H%%P<(0.0001). (C) Amino acid sequences of the CUB1 region of NRP2 orthologs are aligned
for the human (Homo sapiens; NP_003863.2), African green monkey (Chlorocebus sabaeus;
XP_007964144.1), mouse (Mus musculus; NP_001070872.1), rat (Rattus norvegicus;
XP_006245101.1), Syrian hamster (Mesocricetus auratus; XP_005070706.1), guinea pig (Cavia
porcellus;  XP_013012991.1), Southern multimammate mouse (Mastomys coucha,
XP_031223558.1), and Egyptian fruit bat (Rousettus aegyptiacus; XP_015990573.1) in human
NRP2 numbering. The amino acid residues directly interacting with LUJV GP1 (lysine and
arginine at positions 123 and 130, respectively) are highlighted in pale red.
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Figure 9. Expression of exogenous human, mouse, and hamster CD63s in BHK cells and
infectivities of VSVAG-LUJV/GP and VSVAG-LASV/GP. (A) The intracellular localization of
exogenous CD63 in BHK cells was analyzed by confocal microscopy as described in Materials
and Methods. The scale bars represent 20 um. (B) Each cell lysate was separated in SDS-PAGE
followed by western blotting as described in Materials and Methods. (C) Exogenous human,
mouse, or hamster CD63-expressing BHK cells were infected with VSVAG-LUJV/GP or
VSVAG-LASV/GP and infectious units (IU) were determined. Each experiment was conducted
three times, and averages and standard deviations are shown. Significant differences compared to
the cells transduced with the vector control (Vector control) are shown (*P < 0.05, **P < 0.01,

kP <0.001, ****P <0.0001).
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Mapping of the functional regions in the CD63 molecule for VSVAG-LUJV/GP
infectivity

CD63 is a member of the tetraspanin family, which contains transmembrane
(TM), N-terminal small extracellular loop (SEL), and C-terminal large extracellular loop
(LEL) regions [85] (Figure 10A). Comparative sequence analysis of human and mouse
CD63s revealed major differences located in the SEL and LEL regions (Figure 10B). To
investigate which region of human CD63 is important for VSVAG-LUJV/GP infection, |
generated BHK cell lines stably expressing chimeric human-mouse CD63 proteins and
compared their susceptibilities to the viruses (Figure 10C and 10D). The expression and
the intracellular localization of the chimeric CD63s were confirmed by western blotting
and confocal microscopy (Figure 11). Consistent with the results shown in Figure 9, all
of the cell lines expressing human, mouse, or chimeric CD63 showed similar
susceptibilities to VSVAG-LASV/GP. In contrast, VSVAG-LUJV/GP efficiently infected
the cells expressing CD63 containing human CD63-derived LEL but not mouse CD63-
derived LEL (Figure 10). The TM region of CD63 did not seem to make a major
contribution to the infectivity of VSVAG-LUJV/GP. These data indicated that the LEL
region of human CD63 determined the high susceptibility of human cells to VSVAG-
LUJV/GP infection.
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Figure 10. Importance of the large extracellular loop (LEL) region of human CD63 for
VSVAG-LUJV/GP entry. (A) Schematic diagram of CD63. CD63 contains four transmembrane
helixes (TM1-TM4), an N-terminal small extracellular loop (SEL), and a C-terminal large
extracellular loop. (B) Comparison of amino acid sequences of human CD63 (NP_001244318.1)
and mouse CD63 (NP_001036045.1). Amino acid residues different in human and mouse CD63s
are highlighted. (C) Schematic diagram of chimeric CD63s produced in this study. The green and
yellow colors indicate the regions derived from human and mouse CD63s, respectively. These
chimeric CD63 proteins contain the human CD63 transmembrane domain (hCD63TM) or mouse
CD63 transmembrane domain (mCD63TM). (D) BHK cells expressing wildtype human, mouse,
and chimeric CD63s were infected with VSVAG-LUJV/GP or VSVAG-LASV/GP. The infectious
units (IU) were determined as described in Materials and Methods. Each experiment was
conducted three times, and averages and standard deviations are shown. Significant differences
compared to the cells transduced with the vector control (Vector control) are shown (*P < 0.05,
*¥*P <0.01, ¥**¥*P <0.001, ****P <0.0001).
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Figure 11. Expression of exogenous human and mouse CD63s and their chimeric mutants

in BHK cells. (A) The intracellular localization of exogenous chimeric CD63 in BHK cells was

analyzed by confocal microscopy as described in Materials and Methods. The scale bars represent

