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Preface

Viruses in the family Filoviridae are divided into five genera: Marburgvirus,
Ebolavirus, Cuevavirus, Striavirus, and Thamnovirus. There is one known species in the
genus Marburgvirus, Marburg marburgvirus, consisting of two viruses, Marburg virus
(MARYV), and Ravn virus (RAVV). There are five distinct species in the genus Ebolavirus:
Zaire ebolavirus, Sudan ebolavirus, Tai Forest ebolavirus, Bundibugyo ebolavirus, and
Reston ebolavirus, represented by Ebola virus (EBOV), Sudan virus (SUDV), Tai Forest
virus (TAFV), Bundibugyo virus (BDBV), and Reston virus (RESTV), respectively?. A
novel ebolavirus species, Bombali ebolavirus, represented by Bombali virus (BOMV),
has been proposed recently’>. The genus Cuevavirus is made up of a single species,
Lloviu virus (LLOV), whose RNA genome was detected in insectivorous bats in
Europe®*>?. The other two genera, Striavirus and Thamnovirus, have a single species
respectively with viruses whose genomes were detected in fishes in China. Recently, a
novel filovirus, Méngla virus (MLAV), was found in China and a new genus
(Dianlovirus) has been proposed for this virus®”. EBOV, SUDV, TAFV, BDBV, MARY,
and RAVYV cause severe hemorrhagic fever in humans and nonhuman primates>?. Since
infectious LLOV, BOMYV, and MLAV have never been isolated, nothing is known about
the pathogenicity of these viruses in humans and nonhuman primates. Although filovirus
diseases in humans have only been reported from central and west African countries'?,
ecological and epidemiological studies strongly suggest the occurrence of unrecognized
filovirus infections in humans and animals in nonendemic areas in Africa, and even in
Asian and European countries*!%2223,34:52:53.57.61,69.82.87)

It has been shown that a variety of animal species (e.g., domestic pigs, duikers,

dogs, fishes, and bats) were infected with filoviruses. Of these animals, some species of



bats are suspected to be the natural reservoir of filoviruses, which is the species that
maintain the infectious virus in nature®®. Numerous epidemiological studies have
suggested that filoviruses infect many bat species, including frugivorous and
insectivorous bats, both of which are widely distributed in African, European, and Asian
countries®®. Viral RNA genomes of EBOV, RESTV, BOMV, LLOV, MLAV, MARYV, and
RAVV have been detected in bats??32%344157.69.7883.8487)  However, infectious
ebolaviruses (EBOV, SUDV, TAFV, BDBV, RESTV, and BOMV), LLOV, and MLAV
have never been isolated from any species of bats?***41-5787) while infectious MARV and
RAVV were both isolated from a particular fruit bat species (i.e., Rousettus aegyptiacus
[R. aegyptiacus])*®. Interestingly, it has been experimentally demonstrated that MARYV,
but not ebolaviruses, efficiently infects R. aegyptiacus bats and replicates in multiple
organs®", suggesting a difference in host preference between marburgviruses and
ebolaviruses. Previous in vitro studies also indicate that some bat-derived cell lines have
differential susceptibility to each filovirus?®3843-60)

The envelope glycoprotein (GP) is the only viral surface protein of filoviruses,
and thus mediates both receptor binding and membrane fusion in the process of viral entry
into cells®”. During the entry step, GP interacts with multiple host molecules. Infection is
initiated by the binding of the virus to attachment factors such as C-type lectins", and
virus particles are then internalized into the host cells via micropinocytosis®>’>. Viral
particles are delivered to the late endosome. The low pH environment of the late-
endosome leads to the cysteine protease-mediated proteolysis of GP!'"). Then, the digested
GP (dGP) interacts with the host endosomal fusion receptor Niemann-Pick ClI
(NPC1)>153® which is a lysosomal cholesterol transporter ubiquitously expressed in

10,16,17,27)

many cell types Loss of NPCI function is known to cause a fatal



neurodegenerative disorder (i.e., Niemann-Pick disease type C)'?. The interaction
between dGP and NPCI1 allows for fusion of the viral envelope and the host endosomal
membrane and is hypothesized to be a major determinant in the host range of various
filoviruses®>26:69),

Although bat-derived cell lines have been reported to have different
susceptibilities to filoviruses, the underlying molecular mechanisms which determine
viral host range remains unclear. I postulated that each viral species has a preferred bat
species and sought to identify the biological factors that determine susceptibility of
specific bat cells to different filoviruses. In this thesis, I investigated the molecular basis
underlying the host range of filoviruses by focusing on the interaction between filovirus
GPs and NPC1. In chapter I, I show the molecular determinants for the differential
susceptibilities of two cell lines derived from a Yaeyama flying fox (Pteropus dasymallus
yayeyamae) and a straw-colored fruit bat (Eidolon helvum [E. helvum]) (i.e., FBKT1 and
ZFBK13-76E cells, respectively) to MARV and EBOV, respectively. In chapter II, I

demonstrate the mechanisms for the preferential susceptibility of a Miniopterus bat

(Miniopterus sp.)-derived cell line (i.e, SuBK12-08 cells) to LLOV.



Chapter I:
Different tropisms between Ebola and Marburg viruses controlled by

heterogeneity of bat Niemann-Pick C1 orthologues

Introduction

It has been suggested that filoviruses have different tropism depending on bat
species. Previous studies using vesicular stomatitis virus (VSV) pseudotyped with
filovirus GPs demonstrated that FBKT1 cells might be susceptible to EBOV, but not
MARV*), and a straw-colored fruit bat-derived cell line might be susceptible to MARYV,
but not EBOV>®). However, the molecular determinants for this differential susceptibility
of these bat-derived cell lines to EBOV and MARV remain poorly understood?338:45-:60),
Thus, in chapter I, I compared the susceptibilities of several bat cell lines derived from
various bat species using VSV pseudotyped with filovirus GPs and infectious EBOV and
MARY, and found that while most bat-derived cell lines showed some susceptibility to
both viruses, FBKT1 was not susceptible to MARV and ZFBKI13-76E showed
remarkably low susceptibility to EBOV.

The interaction between dGP and NPCI1 is thought to be important for filovirus
entry into cells. The published co-crystal structures of EBOV dGP and the domain C of
human NPC1 (NPC1-C), which is the key region facilitating their interaction
demonstrated that there are two surface-exposed loops on NPCI (i.e., amino acid
positions 420-428 and 501-508) which mediate its interactions with dGP®®). Interestingly,
it has been shown that sequence variations in the NPC1-C loops influence the
susceptibility of cell lines derived from humans and snakes to filoviruses®>~%, suggesting

that the interaction between NPC1 and GP is important for host-range restriction of



filoviruses.
In chapter I, I determined the molecular basis for different susceptibilities of
FBKT1 and ZFBK13-76E cells to MARV and EBOV by focusing on the interaction

between filovirus GPs and NPC1.



Materials and Methods
Cells

Vero E6 and human embryonic kidney (HEK) 293T cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma) supplemented with 10% fetal
calf serum (FCS) (Cell Culture Bioscience), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin  (Gibco). Bat-derived cell lines were established as described
previously*+#>46.63.77) " A]] of the bat cell lines were grown in Roswell Park Memorial
Institute (RPMI) 1640 medium (Sigma) supplemented with 10% FCS, 100 U/ml

penicillin, and 0.1 mg/ml streptomycin. Origins of these cell lines are shown in Table 1.

Viruses

Using VSV containing the green fluorescent protein (GFP) gene instead of the
receptor binding VSV glycoprotein (G) gene, pseudotyped viruses with GPs of EBOV
(Mayinga), SUDV (Boniface), TAFV (Pauléoula)), BDBV (Butalya), RESTV
(Pennsylvania), and MARV (Angola) were generated as described previously'**?. The
amounts of GPs incorporated into VSV particles were measured by western blotting with
a mixture of a rabbit anti-BDBV GP antiserum (FS0510), which is produced by
immunization with a synthetic peptide corresponding to amino acid residues 83-97
(TKRWGFRAGVPPKVYV) of BDBV GP, and a mouse anti-MARV GP monoclonal
antibody (AGP127-8)*? and confirmed to be similar among virus species (data not
shown). Mutant GP genes were constructed by site-directed mutagenesis and were cloned
into the protein expression vector pCAGGS®?. VSVs pseudotyped with filovirus GPs

(VSV-EBOV, -SUDV, -TAFV, -BDBYV, -RESTYV, and -MARV) were preincubated with



Table 1. Origins of cell lines used in this study

Cell line Common name Scientific name® Organ

Vero E6 African green monkey Chlorocebus sp. Kidney
HEK293T Human Homo sapiens Kidney
FBKTI Yaeyama flying fox Pteropus dasymallus yayeyamae Kidney
ZFBK13-76E Straw-colored fruit bat Eidolon helvum Kidney
ZFBK11-97 Peter's epauletted fruit bat®  Epomophorus crypturus Kidney
ZFBK15-137RA Egyptian fruit bat Rousettus aegyptiacus Kidney
DemKT1 Leschenault’s rousettes Rousettus leschenaultii Kidney
SuBK12-08 The long-fingered bat® Miniopterus sp. Kidney
YubFKT1 Eastern bent-winged bat Miniopterus fuliginosus Kidney
BKT1 Greater horseshoe bat Rhinolophus ferrumequinum Kidney

aScientific names of the species are shown in italic. *"Temporarily identified by habitat and
nucleotide sequence of cytochrome b genes (97% in BLAST search). The East African

epauletted fruit bat (Epomophorus minimus), Ansell's epauletted fruit bat (Epomophorus

anselli), Peter's dwarf epauletted fruit bat (Micropteropus pusillus) and Gambian

epauletted fruit bat (Epomophorus gambianus) are also genetically similar (97%).