20 um. (B) Each cell lysate was separated in SDS-PAGE followed by western blotting as
described in Materials and Methods.
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Contribution of amino acid residues at positions 141-150 in CD63 to VSVAG-
LUJV/GP infection

To determine the LEL region important for VSVAG-LUJV/GP infection, I tested
CD63 mutants having chimeric human-mouse CD63 LEL regions (Figure 12A). BHK
cell lines stably expressing human and mouse WT CD63s and these CD63 mutants were
infected with VSVAG-LUJV/GP and VSVAG-LASV/GP to compare their susceptibilities
to the viruses (Figure 12B). The protein expression and intracellular localization were
confirmed as described above (Figure 13). As expected, the expression of chimeric CD63
did not affect the susceptibility to VSVAG-LASV/GP. In contrast, human CD63 having
amino acid residues from mouse CD63 at positions 141-160 significantly decreased the
ability to mediate VSVAG-LUJV/GP entry and the replacement of this region in mouse
CD63 with that of human LEL significantly increased the susceptibility of the cells. I
further generated cells expressing chimeric CD63 in which the amino acid residues at
positions 141-150 and 151-160 were swapped and found that the LEL region including
amino acids at positions 141-150 was critical for VSVAG-LUJV/GP infection (Figure
12B).
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Figure 12. Importance of amino acid positions 141-160 of human CD63 for VSVAG-
LUJV/GP entry. (A) Schematic diagrams of chimeric human and mouse CD63s. The green and
yellow colors indicate the regions derived from human and mouse CD63s, respectively. (B) BHK
cells expressing wildtype human, mouse, and chimeric CD63s were infected with VSVAG-
LUJV/GP or VSVAG-LASV/GP. The infectious units (IU) were determined as described in
Materials and Methods. Each experiment was conducted three times, and averages and standard
deviations are shown. Significant differences compared to the cells transduced with the vector
control (Vector control) are shown (*P < 0.05, **P < (.01, ***P < 0.001, ****P <(.0001).
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Figure 13. Expression of exogenous human and mouse CD63s and their mutants having the
chimeric LEL regions in BHK cells. (A) The intracellular localization of CD63 in BHK cells
was analyzed by confocal microscopy as described in Materials and Methods. The scale bars
represent 20 um. (B) Each cell lysate was separated in SDS-PAGE followed by western blotting
as described in Materials and Methods.
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Importance of the phenylalanine at position 143 in human CD63 for VSVAG-
LUJV/GP infection

In the 141-150 amino acid region, there are five amino acid differences between
human and mouse CD63 (Figure 14A). To determine which amino acid residue(s)
contributed to the LUJV cellular entry, I generated CD63 mutants containing point
mutations at each amino acid position. In these CD63 mutants, the different amino acid
residues were swapped between human and mouse CD63s (Figure 14A). Then BHK cells
stably expressing these CD63 mutants were produced and their susceptibilities to
VSVAG-LUJV/GP and VSVAG-LASV/GP were compared (Figure 14B). The protein
expression and intracellular localization were confirmed as described above (Figure 15).
As with human and mouse wildtype CD63s, the expression of all these CD63 mutants in
BHK cells did not significantly affect the efficiency of the VSVAG- LASV/GP entry
(Figure 14, upper panels). In contrast, swapping of the phenylalanine and asparagine
residues at position 143 between human and mouse CD63s completely exchanged the
susceptibilities of the exogenous CD63-expressing cells to VSVAG-LUJV/GP (Figure 14,
lower panels). These results indicated that the amino acid at position 143 was responsible
for the differential susceptibility between the human and mouse cell lines (i.e., HEK293T
and NIH3T3) to VSVAG-LUJV/GP infection.
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Figure 14. Importance of the amino acid residue at position 143 of human CD63 for VSVAG-
LUJV/GP entry. (A) Amino acid sequences at positions 141-151 of the wildtype human, mouse,
and mutant CD63s produced in this study. The green and yellow colors indicate the amino acid
residues from human and mouse CD63s, respectively. (B) BHK cells expressing these CD63s
were infected with VSVAG-LUJV/GP or VSVAG-LASV/GP. The infectious units (IU) were
determined as described in Materials and Methods. Each experiment was conducted three times,
and averages and standard deviations are shown. Significant differences compared to the cells
transduced with the vector control (Vector control) are shown (*P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001).
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Figure 15. Expression of exogenous human and mouse CD63s and their mutants with single
amino acid substitutions in BHK cells. (A) The intracellular localization of CD63 in BHK cells
was analyzed by confocal microscopy as described in Materials and Methods. The scale bars