“Temporarily identified by habitat and nucleotide sequence of cytochrome b genes (99%
in BLAST search).
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the anti-VSV G monoclonal antibody VSV-G [N] 1-9° to abolish the background
infectivity of parental VSV. Tenfold diluted pseudotyped VSVs were inoculated onto
confluent cell monolayers cultured on 96-well plates, and the infectious unit (IU) in each
cell line was determined twenty hours later by counting the number of GFP-expressing
cells under a fluorescent microscope. Relative infectivity of pseudotyped VSVs in an
NPCl1-knockout Vero E6 cell line (Vero E6/NPC1-KO cl.19) expressing exogenous
NPC1 was determined by setting the GFP-positive cell number of wildtype HEK293T-
NPCl-expressing cells infected with each virus to 100%.

Infectious EBOV (Mayinga) and MARV (Musoke) were used for titration in
Vero E6, FBKT1, ZFBK13-76E, and DemKT]1 cells. Tenfold diluted stock viruses were
inoculated onto cell lines in 96-well plates. Cells were fixed with 10% formalin 3 days
postinfection and stained with a mixture of a mouse anti-EBOV GP monoclonal antibody
(ZGP42/3.7)*" and a mouse anti-EBOV nucleoprotein (NP) monoclonal antibody
(ZNP74-7)'% or a mixture of a rabbit anti-MARV GP and NP antisera (FS0505 and
FS0608, respectively)?! as primary antibodies, and anti-mouse immunoglobulin G (IgG)
(Jackson ImmunoResearch, 115-095-003) or anti-rabbit IgG (Jackson ImmunoResearch,
711-096-152) conjugated with fluorescein isothiocyanate (FITC) as secondary antibodies.
Infected cells were observed under a fluorescent microscope. 50% tissue culture
infectious dose (TCIDso) values were calculated by the Reed and Muench method.

Infectious EBOV-GFP (Mayinga)'® and MARV (Angola) were used for focus-
forming assays as described previously*>**. These infectious filoviruses were inoculated
onto confluent cell monolayers cultured in 96-well plates. After adsorption for 1 hour, the
inoculum was replaced with Eagle’s minimal essential medium containing 1.2%

carboxymethyl cellulose. After incubation for 3 days, cells were fixed. MARV-infected
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cells were immunostained with a mixture of rabbit anti-MARV GP and NP (FS0505 and
FS0609, respectively)?! as primary antibodies followed by anti-rabbit IgG conjugated
with Alexa Fluor 488 (A11034, Invitrogen) as a secondary antibody. Focus-forming units
of filoviruses were quantified by counting the number of fluorescent foci. Relative

infectivity was determined by setting focus forming unit values given by Vero E6 cells

expressing wildtype HEK293T-NPCI1 to 100%.

Biosafety

Infectious work with wildtype EBOV and MARV was performed in the
Galveston National Laboratory biosafety level 4 (BSL-4) laboratory at the University of
Texas Medical Branch and in the BSL-4 laboratory at the Integrated Research Facility of
the Rocky Mountain Laboratories, Division of Intramural Research, National Institute of
Allergy and Infectious Diseases, National Institutes of Health (NIH; Hamilton, MT).
Experiments were performed following the standard operating procedures approved by

the Institutional Biosafety Committees.

Sequencing of NPC1 genes and plasmid construction

Total RNA was extracted from FBKT1, ZFBK13-76E, ZFBK11-97, ZFBK15-
137RA, DemKT1, SuBK12-08, YubFKT1, and BKTT1 cells using ISOGEN (Nippongene)
and mRNAs were reverse transcribed with Superscript IV (Invitrogen). To amplify NPC1
genes of FBKT1 and ZFBK13-76E, polymerase chain reaction (PCR) was performed
with KOD-Plus Neo (TOYOBO) using primer sets designed based on the sequences of
Pteropus vampyrus (P. vampyrus) (GenBank accession number; XM _023530841.1) and

Miniopterus natalensis bats (GenBank accession number; XM 016211523.1). PCR
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products were directly sequenced or cloned into TOPO (Invitrogen) or pSP72 (Promega)
plasmid vectors followed by sequencing. After sequence confirmation, wildtype and
mutant NPC1 genes of HEK293T, FBKT1, and ZFBK13-76E were inserted into the
pMXs-puro retroviral vector (Cell Biolabs). The plasmids of mutant NPC1 genes were
constructed by site-directed mutagenesis with KOD-Plus Neo. After sequence
confirmation, these mutant genes were inserted into the retroviral vector. An In-Fusion
cloning kit (BD Clontech) was used for constructing the retroviral vectors carrying NPC1
genes. All NPC1 sequences of FBKT1, ZFBK13-76E, ZFBK11-97, ZFBK15-137RA,
DemKT]1, SuBK12-08, YubFKT1, and BKT1 have been deposited in GenBank under ID
codes LC462999, LC462993, LC462994, LC462995, LC462996, LC462997, LC462271,

and LC462998, respectively.

Establishment of Vero E6/NPC1-KO cell line

Vero E6/NPC1-KO cells were previously generated in this laboratory>. Briefly,
guide RNA (gRNA) sequences were designed by using CRISPRdirect web tool
(https://crispr.dbcls.jp/). Synthesis of the gRNA template, in vitro transcription of g RNA,
and purification of gRNA were performed by using GeneArt precision gRNA synthesis
kit (Invitrogen). Vero E6 cells were transfected with the mixture of gRNA products and
Platinum Cas9 nuclease (Invitrogen), using Lipofectamine CRISPRMAX Cas9
Transfection Reagent (Invitrogen). Three days post transfection, the presence of genomic
cleavage was confirmed by using a GeneArt Genomic Cleavage Detection Kit
(Invitrogen) (data not shown). After the clonal expression of these cell for three weeks,

deletion of NPC1 protein expression was confirmed by Western blotting (data not shown).

13


https://crispr.dbcls.jp/

Stable cell lines expressing NPC1 proteins

To generate retroviruses carrying NPC1 genes, HEK293T-derived Platinum-GP
cells (Cell Biolabs) were co-transfected with pMXs-puro encoding NPC1 genes and the
expression plasmid pCAGGS encoding the VSV G wusing Lipofectamine 2000
(Invitrogen). Empty pMXs-puro was used for vector control cells. Forty-eight hours later,
the culture supernatants containing retroviruses were collected, filtered through 0.45-um
filters, and used to infect FBKTI1, ZFBKI13-76E, and Vero E6/NPC1-KO cl.19.
Transduced cells stably expressing exogenous NPC1 were selected with a growth medium,
containing 6.0 ug/ml (FBKTT1), 1.0 pug/ml (ZFBK13-76E), or 10.0 pg/ml (Vero E6/NPC1 -
KO cl.19) puromycin (Sigma-Aldrich). I examined expression levels and intracellular
localization of exogenous NPC1 molecules in western blotting and confocal microscopy
and confirmed that similar band intensities and lysosomal localization were uniformly
observed in each cell line (Figure 1). I also confirmed the expression of human NPC1

protein in HEK293T NPCI1 transduced bat cell lines (data not shown).
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Figure 1. Expression of exogenous NPC1 in Vero E6/NPC1-KO cl.19 cells
(A) Western blotting for wildtype and mutant NPC1 expression. Each cell lysate was

NPC1
knockout

subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis followed
by western blotting with rabbit anti-NPC1 monoclonal antibody (ab134113, Abcam),
mouse anti-f actin monoclonal antibody (ab6276, Abcam), HRP-conjugated goat anti-
rabbit 1gG (074-1506, KPL), and HRP-conjugated goat anti-mouse IgG (115-035-062,
Jackson ImmunoResearch). The bound antibodies were visualized with Immobilon
Western (Millipore). (B) Co-localization of NPC1 and a lysosome marker, Lysosomal-
associated membrane protein 1 (LAMP1). Representative cell images are shown here.
Cells were grown in Millicell EZ SLIDE 8-well glass (Millipore). NPC1 was stained with



rabbit anti-NPC1 monoclonal antibody (ab134113, Abcam) and donkey anti-rabbit IgG
(H+L) antibodies conjugated with Alexa Fluor 488 (A21206, Invitrogen). Anti-LAMP1
antibodies (SAB3500285, Sigma-Aldrich) were conjugated with Alexa Fluor 594 using
APEX Alexa Fluor 594 Antibody Labelling (ab134113, Abcam) and donkey anti-rabbit
IgG (H+L) antibodies conjugated with Alexa Fluor 488 (A21206, Invitrogen). Anti-
LAMP1 antibodies (SAB3500285, Sigma-Aldrich) were conjugated with Alexa Fluor
594 using APEX Alexa Fluor 594 Antibody Labelling Kit (Invitrogen) and then used. The
nucleus was stained using 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI)
(Molecular Probes). Images were taken with 63x oil immersion objective on a Zeiss LSM
780 confocal laser microscope and analyzed with ZEN 2.3 Lite software. The expression
of NPCI (green), LAMPI (red), and nucleus (blue) are shown separately or as merged

images. The scale bars represent 10 um.
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Solid-phase NPC1-GP binding assay

Vero E6/NPC1-KO cells and Vero E6/NPC1-KO cells expressing HA-tagged
NPC1 and its mutants®> were lysed with CHAPS-NTE buffer (0.5% wt/vol CHAPS [3-
[[3-Cholamidopropyl]dimethylammonio|propanesulfonate], 140 mM NaCl, 10 mM
Tris-HC1, 1 mM EDTA [Ethylenediaminetetraacetic acid]; pH7.5) (107 cells/ml). Then,
EDTA-free Complete Protease Inhibitor Cocktail (Roche) was added. The cells were
sedimented at 10,000 x g for 10 min at 4°C, and the supernatant was harvested. Virus-like
particles (VLPs) (4-6 mg/ml in phosphate-buffered saline [PBS]) were treated with
thermolysin (Sigma) at 37°C for 90 min. The VLP solution was diluted at 1:10 with 0.05
M carbonate buffer (pH9.6). Enzyme-linked immune sorbent assay (ELISA) plates
(Maxisorp, Nunc) were coated with the diluted VLPs, and incubated at 4°C overnight.
The VLPs were removed and the plates were blocked with bovine serum albumin (BSA)
(10 mg/ml in PBS) and incubated at room temperature for 2 hours. After washing the
plates once with 0.05% Tween 20 in PBS (PBST), the cell lysate was added to each well
and incubated at 4°C overnight. After removal of the lysate, the plates were washed with
PBST 3 times, and rat anti-HA antibody 3F10 (Sigma) diluted with PBST containing BSA
(5 mg/ml) was added, and then incubated at room temperature for 1 hour. After washing
3 times with PBST, horseradish peroxidase (HRP)-conjugated anti-rat IgG (H+L)
(Jackson ImmunoResearch) was added to each well. After incubation at room temperature
for 1 hour, the plates were washed 4 times with PBST and the 3,3',5,5'-Tetramethyl-
benzidine (TMB) substrate (Sigma) was added and incubated in the dark at room
temperature for 60 min. The optical density (OD) value at 450 nm was measured after

stopping the reaction with 1M phosphoric acid.
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Molecular modeling

Three-dimensional models of the NPC1-C and EBOV GP complex were
prepared based on a previous study®® (Protein Data Bank [PDB] code 5F1B). Three-
dimensional structures shown in the figures of this study were prepared using PyMOL

(Schrodinger LLC).

Quantification and statistical analysis

All statistical analyses were performed using R software (version 3.5.2)"". For
comparison of viral infectivity between NPC1-transduced cell lines, reported in Figure 5
and Figure 10, one-way analysis of variance, was performed, followed by Dunnett’s test.
Student #-test was used in Figure 8. P-values of less than 0.05 were considered to be

significant.
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Results
Differential susceptibility to EBOV and MARYV between bat-derived cell lines

FBKT1 and ZFBK13-76E

Using non-replicating VSVs pseudotyped with GPs of EBOV, SUDV, TAFV,
BDBYV, RESTV, and MARV (VSV-EBOY, -SUDV, -TAFV, -BDBYV, -RESTV, and -MARY,
respectively), I investigated GP-dependent tropism, which appears to be the principal
determinant for the host range-restriction of filoviruses. Vero E6 cells, which are
commonly used for filovirus studies, HEK293T cells, and eight bat-derived cell lines of
different origins were used to compare their susceptibilities (Table 1 and Figure
2)#443:46.6377) 1 found that Vero E6, HEK293T, and the bat-derived cell lines, except
FBKTI1 and ZFBK13-76E, were susceptible to all pseudotyped VSVs tested. Consistent
with a previous study*, FBKT1 was susceptible to VSV-EBOV, -SUDV, -TAFV, -BDBYV,
and -RESTYV, but not to VSV-MARV. In contrast, ZFBK13-76E was susceptible to VSV-
SUDYV, -TAFV, -BDBYV, -RESTYV, and -MARYV, but not to VSV-EBOYV, indicating that cell
lines derived from this bat species might be less susceptible to EBOV®). Next, the
impaired GP-dependent susceptibilities of FBKT1 and ZFBK13-76E were confirmed
using infectious filoviruses (Table 2). Consistent with the results for pseudotyped VSVs,
FBKT1 cells showed susceptibility to infectious EBOV but not to MARV. Although
ZFBK13-76E cells were susceptible to both EBOV and MARYV, the infectivity of EBOV
in ZFBK13-76E cells was significantly lower than in Vero E6, FBKT1, and DemKT1

cells.
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Figure 2. Susceptibility of cell lines to VSVs pseudotyped with filovirus GPs

Vero E6, HEK293T, and bat-derived cells were infected with VSVs pseudotyped with
filovirus GPs (VSV-EBOV, -SUDYV, -TAFV, -BDBYV, -RESTV, and -MARV). Viral [Us in
each cell line were determined by counting the number of GFP-expressing cells as
described in Materials and Methods. Each experiment was conducted three times, and
average and standard deviations are shown. Asterisks represent IUs under the limit of
detection (20 IU/ml).

Table 2. Susceptibility of bat-derived cell lines to Ebola (EBOV) and Marburg virus
(MARY) infection

Cell lines Infectivity (TCIDs0/100 ul)? Relative infectivity to Vero E6
EBOV MARV EBOV MARV
Vero E6 3.16 x 10* 5.01 x 10° 1.00 1.00
FBKT1 5.01 x 10° Not detected®  0.16 -
ZFBK13-76E  3.16 x 10? 2.00 x 10° 0.01 0.40
DemKT1 3.16 x 10* 3.16 x 10° 1.00 0.63

aViral titers in Vero E6 and bat-derived cell lines were determined as the 50% tissue

culture infectious dose (TCIDso).
®Infectivity of MARYV in FBKT1 cells was under the limit of detection (3.16 TCIDs0/100

ul).
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Rescued susceptibility of FBKT1 and ZFBK13-76E cells expressing exogenous
human NPC1

Since pseudotyped VSVs rely on GP-dependent entry into cells, the interaction
between GP and its ligands is likely the crucial step involved in the differential
susceptibility of FBKT1 and ZFBK13-76E cells. Thus, I hypothesized that the impaired
susceptibility of FBKT1 and ZFBK13-76E cells to particular filoviruses was due to the
structural difference of cellular molecules required for filovirus entry into cells and
focused on the interaction between GP and the NPC1 receptor. Although several cellular
molecules have been identified as filovirus receptors, the NPC1 molecule is thought to be
the only essential receptor required for membrane fusion during filovirus entry into

cells”15-%),

To investigate whether introduction of human NPCI1 affected the
susceptibilities of these bat cells, I generated FBKT1 and ZFBK13-76E cells stably
expressing exogenous NPCI1 derived from HEK293T and infected them with
pseudotyped VSVs (Figure 3). As expected, both FBKT1 and ZFBK13-76E became fully
susceptible to all of the pseudotyped VSVs upon the expression of the human NPCI.
These data indicated that the heterogeneity of NPC1 molecules among FBKT1, ZFBK13-

76E, and HEK293T cells was likely involved in the host specificity of MARV and EBOV.
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Figure 3. Susceptibility of cell lines to VSVs pseudotyped with filovirus GPs

Vero E6, HEK293T, bat cells (FBKT1 and ZFBK13-76E) expressing exogenous human
NPC1, and empty vector-transduced FBKT1 and ZFBK13-76E were infected with VSV
pseudotyped with filovirus GPs. Viral IUs in each cell line were determined by counting
the number of GFP-expressing cells as described in Materials and Methods. Each
experiment was conducted three times, and average and standard deviations are shown.
Asterisks represent IUs under the limit of detection (20 IU/ml).
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Unique amino acid sequences found in NPC1 of FBKT1 and ZFBK13-76E cells
Previously published structural data have shown that some of the amino acid
residues in loop 1 and loop 2 of the NPC1-C interact with the receptor binding domain
(RBD) of EBOV GP (Figure 4A)**%9). Thus, I assumed that the loop regions of NPC1-C
might have genetic variations that affect susceptibility of FBKT1 and ZFBK13-76E cells
to MARV and EBOV infection, respectively. Therefore, I sequenced the NPC1 genes of
the bat cell lines and compared the deduced amino acid sequences of the loop regions of
bat NPCI1 orthologues (Figure 4B). I found that NPC1 proteins of FBKT1 and ZFBK13-
76E cells had unique amino acid sequences; FBKT1 cells with threonine (T), glutamic
acid (E), and T at positions 425, 426, and 427, respectively, in loop 1 and ZFBK13-76E
cells with phenylalanine (F) and T at positions 502 and 505, respectively, in loop 2,
whereas the corresponding amino acid residues of HEK293T and Vero E6 cells were
serine (S), glycine (G), and alanine (A), in loop 1 and aspartic acid (D) and valine (V) in
loop 2. Among the other bat cell lines examined, shared sequences (AGS or SGS in loop

1 and D and V in loop 2) were found.
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Figure 4. Comparison of amino acid sequences of the domain C loops of bat NPC1
orthologues

(A) The three-dimensional structure of domain C of human NPC1 (PDB ID: 5F1B) is
represented as a ribbon model. GP-interacting regions, loop 1 and loop 2 (indicated in
violet and sky blue, respectively), are shown in the boxed regions. Nitrogen and oxygen
atoms in side chains are shown in blue and red, respectively. (B) Deduced amino acid
sequences of the domain C loop regions of NPC1 orthologues are aligned. The amino
acid positions including the unique amino acid residues observed in FBKT1 (positions
425, 426, and 427 in the loop 1 region) and ZFBK13-76E (positions 502 and 505 in the

loop 2 region) are enclosed by rectangles.
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Importance of amino acid residues in NPC1-C loop regions in the cell susceptibility
to EBOV and MARY infection
To elucidate the importance of these unique amino acid residues found in the
NPC1-C loop regions of FBKT1 and ZFBK13-76E cells, I generated wildtype and NPC1
mutants in which amino acid residues at positions 425, 426, and 427 in loop 1 were
swapped between HEK293T and FBKT]1 cells and those at positions 502 and 505 in loop
2 were swapped between HEK293T and ZFBK13-76E cells (Figure 5A, B). Then I
generated Vero E6 cells stably expressing these exogenous NPC1 molecules using an
NPC1-knockout cell line, Vero E6/NPC1-KO cl.19°%, and compared their susceptibilities
to VSVs pseudotyped with filovirus GPs (Figure 5C). I observed significantly lower
infectivity of VSV-MARYV in Vero E6 cells expressing wildtype FBKT1 NPC1 or human
NPC1 having 3 point mutations in loop 1 (HEK293T-NPCI/TET) than in those
expressing wildtype human NPC1 (HEK293T-NPC1). Interestingly, converse mutations
in FBKT1 NPC1 (FBKT1-NPC1/SGA) significantly increased the infectivity of VSV-
MARV. In contrast, these mutations did not affect the infection with VSVs pseudotyped
with ebolavirus GPs. I also found that expression of wildtype ZFBK13-76E NPCl1
(ZFBK13-76E-NPC1) or human NPC1 having 2 point mutations at positions 502 and 505
(HEK293T-NPC1/FT) resulted in significantly lower infectivity of VSV-EBOV than in
wildtype human NPCI and that F502D and T505V mutations in ZFBK13-76E NPC1
(ZFBK13-76E-NPC1/DV) converted the NPC1 function to efficiently mediate VSV-
EBOV infection. No significant differences were observed in the infectivity of the other
viruses except VSV-TAFV.
These changes of cell susceptibility were confirmed using infectious EBOV and