represent 20 um. (B) Each cell lysate was separated in SDS-PAGE followed by western blotting

as described in Materials and Methods.
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Effects of the amino acid substitution at position 143 of CD63 on LUJV GP-mediated
membrane fusion

It has been thought that low pH-activated LUJV GP is released from the
attachment receptor NRP2 following conformational change and then interacts with the
endosomal fusion receptor CD63 (i.e., receptor switch), leading to membrane fusion. To
investigate membrane fusion activity mediated by the interaction between LUJV GP and
CD63, I performed a quantitative reporter fusion assay using HEK293 cells expressing
LUJV GP and cell-surface-localized exogenous CD63 (i.e., GY234AA mutant) (Figure
16). At neutral pH, appreciable syncytium formation was not detected in any of the CD63-
expressing cells. In contrast, significantly increased luciferase activity was observed at
low pH in the cells expressing WT human CD63 GY234AA mutant or a mouse CD63
GY234AA mutant having a single mutation (mCD63-N143F), whereas the cells
expressing wildtype mouse CD63 or a human CD63 GY234AA mutant with the converse
mutation (hCD63-F143N) only showed limited fusion activity, like vector control cells.
These data indicated that the differential susceptibility between the human and mouse cell
lines was determined by the ability of CD63 to mediate membrane fusion, and that the

amino acid residue at position 143 played a major role in the interaction with LUJV GP.
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Figure 16. Importance of the amino acid residue at position 143 of human CD63 for LUJV

GP-mediated cell fusion. (A) Syncytium formation assays for LUJV GP expressing HEK293

cells after treatment with low and neutral pH buffers (4.5 and 7.4 respectively) were performed

as described in Materials and Methods. Syncytium formation was observed by fluorescent

microscopy after 24-hour incubation. The scale bars represent 200 pm. (B) Cell fusion activity

after exposure at low and neutral pH (4.5 and 7.4, respectively) for 10 min was quantitatively

detected as described in Materials and Methods. Each experiment was conducted three times, and

averages and standard deviations are shown. Relative luciferase activity was calculated for each

pH condition, setting the value of the vector control to 100%. Significant differences compared

to the vector control cells (Vector control) are shown (¥*P <0.05, **P <0.01, ***P <0.001, ****P

<0.0001).
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Discussion

LUJV caused an outbreak in Zambia and South Africa in 2008 [10]. The
nosocomial transmission in this outbreak indicated that LUJV caused human-to-human
transmission. Since then, patients with LUJV infection have never been reported and
LUJV has never been detected in any animal species [76,77,86]. Although LUJV is
classified into the OW arenavirus group because of its discovery in Africa, it is
phylogenetically distinct from the other OW arenaviruses, including LASV [10]. In
accordance with the structural difference of the GP1 molecule between LUJV and LASYV,
LUJV utilizes a unique cellular attachment factor, NRP2 [16]. With pH reduction in the
endosome, LASV and LUJV GPs switch their binding partners from attachment receptors
to the intracellular fusion receptors LAMP1 and CD63, respectively [16,23]. It has been
shown that LAMP1 is the key factor for LASV host restriction and that the chicken
LAMPI1 ortholog lacking the specific N-glycosylation site does not mediate LASV
infection [22,23]. Thus, the difference in the receptor usage likely affects the host ranges
and natural host preferences of arenaviruses [33]. In the present study, I found that
VSVAG-LASV/GP infected the mouse and hamster cell lines more efficiently than
VSVAG-LUJV/GP. It may be important to note that human and mouse LAMP1 share an
N-glycosylation site that is critical for LASV infection [22,23], and this could explain the
relatively high susceptibility of the rodent cell lines to VSVAG-LASV/GP infection. On
the other hand, I found that there were considerable amino acid differences between
human and mouse CD63s and that the substantially low susceptibility of the mouse cell
line to VSVAG-LUJV/GP was due to the reduced ability of mouse CD63 to mediate
membrane fusion. Interestingly, the importance of the endosomal fusion receptor in
differential host tropisms of filoviruses has also been reported [27,28,30]. These
observations imply a common concept explaining the molecular mechanism underlying
viral host ranges controlled by their endosomal fusion receptors.