MARV (Figure 5D). Although the infectivity of EBOV in cells expressing wildtype
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FBKT1 NPC1 was lower than in those expressing wildtype human NPC1, the reduction
was much more prominent in MARYV infection. Taken together, these data suggested that
the unique amino acid residues found in loop 1 and loop 2 in NPC1-C were major
determinants for the differential susceptibility of FBKT1 and ZFBK13-76E cells to

EBOYV and MARYV infection.
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Figure 5. Effects of amino acid substitutions in the NPCI1-C loops on cell
susceptibility to pseudotyped VSVs, EBOV, and MARV

(A) Wildtype and mutant NPC1 genes were constructed to assess the importance of the
unique amino acid sequences (shown in boldface) in loop 1 of FBKT1 and loop 2 of
ZFBK13-76E. (B) Locations of the unique amino acid residues of the loop regions are
indicated in light green (loop 1) and orange (loop 2). Nitrogen and oxygen atoms in side
chains are shown in blue and red, respectively. (C, D) Vero E6/NPC1-KO cL19 cells
transduced with exogenous NPC1 genes and control cells (NPC1 knockout and Vector
control) were infected with pseudotyped VSVs (C) or infectious filoviruses (D). Relative

infectivity was determined as described in Materials and Methods. Each experiment was



conducted three times (C) or in triplicate (D), and averages and standard deviations are
shown. For comparison of viral infectivity among NPCl-expressing cells, one-way
analysis of variance was performed, followed by Dunnett’s test, and significant
differences compared to cells expressing wildtype human NPC1 (HEK293T-NPC1) are
shown with asterisks (* P < 0.05).
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Comparison and identification of amino acid residues at the GP RBD and NPC1-
binding interface

The previously determined co-crystal structure of human NPC1-C and EBOV
GP has demonstrated that the GP RBD contains key amino acid residues that directly
interact with some of the amino acid residues identified above in the loop structures of
NPCI1-C. Particularly, it has been shown that the identified amino acid motif in loop 1
(i.e., SGA in human NPC1) principally interacts with S at position 142 of GP, and that D
at position 502 in loop 2 interacts with cysteine (C) at position 147 of GP®® (Figure 6A,
B). I then compared amino acid sequences around this region of GP (i.e., positions 141-
150; EBOV numbering) among all filovirus GPs (Figure 6C) and found an amino acid
difference at position 142 (EBOV numbering); S in EBOV, TAFV, and BDBV GPs, and
glutamine (Q) in SUDV, RESTV, and MARV GPs at the corresponding amino acid
positions. An amino acid difference (C in EBOV, SUDV, TAFV, BDBYV, and RESTV GPs,
and Histidine [H] in MARV GP) was also found at position 147 (EBOV numbering).

To identify key amino acid residues on RBD for the ability to infect FBKT1 and
ZFBK13-76E cells, I generated VSVs pseudotyped with GP mutants whose amino acid
at positions 142 (142 for EBOV, SUDV, TAFV, and BDBYV, 143 for RESTV, and 126 for
MARYV) or 147 (147 for EBOV, SUDV, TAFV, and BDBYV, 148 for RESTV, and 131 for
MARV) were substituted and their [Us were compared using Vero E6, FBKT1, and
ZFBK13-76E cells. Though there was no significant difference among the viruses for the
infectivity in Vero E6 cells, VSV-EBOV S142Q failed to infect FBKT1 cells, like VSV-
MARY, and VSV-MARYV Q1268 infected FBKT]1 cells at a similar extent to VSV-EBOV
(Figure 6D). I tested the other amino acid differences between MARV and EBOV GPs at

the positions that were suggested to potentially interact with NPC1-C3®, and found that
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some of the amino acid substitutions (e.g., V79P, [113V, K114T, and V141I) also reduced
the infectivity of VSV-EBOV in FBKT1 but none of them resulted in complete loss of
the infectivity and that the A71G substitution altered the infectivity of VSV-MARV in
this cell line (Figure 7).VSV pseudotyped with SUDV, TAFV, BDBV, RESTV, and their
GP mutants similarly infected FBKT1 cells. Unexpectedly, VSVs pseudotyped with the
EBOV GP C147H mutant lacked the ability to infect Vero E6 and ZFBK13-76E cells
(data not shown). Since C147 of EBOV GP has been reported to be important for the
folding of the GP structure’®®, the lack of infectivity was likely due to structural
misfolding of the GP molecule. I then focused on the amino acid residue at position 148
(148 for EBOV, SUDV, TAFV, and BDBYV, 149 for RESTYV, and 132 for MARV), which
was assumed to be potentially involved in the interaction between GP and NPC1-C loop
2 based on the co-crystal structures of these molecules (Figure 6E). I indeed found amino
acid differences at this position among the viruses (Figure 6C). Thus, I generated VSVs
pseudotyped with GPs whose amino acid at this position were substituted and compared
their infectivity in Vero E6 and ZFBK13-76E cells (Figure 6E). VSV pseudotyped with
the A148P GP mutant of EBOV successfully infected ZFBK13-76E cells as well as VSV-
SUDV and -RESTV. The other amino acid substitutions at the positions potentially
interacting with NPC1-C3® showed limited effects to change the infectivity of VSV-
MARYV to ZFBK13-76E cells (Figure 7). Interestingly, the P148 A mutation did not affect
the infectivity of VSV pseudotyped with the SUDV GP mutant, whereas VSV-TAFV and
-BDBV P148A GP mutants failed to infect ZFBK13-76E cells similarly to VSV
pseudotyped with wildtype EBOV GP (Figure 6E). Altogether, these results suggested
that Q126 of MARV GP and A148 of EBOV GP were responsible for the reduced ability

of MARYV and EBOV to infect FBKT1 and ZFBK13-76E cells, respectively.
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Finally, binding activities to FBKT1, ZFBK13-76E, and their mutant NPC1
molecules were compared among EBOV and MARV wildtype and mutant GPs (Figure
8). I found that the amino acid substitution of S142Q of EBOV GP reduced the binding
activity to FBKT1-NPC1 and HEK293T-NPC1/TET and that the corresponding amino
acid substitution (Q126S) of MARV GP enhanced the binding activity to these NPC1
molecules. No significant difference was found in the binding activities to FBKTI-
NPCI1/SGA between wildtype and mutant GPs of both viruses. Similarly, the A148P
substitution of EBOV GP enhanced the binding activity to ZFBK13-76E-NPC1 and
HEK293T-NPCI1/FT and that no significant difference was found in the binding activities

to ZFBK13-76E-NPC1/DV between wildtype and mutant GPs of both viruses.
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Figure 6. Effects of amino acid substitutions in the GP RBD on the infectivity of
pseudotyped VSVs in FBKT1 and ZFBK13-76E cells
(A, B) In the three-dimensional structure of the complex of EBOV GP and human NPCI1-
C, the GP-NPCI1 interfaces are indicated in the boxed regions. The amino acid residues
at positions 425-427 (S, G, and A) in NPCI1-C loop 1 and at position 142 (S) of EBOV
GP are shown in light green and pink, respectively (A). The amino acid residues at
positions 502 and 505 (D and V) in NPC1-C loop 2 and at positions 147 and 148 (C and
A) of EBOV GP are shown in orange and green, respectively (B). Oxygen atoms in side
chains are shown in red (A, B). (C) Deduced amino acid sequences of filovirus GPs are
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aligned. The amino acid residues at positions 142 and 147/148, which are assumed to
interact with the amino acid at positions at 425-427 in loop 1 and at 502 and 505 in loop
2 of human NPCI-C, respectively, are enclosed by rectangles. (D, E) Vero E6, FBKT1,
and ZFBK13-76E cells were infected with VSV pseudotyped with wildtype and mutant
GPs of EBOV, SUDV, TAFV, BDBYV, RESTYV, and MARYV, whose amino acid at positions
142 (D) or 148 (E) were substituted (EBOV numbering). Viral IUs in each cell line were
determined by counting the number of GFP-expressing cells. Each experiment was
conducted three times, and averages and standard deviations are shown. Asterisks
represent [Us under the limit of detection (20 1U/ml).
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Figure 7. Infectivities of VSVs pseudotyped with wildtype and mutant GPs in
FBKT1 and ZFBK13-76E cells

(A) Deduced amino acid sequences of the RBD of EBOV and MARV GPs are aligned.
The amino acid residues at positions 79, 80, 83, 87, 111, 112, 113, 114, 141, 142, 144,
145, 147, and 170 (EBOV numbering), which were predicted to interact with the amino
acid residues in loop1 and 2 of human NPC1-C and different between EBOV and MARV
GP, are enclosed by rectangles. (B) Vero E6, FBKT1, and ZFBK13-76E cells were
infected with VSVs pseudotyped with wildtype and mutant GPs of EBOV and MARV.
Viral IUs in each cell line were determined by counting the number of GFP-expressing
cells. Each experiment was conducted three times, and averages and standard deviations
are shown. Asterisks represent IUs under the limit of detection (20 IU/ml). VSV-EBOV
G145N, C147H, and VSV-MARYV S96E could not be rescued likely due to the loss of GP
function. (C) Western blotting for VSV-EBOV G145N, C147H, and VSV-MARYV S96E
to confirm GP expression and incorporation into VSV particles. Each virus was subjected
to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis followed by western
blotting with mouse anti-EBOV GP monoclonal antibody (ZGP42/3.7), anti-MARV GP
monoclonal antibody (AGP127-8), anti-VSV matrix protein antibody (VSV-M 195-2),
horseradish peroxidase-conjugated goat anti-mouse IgG (115-035-062, Jackson
ImmunoResearch). The bound antibodies were visualized with Immobilon Western
(Millipore).
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Figure 8. Binding activity of NPC1 molecules to wildtype and mutant GPs

A solid phase immunosorbent assay to detect binding activity of NPC1 and GP was
carried out as described in the Materials and Method section. Each experiment was
conducted three times and averages and standard deviations of relative OD values are

shown. Significant differences are shown with asterisks (* P < 0.05).

36



Discussion
Bats are suspected to be the natural reservoirs of filoviruses. Although
differences in their susceptibilities to each filovirus species have been suggested

1231:45.6066)  the molecular mechanisms for these differences are poorly

previously
understood. In this study, I focused on the differential susceptibility of two bat-derived
cell lines (FBKT1 and ZFBK13-76E) to MARV and EBOV infection. Site-directed
mutagenesis revealed that three and two amino acid differences in the NPC1-C loop 1 and
loop 2 regions, respectively, were essential for the preferred susceptibility of these bat
cells either to EBOV or MARV infection (Figure 2), indicating that amino acid residues
in both loop 1 and 2 regions are critical determinants for the host-range restriction of
filoviruses.

The loop 1 region of FBKT1 NPC1 has the unique amino acid residues T, E, and
T (TET) at positions 425, 426, and 427, whereas the corresponding amino acid residues
of the other bat and primate cell lines tested in this study are S, G, and A (SGA, AGS, or
SGS) (Figure 4B). I demonstrated that wildtype FBKT1 and transduced cell lines
expressing NPC1 mutants with the TET residues were susceptible to EBOV GP-mediated,
but not to MARV GP-mediated, infection (Figure 2 and Figure 5). Since the co-crystal
structure of human NPC1-C and EBOV GP revealed that G426 of NPC1 was in direct
contact with S142 of GP®9), it is conceivable that both TET and SGA residues of the loop
1 region interact with S142 of EBOV GP but that the TET residues are unable to interact
with the corresponding residue (Q126) of MARV GP. I further confirmed this
phenomenon using NPC1 mutants with single mutations at positions 426 (G or E) and
found that these single mutations also switched the phonotypes of the NPC1-expresisng

Vero E6 cells although the effect on the susceptibility was comparatively lower than 3
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point mutations (i.e., SGA/TET) (Figure 10). Indeed, in silico structural analysis using
the NPC1 and EBOV GP suggests that steric hindrance caused by the side chains of E426
of NPC1 and Q142 of GP likely impairs the interaction between these amino acid, which
may explain reduced susceptibility of FBKT1 cells to MARV (Figure 9A). On the other
hand, SUDV and RESTV GPs, as well as MARV GP, have Q at this position but VSV-
SUDV and -RESTV infected FBKT1 cells to an extent similar to VSV-EBOV (Figure 2).
Moreover, the amino acid substitution of Q142S did not significantly affect the infectivity
of VSV-SUDV and -RESTV in FBKT1 cells (Figure 6D). Likewise, the amino acid
substitution of S142Q had little effect on the infectivity of VSV-TAFV and -BDBV in
FBKT]1 cells (Figure 6D). These observations might suggest that the amino acid residue
at position 142 (EBOV numbering) is less important for SUDV, RESTYV, TAFV, and
BDBYV to infect FBKT1 cells than for EBOV and MARV. Interestingly, there is an amino
acid difference between SUDV/RESTV/TAFV/BDBV and EBOV/MARYV GPs (i.e., P in
SUDV, RESTV, TAFV, and BDBV GPs, and A in EBOV and MARYV GPs at position 148
[EBOV numbering]) (Figure 6C). The co-crystal structure of human NPC1-C and EBOV
GP indicates that the position 148 is located adjacent to the GP RBD but at a distance
from loop 1 of NPC1-C®). Although the amino acid residue at position 148 may not
directly interact with loop 1, the amino acid difference at position 148 (A or P) might
cause distortion of the conformation of the RBD, resulting in a change of the size and/or
shape of the RBD cavity. A similar mechanism has been previously reported the
substitution of amino acid residue V141A, which may not directly make contact with
NPC1 loop 2, restored the NPCI loop 2-dependent interaction with GP’®. This
mechanism might also explain the effect of the A71G substitution on the VSV-MARV

infectivity in FBKT1 cells (Figure 7).
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ZFBK13-76E NPC1 has unique amino acid residues F and T (FT) at positions
502 and 505 in the loop 2 region and the corresponding amino acid residues of the other
cell lines were D and V (DV). I found that swapping of these amino acid between
HEK293T and ZFBK13-76E NPC1 changed the susceptibility to EBOV and MARV
infection (i.e., cells expressing NPC1 with the DV residues were susceptible to both
EBOV and MARYV and those with the FT residues were less susceptible to EBOV) (Figure
5). This suggests that the DV, but not FT, residues in NPC1 interact with EBOV GP
efficiently. The in silico analysis indicates that V505 of NPC1 interacts with only T144
of EBOV GP through a hydrogen bond between backbone atoms, suggesting that the
difference of the side chain between V and T might not affect the interaction with EBOV
GP (data not shown). In contrast, a single amino acid substitution at residue 502 was
shown to affect the susceptibility of E. helvum bat-derived cell lines to EBOV®),
suggesting that the amino acid difference at position 502 of NPC1 is a major determinant
for the reduced susceptibility of ZFBKI13-76E cells to EBOV infection. Since the
hydrophobic character of amino acid residues at this position is substantially different
between F and D, this amino acid difference might change the structure of loop 2,
affecting the cell’s susceptibility to EBOV infection. Indeed, point mutation at this
position changed the susceptibility of the NPC1-expresisng Vero E6 cells although its
effect was lower than 2 point mutations (i.e., DV/FT) (Figure 10). I demonstrated that the
amino acid substitution of A148P of EBOV GP affected the infectivity of the pseudotyped
VSV on ZFBK13-76E cells. The co-crystal structure of human NPC1-C and EBOV GP
suggests that A148 directly makes contact with loop 2, and is located adjacent to the RBD
(Figure 9B)®®). In silico mutagenesis suggested that an A148P mutation of GP altered the

size and/or shape of the hydrophobic cavity of the GP RBD (Figure 9B), which might
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restore the interaction between GP and NPC1 having the D502F substitution.

The previous study showed that Niemann-Pick C2 (NPC2), a partner of NPC1
in low density lipoprotein-derived cholesterol transportation, binds to NPC1 using an
interaction interface that is similar to that used by GP*?), raising the possibility that the
competition between GP and NPC1 might be involved in the filovirus host tropism. In
this study, I found that amino acid positions 425, 426, 427, 502, and 505 of NPC1 were
important for the interaction with filovirus GP. It was suggested that amino acid positions
425-427 of NPC1 did not seem to be important for the interaction with NPC2 and that
amino acid position 505 was not involved in the interaction with NPC2. Although it was
also suggested that amino acid position 502 of NPC1 is important for the interaction with
NPC2 (amino acid position 25; Lysine), I confirmed that this Lysine in NPC2 is conserved
among human 293T, FBKTI1, and ZFBK13-76E cells (data not shown). Thus, it is
unlikely that NPC2 plays a major role in controlling the filovirus host tropism.

The Yaeyama flying fox, the origin of FBKT1 cells, is one of the subspecies of
Ryukyu flying foxes (Pteropus dasymallus) distributed in Asian countries such as Japan,
the Philippines, and Taiwan®>. In the Philippines, RESTV infection was confirmed in bats,
monkeys, and pigs*?°°132_ Although filovirus infection of this bat species has never been
reported, anti-RESTV antibodies were detected in a large flying fox (Pteropus vampyrus
[P vampyrus]), which is evolutionary related the to the Yaeyama flying fox>2.
Interestingly, the unique amino acid motif of loop 1 (i.e., TET found in FBKT1) has also
been found in NPC1 of other fruit bat species, including the large flying fox (P. vampyrus)
and the black flying fox (Pteropus alecto)*?, both of which are widely distributed in Asian
and Oceanian countries (i.e., P vampyrus in Brunei Darussalam, China, Indonesia,

Malaysia, Myanmar, the Philippines, Singapore, Thailand, Timor-Leste, and Vietnam,
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and P. alecto in Indonesia and Papua New Guinea)®’®. Considering the accumulating
seroepidemiological evidence suggesting filovirus infection of wild animals in Asian
countries such as China, Singapore, Bangladesh, and Indonesia?®:4%-61:67:87.8889) thege fruit
bat species may play a role in the ecology of ebolaviruses, including yet unknown species,
while these data suggest the inability of MARV or MARV-related filoviruses (i.e.,
filoviruses that have Q at position 142 of GP [EBOV numbering]) to efficiently infect
these bat species.

ZFBK13-76E cells are derived from the straw-colored fruit bat (E. helvum),
which is widely distributed in sub-Saharan African countries*®). It has been shown that
this bat species migrates between the tropical forests of African countries”. Previous
studies provided serological evidence of the infection of E. helvum bats with EBOV?>%%),
However, findings here, as well as the data published previously®”, suggest that this bat
species may not be highly susceptible to EBOV. Serological cross-reactivity with multiple
ebolavirus species or the existence of natural EBOV variants that have P at position 148
of GP may explain this contradictory observation. Alternatively, it is possible to assume
that there might be polymorphism of the NPC1 gene in this same bat species and some
minor populations of this species might be susceptible to EBOV. In addition, in these bats
another factor besides NPC1 could play a role for filovirus infection. This remains to be
clarified in future studies.