CD63 is a tetraspanin involved in a variety of cellular processes such as cell
activation and cell adhesion [85,87]. It is expressed ubiquitously in late endosomes,
lysosomes, and on cell surfaces. For the intracellular localization of CD63, the TM
domains are known to be important [85]. Consistent with the fact that the amino acid
sequences of the TM region are almost identical in human and mouse CD63s, the
localizations of CD63 were similar in them as shown in Figure 11A. Accordingly, my
data showed that the exchange of their transmembrane domains did not affect VSVAG-
LUJV/GP infectivity in the CD63-transduced BHK cells, confirming that the TM region
was not critical for the difference in susceptibility between the human and mouse cell

lines.
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My data suggest that LUJV GP interacts with the LEL region of CD63 and that
the amino acid residues at positions 141-150 of human CDG63, especially the
phenylalanine residue at position 143, are essential for GP-mediated membrane fusion
and thus for LUJV entry into cells. I attempted to analyze the direct interaction between
LUJV GP and human CD63, the human CD63 F143N mutant, mouse CD63, and mouse
CD63 N143F mutant by an immunoprecipitation assay but could not detect direct binding
of these molecules (data not shown) consistent with a previous study [11]. I assume that
the binding affinity between LUJV GP and CD63 might be weak and the presence of
detergents during immunoprecipitation assays interfered with the binding of these
molecules. However, my fusion assay strongly suggests that the interaction between
LUJV GP and CD63 is crucial to mediate membrane fusion.

It should be noted that human CD63 having the 102-121 amino acid region of
mouse CD63 (chCD63-mLEL102-121) showed reduced ability to mediate the VSVAG-
LUJV/GP entry, although its impact was lower than the 141-150 region (Figure 12B). In
contrast, mouse CD63 having the 102-121 amino acid region of human CD63 (cmCD63-
hLEL102-121) did not increase the susceptibility of the transduced BHK cells to VSVAG-
LUJV/GP. This partial negative effect on human CD63 might be due to the difference of
N-glycosylation motifs between human and mouse CD63. Mouse CD63, but not human
CD63, contains an additional N-glycosylation motif in the 102-121 region (positions 116-
118; N-K-S) (Figure 10). It is conceivable that the contact of LUJV GP with the
phenylalanine at position 143 on chCD63-mLEL102-121 might be interfered with by this
additional glycan derived from the mouse 102-121 sequence.

For the development of antivirals that inhibit viral entry into cells, it is important
to clarify the structural bases and molecular mechanisms of the interactions between viral
surface proteins and their receptors. For example, the interaction between the E2
glycoprotein of hepatitis C virus (HCV) and CD81, another tetraspanin, has been well
investigated [88,89]. The crystal structure of the complex of the HCV E2 glycoprotein
and CD81 was resolved and the receptor binding region of the E2 glycoprotein has been
identified [90]. The receptor binding regions of the E glycoprotein are targeted by
multiple neutralizing antibodies [91]. As antiviral drug candidates that inhibit the entry
step of HCV, small chemical compounds mimicking the CD81 LEL partial structure were
reported to block the binding of the E glycoprotein to CD81 [92,93]. As is the case with
the interaction between CD81 and the HCV E2 glycoprotein, the molecular interface
between the CD63 LEL region and LUJV GP may also be a target for neutralizing