In this study, I have demonstrated that GP-NPC1 engagement is one of the
genetic determinants of the host-range restriction of filoviruses in bat species.
Interestingly, R. aegyptiacus bats were not fully susceptible to ebolaviruses when infected
experimentally’!, whereas cell lines derived from this bat species (e.g., ZFBK15-137RA)

were susceptible to VSVs pseudotyped with GPs of ebolaviruses (Figure 2) and infectious
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ebolaviruses?®36:3%-3060 Thys, some other host factors (e.g., those involved in the immune
system) that interact with viral proteins may play an additional role in determining the
susceptibility of bats to filoviruses. Indeed, unique functions of bat interferon (IFN) and
IFN-induced proteins, as well as IFN-inhibitory viral proteins, have been reported
previously!?47:68.76.90) Eyrther biological and bioinformatic analyses with a larger number
of bats and bat-derived cell lines and their genomic sequences are required to better
understand the molecular basis of virus-host protein interactions involved in the filovirus

host tropism.

42



Human NPC1

EBOV GP

Human NPC1

EBOV GP Q142

Human NPC1 E426

EBOV GP

Human NPC1 E426

Human NPC1

EBOV GP P148

EBOV GP

Human NPC1 F502

EBOV GP P148

43



Figure 9. Predicted structure of the NPC1 loops and EBOV GP

(A, B) The three-dimensional co-crystal structure of domain C of human NPCI and
EBOV GP (PDB ID: 5F1B) was used as a template. The amino acid residues G426 or
D502 of NPC1 and S142 or A148 of EBOV GP were substituted to E426 or F502 and
Q142 or P148 by in silico mutagenesis. (A) The interface of NPC1 loop 1 and EBOV GP
is shown as a ribbon model. G426/E426 of NPC1 and S142/Q142 of GP are shown in
light green/purple and pink/yellow, respectively. (B) Loop 2 of NPC1 is shown as a ribbon
model. GP1 (dark grey) and GP2 (light grey) are shown in a surface model. The amino
acid residues forming a hydrophobic cavity of GP1 (i.e., V79, P80, T83, W86, G87, F88,
L111, E112, 1113, V141, G145, P146, C147, A152, and 1170) are colored light cyan.
D502/F502 of NPC1 and A148/P148 of GP are shown in orange/dark blue and green/deep
red, respectively. Nitrogen and oxygen atoms in side chains are shown in blue and red,
respectively (A, B). All mutagenesis procedures were performed using PyMOL
(Schrodinger LLC).
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Figure 10. Effects of amino acid substitutions in the NPC1-C loops on cell
susceptibility to pseudotyped VSVs

(A) Wildtype and mutant NPC1 genes were constructed to assess the importance of the
unique amino acid sequences (shown in boldface) in loop 1 of FBKTI1 and loop 2 of
ZFBK13-76E. (B) Vero E6/NPC1-KO cl.19 cells transduced with exogenous NPC1 genes
and control cells (NPC1 knockout and Vector control) were infected with pseudotyped
VSVs. Relative infectivity was determined as described in Materials and Methods. Each
experiment was conducted three times, and averages and standard deviations are shown.
For comparison of viral infectivity among NPC1-expressing cells, one-way analysis of
variance was performed, followed by Dunnett’s test, and significant differences compared
to cells expressing wildtype human NPC1 (HEK293T-NPC1) are shown (* P <0.05).
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Summary

Fruit bats are suspected to be natural hosts of filoviruses, including EBOV and
MARV. Interestingly, however, previous studies have suggested that these viruses have
different tropisms depending on the bat species. Here, I show a molecular basis
underlying the host-range restriction of filoviruses. I found that bat-derived cell lines
FBKT1 (Pteropus dasymallus yayeyamae) and ZFBKI13-76E (E. helvum) showed
preferential susceptibility to EBOV and MARYV, respectively, whereas the other bat cell
lines tested were similarly infected with both viruses. In FBKT1 and ZFBK13-76E,
unique amino acid sequences (i.e., TET at positions 425-427 and F/T at positions 502/505
in FBKT1 and ZFBK13-76E, respectively) were found in the domain C loops of NPC1
protein, one of the cellular receptors interacting with the filovirus GP. I generated Vero
E6 cells expressing wildtype and mutant NPC1 proteins and found that these cell lines
show differential susceptibility to EBOV and MARYV. Substitutions of amino acid residues
in the NPCl-interacting site among filovirus GPs altered the infectivity of pseudotyped
VSVs in two bat cell lines. Taken together, these findings indicate that the heterogeneity
of bat NPC1 orthologues is an essential factor controlling filovirus species-specific host

tropism.
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Chapter I1:
Niemann-Pick C1-mediated distinctive host cell preference for a bat-derived

filovirus, Lloviu virus

Introduction

In 2002, a novel filovirus, LLOV, phylogenetically distinct from the viruses in
the genera Ebolavirus and Marburgvirus, was discovered in carcasses of insectivorous
bats (Schreiber’s bent-winged bat: Miniopterus schreibersii) in Spain®”. Based on the
phylogenetic data, and this virus has been designated as a new filovirus member
belonging to the genus Cuevavirus**?. In 2016, LLOV was detected again in the same
species of bats in Hungary®¥. More recently, the full-length genomes of previously
unknown filoviruses (i.e., BOMV and MLAV) were also discovered in bats?>*>7#7), Taken
together, the frequent detection of filoviruses in bats suggests that this animal species is
closely related to the ecology of filoviruses.

Since infectious LLOV particles have never been isolated, the biological
properties of LLOV remain unclear. Previous studies suggest that LLOV GP is the only
glycoprotein responsible for viral entry into cells*>*?). Like other filoviruses, LLOV GP
is thought to play a major role in the replication of filoviruses and has been shown to have
the potential to mediate viral entry into mammalian cells, including cells from both human
and bat origins*>*). It has also been shown that viral protein (VP) 24 and VP35, which
are known to suppress the innate immune response and play an important role in the
pathogenicity of EBOV and/or MARV*?, are also encoded in the LLOV genome. Both
LLOV VP24 and VP35 were shown to antagonize immune responses in human cells'?.

These findings suggest that LLOV has the capacity to infect a wide variety of mammalian
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cells and may be a potential pathogen for humans.

In general, the host range and specificity of viruses (i.e., cell susceptibility) are
determined by multiple viral and host factors. One of the most important steps in this
lifecycle is entry of the viruses into the host cells, which is generally mediated by
interaction between viral surface proteins and host cell receptors’™. Previous studies
suggest that each filovirus might have a preference for an individual bat species?®9),
which is principally determined by the interaction between GPs and filovirus receptors.
Maruyama et al previously compared the susceptibility of different bat-derived cell lines
to filoviruses using VSV pseudotyped with GPs*> and found that a cell line (i.e., SUBK12-
08)-derived from a bat (Miniopterus sp.) showed a preferential susceptibility to LLOV*.
However, the molecular mechanisms underlying this preferential cell susceptibility
remain unknown. In this study, | focused on the interaction between GP and a host cellular
receptor, NPC1 protein®*®, and found that heterogeneity of NPC1-C, which interacts with
filovirus GP3"#) is important for the distinctive cell tropism of LLOV to the particular

bat cell line.
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Materials and Methods
Cells

Vero EG6 cells were grown in DMEM (Sigma) supplemented with 10% fetal calf
serum (Cell Culture Bioscience), 100 U/ml penicillin, and 0.1 mg/ml streptomycin
(Gibco). Bat-derived cell lines were established as described previously’. All of the bat
cell lines were grown in RPMI 1640 medium (Sigma) supplemented with 10% FCS, 100
U/ml penicillin, and 0.1 mg/ml streptomycin. Origins of these cell lines are shown in
Table 1. Origin of SuBK12-08 cells were identified by morphology, habitat, and BLAST
searches using the sequences from the cytochrome b gene*®. Vero E6/NPC1-KO cl.19,
and Vero E6/NPC1-KO cl.19 expressing exogenous NPC1 derived from HEK293T,

FBKT1, and ZFBK13-76E cells, were established previously®>8),

Viruses

Using VSV containing the green fluorescent protein gene instead of the receptor
binding VSV G protein gene, pseudotyped viruses with GPs of EBOV (Mayinga), MARV
(Angola), and LLOV (Asturias) (VSV-EBOV, -MARYV, and -LLOV) were generated as
described previously*>2?, The mutant GP genes were constructed by site-directed
mutagenesis. VSVs pseudotyped with filovirus GPs were pre-incubated with an anti-VSV
G monoclonal antibody, VSV-G [N] 1-9%, to abolish any background infection with
parental VSV. Pseudotyped VSVs were inoculated into confluent cell monolayers
cultured on 96-well plates, and 1Us in each cell line were determined for each cell line
twenty hours later by counting the number of GFP-expressing cells under a fluorescent
microscope. Relative infectivity of pseudotyped VSVs in bat-derived cell lines was

determined by setting the GFP-positive cell number of Vero E6 cells infected with each
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virus to 100%. Relative infectivity of pseudotyped VSVs in a NPC1-knockout Vero E6
cell line (Vero E6/NPC1-KO cl.19) expressing exogenous NPC1 were determined by
setting the GFP-positive cell number of wildtype HEK293T NPC1-expressing cells

infected with each virus to 100%.