antibodies and antiviral drugs that block the entry of the virus into host cells.
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Since LUJV infection was first reported in 2008, LUJV has not been found
anywhere and information on its host range and natural hosts has also been quite limited.
Interestingly, the phenylalanine at position 143 (human CD63 numbering) of CD63
orthologs is conserved in many mammalian species (Figure 17). In general, natural hosts
of arenaviruses are restricted by geographical and molecular factors, but my data may
imply that LUJV has a larger host range than the other arenaviruses. However, some small
rodent species such as Mus musculus (mouse), Rattus norvegicus (rat), and Mastomys
coucha (Southern multimammate mouse) have different amino acid residues at this
position. It has been shown that laboratory mice are resistant to LUJV infection whereas
guinea pigs are highly susceptible to the virus and the infection causes fatal disease [35].
Interestingly, CD63 of guinea pigs contains the human-type amino acid residue
(phenylalanine) at position 143, which may explain the high susceptibility of this animal
species to LUJV infection. On the other hand, my data suggest that hamster CD63 is not
fully capable of mediating LUJV entry, although it has a phenylalanine at this amino acid
position. To investigate the contribution of the 141-150 amino acid region of hamster
CD63, I produced transduced cells expressing chimeric human CD63s having the 141-
150 amino acid region from the hamster, Southern multimammate mouse, or rat CD63
and investigated their susceptibilities to VSVAG-LUJV/GP (data not shown). The cells
expressing the chimeric human CD63 having the 141-150 amino acid region of hamster
CD63 were found to have enhanced susceptibility to VSVAG-LUJV/GP. This suggests
that other region(s) of CD63 might also be involved in the reduced susceptibility of BHK
cells to VSVAG-LUJV/GP.

In this report, I focused on the distinct susceptibilities of human- and mouse-
derived cell lines to VSVAG-LUJV/GP and identified a molecular factor that is important
for the interaction between LUJV GP and CD63 as well as for host tropism of LUJV.
Information on the host range and natural hosts of LUJV is a prerequisite for the
establishment of epidemiological control strategies, and elucidation of the molecular
mechanisms of LUJV entry into cells is critical for the development of effective anti-
LUJV drugs. My data provide important information on the possible host range of LUJV
and on a potential drug target that inhibits LUJV entry into cells.
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140

Human Homo sapiens (NP_001771.1) ADFK A T

(NP_031679.1) KENN S T

Degu  Octodon degus (XP_004647156.1) KKFE A S

Guinea pig Cavia porcellus (XP_003476257.1) TKFH A T

Lesser egyptian jerboa Jaculusjaculus (XP_004650010 1) KDFM A T
Chinese hamster Cricetulus griseus (XP_003506255 1) KEFE N T
Syrian hamster Mesocricetus auratus ~ (XP_005079748.1) KEFK N T

Big brown bat Eptesicus fuscus (XP_008146815 1) KEFK A T
Brandt's bat Myotis brandtii (XP_014403621.1) KKFK A T

Little brown bat myotis lucifugus (XP_014315480.1) KKFK A T
Malayan pangolin  Manis javanica (XP_017514047.1) KDF K A T
Horse Equus cabalius (XP_023499518 1) EKFH T T

Bovine Bos taurus (NP_991372.1) KDFE A T

Sheep ovisaries (XP_027823415.1) KDFK A T

Natal long-fingered bat Miniopterus natalensis  (XP_016069874 1) KKFR A T
Common vampire bat Desmodus rotundus ~ (XP_024432083.1) ENFK A T
Leopard Panthera pardus (XP_019310240.1) ENFK A T

Egyptian fruit bat Rousettus aegyptiacus  (XP_016021290.2) ENFK A T
Black flying fox Pteropus alecto (XP_006908925.1) ENFK A T

Large flying fox Pteropus vampyrus ~ (XP_011374032.1) KDFT A T
European rabbit Oryctolagus cunicuius - (NP_001075668.1) EDF K A T

Boar Sus scrofa (XP_005663935.1) ADF K A T

Rhesus macaque Macaca mulatta (NP_001253224 1) ADFK A T
African green monkey Chiorocebus sabaeus  (XP_008001758.1) ADFK A T
Chimpanzee Pan troglodytes (XP_509121.1) EDFK A T

Ferret Mustela putorius furo  (XP_004773100.1) EDF K A T

Domestic dog Canis lupus familiaris ~ (XP_003639366.1) EDFK A T

Dingo  Canis lupus dingo (XP_025332882.1) EDF K A T

Red fox Vulpes vulpes (XP_025857789.1) EDF K A T

Domestic cat Felis catus (NP_001009855.1) EDF K A T

African grass rat  Arvicanthis niloticus (XP_034343158 1) K E N s T
Southern multimammate mouse Mastomys coucha (XP_031205813.1) KDNK S T
Rat Rattus norvegicus (XP_008763246.1) KENK S T