Cloning of bat NPC1 genes and generation of stable cell lines expressing chimeric
HEK293T/SuBK12-08 NPC1 proteins

| used the nucleotide sequences of NPC1 genes derived from FBKT1, ZFBK13-
76E, ZFBK11-97, ZFBK15-137RA, DemKT1 SuBK12-08, YubFKT1, and BKT1, which
have been determined previously (GenBank accession numbers; LC462999, LC462993,
LC462994, LC462995, LC462996, LC462997, LC462271, and LC462998,
respectively®?. The NPC1 gene of SuUBK12-08 was amplified with KOD One (TOYOBO)
and inserted into a pSP72 (Promega) plasmid vector. After sequence confirmation,
domain C of the NPCL1 gene fragment derived from SuBK12-08 cells (amino acid residues
377-624 [373-620 in HEK293T NPC1 numbering]) and the NPC1 gene fragment derived
from HEK293T cells (amino acid residues 1-372 and 621-1279) were amplified with
KOD One. Then, these NPC1 gene fragments were inserted into the pMXs-puro retroviral
vector (Cell Biolabs) to construct pMXs-chimeric HEK293T/SuBK12-08 NPC1. An In-
Fusion cloning kit (BD Clontech) was used to construct the retroviral vectors carrying
these NPC1 genes. Using pMXs-chimeric HEK293T/SuBK12-08 NPC1, Vero E6 cells
expressing chimeric HEK293T/SuBK12-08 NPC1 was generated as described
previously®V. Briefly, retroviruses carrying NPC1 genes were generated using Platinum
GP cells (Cell Biolabs). Vero E6/NPC1-KO cl.19 cells®® were infected with these

retroviruses and the NPC1-transduced cells were selected with puromycin (Sigma
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Aldrich). | examined the expression levels of exogenous NPC1 molecules by western
blotting using anti-NPC1 monoclonal antibody (ab6276. Abcam) and horseradish
peroxidase-conjugated goat anti-mouse 1gG (115-035-062. Jackson ImmunoResearch). |
confirmed that similar band intensities were uniformly observed in each cell line (data

not shown).

Statistical analysis

All statistical analyses were performed using R software (version 3.5.2)7%. For
comparison of viral infectivity between NPC1-transduced cell lines and infectivity of
pseudotyped VSVs among wildtype and mutant viruses in SuBK12-08 cells, one-way
analysis of variance, followed by the Dunnett’s test were performed (Figure 12 and 13).
For the comparison of viral infectivity of pseudotyped VSVs between VSV-
EBOV/V141A and -EBOV/V141A&S142K and VSV-LLOV/AL50V and -
LLOV/A150V&K151S in SuBK12-08 cells (Figure 13), Student t-test was used. P-values

of less than 0.05 were considered to be significant.
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Results
Susceptibility of bat-derived cell lines to VSV-EBOV, -MARYV, and -LLOV

Using replication-incompetent VSVs pseudotyped with GPs of EBOV, MARY,
and LLOV, I investigated GP-dependent tropism, which is hypothesized to be the primary
determinant for cell susceptibilities to filoviruses. Vero E6 cells, which are generally used
for filovirus studies and eight bat-derived cell lines from different origins (i.e., five
frugivorous bat species in the suborder Megachiroptera [FBKT1, ZFBK13-76E,
ZFBK11-97, ZFBK15-137RA, and DemKT1] and three insectivorous bat species in the
suborder Microchiroptera [SuBK12-08, YubFKT1, and BKT1]) were used to compare
their susceptibilities (Table 1, Figure 11). I found that SuBK12-08, a cell line derived
from the Miniopterus sp., showed higher susceptibility to VSV-LLOV than VSV-EBOV
and -MARYV, although cell lines derived from the other bat species including two
insectivorous bat species did not show such preferential susceptibility to VSV-LLOV.
Interestingly, VSV-MARV infected most of the bat-derived cells at relatively high

infectivity, except FBKT1 and ZFBK13-76E cells.
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Figure 11. Susceptibility of bat-derived cell lines to VSVs pseudotyped with
filovirus GPs

Vero E6 and bat-derived cells were infected with VVSVs pseudotyped with filovirus GPs
(VSV-EBOV, -MARYV, and -LLOV). Relative infectivity of pseudotyped VSVs in bat-
derived cell lines was determined as described in Materials and Methods. Each
experiment was conducted three times, and average and standard deviations are shown.
Asterisks represent 1Us under the limit of detection (20 1U/ml).
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Amino acid sequences of the domain C of bat NPC1 orthologues and susceptibilities
of Vero E6 cell lines expressing exogenous NPC1 proteins to VSV-EBOV, -MARYV,
and -LLOV

Since pseudotyped VSVs rely on GP-dependent entry into cells, I assumed that
the interaction between GP and its receptor is important for the preferential susceptibility
of SuBK12-08 cells to VSV-LLOV. Indeed, the interaction between GP and NPC1, which
is believed to be the receptor for all known filoviruses, including LLOV and newly
identified filoviruses®**®%7) has been demonstrated to control the host specificity of
filoviruses®>>%6%81_ Thus, I compared amino acid sequences of bat NPC1-C region which
include two loop structures that have been shown to directly interact with the RBD of
GP3789 (Figure 12A). Although there were no unique sequences in the NPC1-C loop
regions of SuBK12-08 cells and amino acid residues in the loops of its NPC1-C region
were conserved among three insectivorous bat species, SuBK12-08, YuBFKT1, and
BKTT1, I found a unique amino acid residue (i.e., lysine) at position 416 in SuBK12-08,
near the NPC1-C loop 1, whereas the other two insectivorous bat cell lines had asparagine
or aspartic acid.

To ascertain whether the difference in the NPC1 sequence between SuBK12-08
and other bat cell lines affected the cell susceptibility to pseudotyped VSVs, I generated
Vero E6 cells stably expressing exogenous NPCI1 proteins derived from SuBK12-08,
HEK293T, FBKT1, and ZFBK13-76E, which were generated and used in the previous
study®" and compared their susceptibilities to pseudotyped VSVs (Figure 12B). Since the
full-length sequence of the open reading frame of SuBK12-08 NPC1 was not available, I
constructed chimeric NPC1 that had the SuBK12-08-drived domain C in HEK293T

NPC1 (See Materials and Methods). I found that infectivity of VSV-EBOV in cells
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expressing chimeric HEK293T/SuBK12-08 NPC1 was slightly but significantly lower
than those in the cells expressing NPC1 of HEK293T. The infectivity of VSV-MARYV in
chimeric HEK293T/SuBK12-08 NPC1-expressing cells was similar to that in HEK293T
NPCI1 cells. In contrast, the infectivity of VSV-LLOV in the cells expressing chimeric
HEK293T/SuBK12-08 NPC1 was significantly higher than that in the HEK293T NPC1 -
expressing cells. Interestingly, cells expressing FBKT1 NPC1 showed reduced
susceptibility to VSV-LLOV. In addition, VSV-EBOV and VSV-MARYV less efficiently
infected the cells expressing ZFBK13-76E and FBKT1 NPCI1, respectively, which was

consistent with the previous findings®".
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Figure 12. Comparison of amino acid sequences of the domain C of bat NPC1
orthologues and susceptibility of NPC1-transduced cell lines to pseudotyped VSVs

(A) Deduced amino acid sequences of the NPC1-C sequences of FBKT1, ZFBK13-76E,
ZFBK11-97, ZFBK15-137RA, DemKT1, SuBK12-08, YubFKT1, and BKT1, are
aligned. Amino acid positions of loop 1 and loop 2 are enclosed by rectangles. (B) Vero
E6/NPC1-KO cl.19 cells transduced with exogenous NPC1 genes were infected with
pseudotyped VSVs. Relative infectivity was determined as described in Materials and
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Methods. Each experiment was conducted three time, and averages and standard
deviations are shown. For comparison of viral infectivity among NPC1-expresisng cells,
one-way analysis of variance followed by the Dunnett’s test were performed, and
significant differences compared to the cells expressing wildtype human NPC1
(HEK293T-NPC1) are shown (* P < 0.05).
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Comparison of amino acid sequences at the NPC1-binding interface of filovirus GP
and the infectivity of VSV pseudotyped with EBOV, LLOV, and their mutant GPs
in SuBK12-08 cells

The previously determined co-crystal structure of human NPC1-C and EBOV
GP demonstrated that the GP RBD contains key amino acid residues that directly interact
with some of the amino acid residues in the loop structures of NPC1-C%®. Thus, I
compared amino acid sequences around this region between EBOV and LLOV GPs
(Figure 13A) and found five amino acid differences at positions 79, 114, 141, 142, and
144 (EBOV numbering); valine (V), lysine (K), V, serine (S), and threonine (T) in EBOV
GP and leucine (L), T, alanine (A), K, and A in LLOV GP at the corresponding amino
acid positions.

To determine the important amino acid residues for the differential infectivity of
VSV-LLOV and -EBOV in SuBK12-08 cells, I generated VSVs pseudotyped with GP
mutants whose amino acid at position 79, 114, 141, 142, or 144 (EBOV numbering) was
swapped between LLOV and EBOV GPs and their infectivity were compared using Vero
E6 and SuBK12-08 cells (Figure 13B). Though there were no significant differences
among the VSV-EBOV, -EBOV V79L, -EBOV K114T, -EBOV S142K, and -EBOV
T144A in the infectivity in SuBK12-08 cells, VSV-EBOV V141A was shown to infect
SuBK12-08 cells more efficiently. On the other hand, while I found little difference in the
infectivity among VSV-LLOV, -LLOV L88V, -LLOV T123K, and -LLOV A153T in
SuBK12-08 cells, the infectivity of VSV-LLOV AI50V and -LLOV KI151S were
significantly lower than that of VSV-LLOV. I also determined the importance of double
amino acid substitutions (i.e., V141 A and S142K in EBOV GP and A150V and K1518S in

LLOV GP) for the infectivity of VSV-LLOV and -EBOV in this Miniopterus bat cell line.
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While there was no significant difference between VSV-EBOV V141A and -EBOV
V141A&S142K in the infectivity of SuBK12-08 cells, the double amino acid substitution
(i.e., A150V and K151S) in LLOV GP decreased the infectivity of VSV-LLOV more
efficiently than either of the single amino acid substitutions. These results indicate that
the amino acid residue V at position 141 in EBOV GP and A/K at positions 150/151 in
LLOV GP play a major role in the different potential of EBOV and LLOV GP to mediate

virus entry into SuBK12-08 cells.
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Figure 13. Amino acid differences in the RBD between EBOV and LLOV GPs and
effects of amino acid substitutions in the GP RBD on the infectivity of pseudotyped
VSVs in SuBK12-08 cells

(A) Deduced amino acid sequences of EBOV and LLOV GPs are aligned. The amino
acid residues at positions 79, 114, 141, 142, and, 144 (EBOV numbering) which are
assumed to interact with the amino acid in loop 1 and loop 2 of human NPC1-C, are
enclosed by rectangles. (B) Vero E6 and SuBK12-08 cells were infected with VSVs
pseudotyped with EBOV, LLOV and their mutant GPs. Relative infectivity was
determined as described in Materials and Methods. Each experiment was conducted

three times, and averages and standard deviations are shown.
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Discussion

Although the biological properties of LLOV remain poorly studied®!?-33:34:45:60.72)
it has been shown that the LLOV GP has potential to mediate viral entry into many
mammalian cell lines. Previously, I compared the susceptibility of bat-derived cell lines
to filoviruses, using VSVs pseudotyped with filovirus GPs, and found that VSV
pseudotyped with LLOV GP showed relatively higher infectivity to a cell line derived
from a Miniopterus bat (Miniopterus sp.) than the other bat cell lines tested (Figure 11)*,
indicating that LLOV has preferential tropism to this bat species. In this study, I
investigated the molecular mechanisms underlying the cell preference of LLOV.