Ryukyu mouse Mus caroli (XP_021030049.1) KENN S T
Gairdner's shrewmouse  Mus pahari (XP_021060674.1) KENK S T

(42
N

Figure 17. Comparison of amino acid sequences at positions 140-152 of CD63 among
mammalian species. Amino acid residues at positions 140-152 (human CD63 numbering) are
shown. Gene bank accession numbers are shown in parentheses. Amino acid residues shared

among all examined animal species are shown in gray.
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Summary

Like other human-pathogenic arenaviruses, LUJV is a causative agent of viral
hemorrhagic fever in humans. LUJV infects humans with high mortality rates but the
susceptibilities of other animal species and molecular determinants of its host specificity
remain unknown. We found that mouse- and hamster-derived cell lines (NIH3T3 and
BHK, respectively) were less susceptible to VSVAG-LUJV/GP than human-derived cell
lines (HEK293T and Huh7). To determine the cellular factors involved in the differential
susceptibility between the human and mouse cell lines, we focused on the CD63 molecule,
which is required for pH-activated GP-mediated membrane fusion during LUJV entry
into host cells. The exogenous introduction of human CD63, but not mouse or hamster
CD63, into BHK cells significantly increased the susceptibility to VSVAG-LUJV/GP.
Using chimeric human-mouse CD63 proteins, we found that the amino acid residues at
positions 141-150 in the LEL region of CD63 were important for the cellular entry of
VSVAG-LUJV/GP. By site-directed mutagenesis, we further determined that a
phenylalanine at position 143 in human CD63 was the key residue for efficient membrane
fusion and VSVAG-LUJV/GP infection. Our data suggest that the interaction of LUJV
GP with the LEL region of CD63 is essential for cell susceptibility to LUJV, thus
providing new insights into the molecular mechanisms underlying the cellular entry of

LUJV and host range restriction of this virus.
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Conclusion

For filoviruses and arenaviruses, the interaction of viral surface glycoproteins
(GPs) and cell surface receptors is the initial step of entry, followed by incorporation of
virus particles into endosomes. Filoviruses represented by EBOV and MARYV, and some
members of arenavirus such as LASV and LUJV, require intercellular receptors for fusion
between viral envelope and endosomal membrane. In general, the GP-receptor
engagement is an important determinant for the tissue tropism, pathogenicity, and host
specificities of the viruses. Thus, it is important to investigate the function and property
of GPs for better understanding of viral pathogenesis as well as for the establishment of
countermeasures to control infectious diseases caused by these viruses.

In chapter I, it was demonstrated that rVSV/EBOV and rVSV/MARV caused
lethal infection in Syrian hamsters and the tissue tropisms of these viruses were partially
similar to those of EBOV and MARYV infection in humans. Elevated levels of liver
enzymes and thrombocytopenia, both of which are typically found in EBOV infection of
humans, were also found in rVSV/EBOV-infected hamsters. These results suggest that
their tissue tropisms and some of the physiological events depend on the function of
EBOV and MARV GPs. Using this model, I further confirmed therapeutic effects of
passive immunization with neutralizing anti-EBOV GP monoclonal antibody. This
surrogate animal model of filovirus infection is a useful tool for screening of drugs
targeting the filovirus GP functions under BSL-2 conditions and is expected to accelerate
drug and vaccine development.

In chapter II, I revealed the mechanisms underlying the differential
susceptibilities between human and rodent cell lines to LUJV infection, focusing on the
function of LUJV GP. I infected several cell lines with VSVAG-LUJV/GP and found that
rodent-derived cell lines were less susceptible than human-derived cell lines. Then, the
differential susceptibilities were found to be determined by the structural difference of
CD63, the intercellular receptor of LUJV. I further identified an important amino acid
residue on human CD63 for efficient LUJV infection and found that this amino acid was
shared among many animal species. These results suggest that the interaction between
LUJV GP and CD63 is one of the important factors to determine the host range of JUJV
and that LUJV potentially has larger host range than other arenaviruses.

In the present study, I focused on the cell tropism of hemorrhagic fever viruses
and mechanisms of entry into cells. The surrogate animal models of EBOV and MARV
infection established in this study is expected to be widely used for evaluation of the
filovirus pathogenicity depending on the GP tropism and screening of antiviral drugs

targeting GPs. The findings on the CD63-regulated susceptibilities of the cell lines to
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LUJV infection provide important information for the development of anti-LUJV drugs

as well as identification of natural hosts of LUJV.
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Abstract in Japanese

HIMEAZ S R T IANRBZEICTO2OTAALZRE (Z4 0T 4 2R TLFy
ANZEL 77 €T ANAEN FAvTALREL, NV ETANZEL 222404
WARL AN IV IANZREDIKET 2, 206DV A VARG vy Re -T2 H7 5,
~AFAHRNA VA NVATH S, 74874 VAEHTET % Ebolavirus (EBOV) ¥ X
OF Marburg virus (MARV) ®, 7L 77 A4V AFHIJET % Lassa virus (LASV) B XU
Lujo virus (LUJV) 72 &2 X 3 v A M AERMBADBIR ITE S, ThbD v A VR
Biosafety level (BSL)-4 fiifx TR T NIEHR O R WHEAE L THHINLTW 5,
EBOV. MARV. LASV & XU LUJV Difiildiz AR Ic W, REHEEHE GP 2518
FHRLICHIRL T2 72— ICHEAET L L BMATH S, GP 1TV A L RDIEER
MIREREICEETh 2 L L b Iic, FRPUA R EDBEED X -7y FThH D, £/, GP
L 72— OMAEERIEFRFFREEEZHET 2RF T H 5, KX TlE EBOV,
MARV. LASV ¥ XU LUIV @ GP I & Y #UE & 2 Mg & A A 1 = X 4
B3 2 F5E 21T o 72

EBOV & MARV IcfR&EX N2 748w 4zt F2EDEEHICEWETLEOH
MmEAEGIEEIFT, OO 7 4 B YA NVRBYEICHN T 27 7 F v LiREEIER O
TEY, ZOJHERED—> & LT, Lz BSL-4 izt Tirb T id e & 2 Wil 23481
biLs, H—HTIE BSL-2 H 5\ BSL3 fligx THL7 4 e v ANV RHEDR 7 ) —= v
7 FEi A ATRE 2 U B IR 7 L OfEST % ik A 72, £, EBOV & MARV O Efib
EHE (GP) IKEHL, KigtEogy A v 2 (VSV) © G EHEEET % EBOV B X
U MARV @ GP #Ef5FICiE#R L 72/ it 2 v 4 v 2 (rVSV/EBOV ¥ X UF rVSV/MARV)
EH L7, B L OEZ % LT % 729 I1C rVSV/EBOV 2~ 7 X, 7 v b Bk
P VT UYNLAR—ICEP I /2L 2 A, V)T VAN LAR—TORPAE I (RERD
DFB® b3, rVSV/EBOV &Y L 2 2 — (3G 4 HUAN TR L7z, rVSV/MARV
bFEIFRIC AN LA X —oxnf L T2 2 &£ L&, rVSV/EBOV B X U
VSV/MARV &G LA X — DB DfiR TV 4 L 2 DMFEDSR® &7z, Fric, FFliE.
. Bl L i co v A v RS AR D o 7z JRERAIIENT D B VSV 23T
B, HER, U v ovEREs X ORIEHIAE & v o 72 JAFE A IC RS L Tz o Rk L T
rVSV/EBOV & rVSV/MARV T, w7 v 7 7 =3B X OCHIREMAT L o 7252
BXoD EBOV F X "MARV 23 & 3 2 IR ICBRY T 2 M2 B 2 FBDh o 72, 720
rVSV/EBOV [&Hen LA % — T3 HIMEREL DA 35 X O AST & ALP O LR 235 5 4,
t b D EBOV EETHLN LKA L OBELUSEARED O, U EDERL S,
rVSV/EBOV & rVSV/MARV DifHARFF FAE-CHIFEMEICIE GP 2B BG LTwa 2 & h
MR I N7z, KIT, rVSV/EBOV EGLHEI#ZICHL EBOV ik Z 5 L& 2 A, fKE
WA DR L BIHEOKT & v o 7iEMRPED bz, L ORI, 2D 7 4
7y AL ZEERBEEYIE T VI GPICER T 2 itk b ez Lot 7 4 n v 4
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NAID invivo A2 ) —=v ZICHERATH3HEERLTWS,

BoETE, WHAET LI VAL RBIBET ALY a A2 (LUIV) iICxtd 34
fu & 32 li%ﬂmﬁ“éfﬁil?hﬁﬁ%?‘%ﬁﬁn%ﬁo75_0 LUJV (% 2008 FFicHF v T H X
CHET 7V A CT/MNIBD Y A VAERINBADTITZ 5 EE LAV A VA TH D | KRS
FHSAFH4ADBHE Lz, LA L, 2008 FELARE, LUIV BERPOE|E 137 <. A TT -
A Z R E L7EEREICE T LUV I S TE 59, LUIV 04, FHE
s X OCHEAEFEICET 2 ARIRIE S v, AIFSE Tk, £ 97 LUV o R EHE GP
BHEST2 2 —F 24 774 & (VSVAG-LUIV/GP) 153 2 MlAakk © [R3Z 1 # Lk
L7-& 2%, b FHEOMAEHK (Huh7, HEK293T) REEZMETH o7zt L, =7
A HCRMIAEME (NTH3T3) &~ 22 2 —dfifiiatk (BHK) (3KEZETH 5 2 L A5y
Dolze T T, TORZMDBENICEE 3 216 FERT DN %17 - 72, LUIV O#ifg
WRAICEED 216 FE KT & L T Neuropilin2 (NRP2) & CD63 23 S 1T\ %, CD63
X LUIV Ol ABRRIC B 1T 2 ERG L £ 72— L L TIREIN T35, NRP2 D
7 EEAE R L2 8 2 A, LUIV @ GP & OHE/ER ICERE 72 CUBI fElIC B T
BEHIDENZ, b b, RTYRBLUANLZRZ—DETIREALRD LN > -HEp
5 CD63 ICE H L 72 VSVAG-LUIV/GP Chh &l ME% /R X 7 h> - 7- BHK Mifidic, ®
P, SURBLUPNLRAX—CDO3 ¥ X ¢/ 2 A, v b CD63 2RI 56H
D H VSVAG-LUJV/GP X3 2 EZWAEREIC LA Lz, T OffiRI: CD63 25k b &
o tEERIEARE I BT 5 LUIV ICR T 2 EZMEZHEL T2 2R L T0w5, X
I, b b CD63 ICEWT LUIV BRICEHETH A HEE L7z, & b &~v X CD63
D ¥ A7 CD63 % BHK MIfICFIL & 2, VSVAG-LUIV/GP DIEGEDZAL % kT L 7=
fEE. b F CD63 @ Large extracellular loop (LEL) i 2% LUIV ESICEHE TH % FH
3o Tz, EHIC, LELFEO 141 HH2 S 150 FHOT I /. FFIC 143 FHD 7 =
AT TR LUIVERICEETH R RBINZ, /2. 207 2/ BiT LUIV
D GP I X BERAICEETH LI LB ND o7, CDE3 D 143 FHHD 72 =AT 7=
YiIm AR Ty b EED—HOT o lWEE RV ZHIABE A REI N TR L
225, LUIV IZJAWEEIEZ & DAlRetEs g X iu7-,

HIMEL Y 4 v 2 DR IANEE FE GP (2R A SRR AR 18 FIc B 5 3 5,
Do HIMET 4 V2RI X 2 IRIEMEFI % B L. 05k &2 33 2 12 I3BERERY GP 0
Hfs XIS MAETS 5, AR THEEL 727 4 v v 4 LV RAREREEY T T VIt
GP IZ X 2 fFFREAICH L 72b D TH Y | GP IC X 2 JRIREFRIOFHIG L GP ZJH -
I ANV ZREOTHIIC A FHE NS Z L 3 ffa s, £ LUIVGP L L& 7%
— DAL LUIV EZEOREICETE TH 5 2 &5 5., FFIC CD63 23lifukk o sz
MEHET 2 ERTLI BIRMEY 4 L2 % 7= 250 2 RN S AT & L 2 25, AR
FE L AP LUIV oL HE EHMOHEE - FFEICE W TEEREHRTH
%,
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