NPCl is a ubiquitous receptor for filoviruses including LLOV®!**® and has been
shown to be required for the cellular entry of filoviruses and is thus important for their
host range restriction and host specificity>>>%6%8D In this study, I focused on the
interaction between GP and NPC1 to explain cell tropism of LLOV. I found that the NPC1
protein of SuBK12-08 cells had the potential to mediate LLOV infection more efficiently
than those of the other bat origins tested (Figure 12B). Although I found no unique amino
acid residues in the two GP-interacting loop regions of SuBK12-08 NPC1-C, there is a
distinctive amino acid residue (i.e., K at position 416) adjacent to the loop 1 region
(Figure 12A). I hypothesize that this amino acid difference affects the loop 1 structure,
resulting in the increased interaction between NPC1 and LLOV GP.

I found two amino acid differences between LLOV and EBOV GPs (i.e., V and
A at position 141, S and K at position 142: EBOV numbering) were responsible for the
different cell preference of pseudotyped VSVs in SuBK12-08 cells (Figure 13B). It has
been shown that V141 and S142 of EBOV GP interact with amino acid residues in the

loop 1 of NPC1-C, more strongly than those in the loop 2 of NPC1-C?., Therefore, these
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results support my hypothesis that the mechanism for the preferential tropism of LLOV
in Miniopterus bats may be a result of strengthened interactions between GP and loop 1
of the NPC1-C.

Schreiber's bent-winged bat (M.schreibersii) is an insectivorous bat distributed
in southern Palearctic, Ethiopic, Oriental, and Australian regions”). Since the discovery of
LLOV in Spain®”, anti-LLOV antibodies have been detected in M. schreibersii bats in
Spain in 2015 and the LLOV RNA genome has been detected in a M. schreibersii bat in
Hungary in 2016>*7?. These studies suggest that this bat species may be a preferred host
for LLOV. Accordingly, there was a significant difference in the seroprevalence of LLOV
infection between bat species (i.e., 36.5% in M. schreibersii bats and 0% in Eptesicus
serotine bats), suggesting that this bat species (M. schreibersii) is highly susceptible to
LLOV’ and may become a source of spread for LLOV to other potential animal species
including humans and other bats. On the other hand, it still remains unknown whether
this bat species is the natural host of LLOV since LLOV seems to be pathogenic in this
bat species®**7.

In this study, I demonstrated that the interaction between GP and NPCI1 is one of
the factors controlling the preferential susceptibility of Miniopterus bat cells to LLOV.
Recently, the genomes of new filoviruses were discovered from some bat species; BOMV
from little free-tailed bats (Chaerephon pumilus) and Angolan free-tailed bats (Mops
condylurus) and MLAV from Rousettus bats (Rousettus sp.)*>*”. The host range of these
new viruses will be of interest to the filovirus community as both BOMV and MLAV GPs
were shown to utilize NPC1 as a host cell receptor?>*?. To understand the whole picture
of filovirus ecology, it is important to determine the host specificity of newly identified

filoviruses as well as previously known human-pathogenic ebolaviruses and
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marburgviruses.
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Summary

LLOV, a bat-derived filovirus phylogenetically distinct from human-pathogenic
filoviruses such as EBOV and MARYV, has been discovered in Europe. However, since
infectious LLOV particles have not been isolated, the biological properties of this virus
remain poorly understood. Previously, I found that VSV-LLOV showed higher infectivity
in an insectivorous bat (Miniopterus sp.)-derived cell line than to the other bat-derived
cell line tested, which was distinct from the tropism of VSV-EBOV and VSV-MARV. In
this study, I investigated the mechanisms underlying this preference by focusing on the
interaction between GP and the NPCI1 protein, one of the known cellular receptors of
filoviruses. Cloned NPC1 genes from human and some bat species including Miniopterus
sp. were introduced to NPC1-knockout Vero E6 cells and their susceptibility to VSV-
LLOV and -EBOV were compared. I found that the cell line expressing Miniopterus bat-
derived NPC1 showed higher susceptibility to VSV-LLOV than the cells expressing
NPCI1 derived from human or the other bat cell lines tested. Swapping of some amino
acid residues in the NPC1-binding site between LLOV and EBOV GPs exchanged the
infectivity of VSV-LLOV and VSV-EBOV in the Miniopterus bat-derived cell line. These
results suggest that the interaction between GP and NPCI1 is important for the tropism of

LLOV to Miniopterus bats.
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Conclusion

Although bats are suspected to be the natural reservoir of filoviruses, previous
studies have suggested that the viruses have different tropisms depending on the species
of bat that acts as a host. However, the mechanisms that determine this tropism and host
range are poorly understood. In this thesis, I investigated the molecular determinants for
distinctive susceptibilities of bat-derived cell lines (i.e., FBKT1, ZFBK13-76E, and
SuBK12-08 cells) to filoviruses, focusing on the interaction between GP and NPCl1
protein, which is required for filovirus entry into cells.

In chapter I, I determined the molecular mechanism for the impaired
susceptibility of FBKT1 and ZFBK13-76E cells to MARV and EBOYV, respectively. The
unique amino acid sequences in the NPC1-C loop regions (i.e., TET at positions 425-427
and F/T at positions 502/505 in FBKT1 and ZFBK13-76E, respectively) were found to
be important for the differential susceptibility of the two bat cell lines to MARV and
EBOV. Amino acid residues important for the interaction of the NPC1 loops and these bat
cell lines were also identified within the receptor binding sites of EBOV and MARV GPs.
In silico structural analysis and site-directed mutagenesis suggest that E426 and F502 of
NPCI1 play critical roles in reducing the susceptibility of FBKT1 and ZFBK13-76E cells
to MARV and EBOV, respectively.

In chapter I1, I investigated the molecular mechanism involved in the preferential
susceptibility of SuBK12-08 cells to LLOV, which was discovered in Miniopterus
schreibersii bats from Europe. I found that NPC1 derived from SuBK12-08 cells had
increased potential to mediate VSV-LLOV entry, compared to those derived from human
or the other bat cell lines tested. Site-directed mutagenesis indicated that amino acid

residues at positions A150 and K151 of the NPCl-interacting site of LLOV GPs were
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important for this preferential tropism. Since SuBK12-08 has a unique amino acid residue
adjacent to the loop 1 region of NPC1-C (i.e., K at position 416), this amino acid residue
is likely to be important in the higher susceptibility of SuBK12-08 cells to LLOV.

In this thesis, I determined a molecular basis underlying the host-range
restriction of filoviruses. This study provides fundamental information which allows us
to better understand of the filovirus ecology. This is a prerequisite in minimizing the risk
of filovirus transmission from wildlife to humans. Identification of natural reservoirs and
potential intermediate hosts for these viruses is required to prevent and control filovirus

infection in future.
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Abstract in Japanese

7 40 A VARHIE R FANC 58 (Ebolavirus J&. Marburgvirus J& .
Cuevavirus J&. Striavirus J&. Thamnovirus J&) 2/ S, FH9FEHD 7 A LA
(Ebolavirus J&; Ebola virus [EBOV], Sudan virus, Tai Forest virus, Bundibugyo virus.
Reston virus, Marburgvirus J&; Marburg virus [MARV], Cuevavirus J&; Lloviu virus
[LLOV]. Striavirus J&; Xiling virus, Thamnovirus J&; Huangjido virus) 75272~
TW5%, EBOV BX O MARV 23 &5 Ebolavirus J&F X O Marburgvirus J&
ICEEND VAN AFE FEGUOERBEOMICHEERH AL S Z4FHR
MOENTND, 74 R UANVAEIIEO L F TOHREITHTRISIOBET 7 U %
WIZIREL TWaD R, 7Y7ed—u v GEEICERT 2881057 1
T A L A2 DFEGH B RS STV D,

ayEVIET v UANVAOHREEE LTHAAREINTHWDER, avE Y
PR TOT7 4 v ANV ATK T DREZMENRE SRR D LRI TN D,
LU, BEEZMEOEWEZRET SR IR ERHTH D, KEGRLTIE T 4 1
TANVAD LT H—D—>D>Th D Niemann-Pick C1 (NPC1) & 71 /L R 1-F
HHEE QE(GP) L OMHAMFEHIZER L, aUvEI DT 418 U A LRI 2K
MR D TET D oy TR 2 AT LT,

F—ETIE, B MEEFORRBEDHWICESWRRM AT EBOV 3 X T MARV
Cxt o A E Y ORZNEARET Do AT Lz, £, Bs 8
OayE VIZHFKTHMIEE VT, EBOV 8L MARV @ GP D3 = —
N2 A TR R T A VAT B ONTEGE D EBOV 6 X TYMARV (ZX7 % &
MR LR R, Yo v~AFa v ) fROMIaEL FBKTI B XU R e
—F A2 vV HROMIEE ZFBK13-76E 73, Z L4 MARV ¥ X OV EBOV (2

LU T ERS A R ERWVERS ST, F 2T, GP O Lt X —fEAE AL
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PAEAEAT 2 NPC1 3 LD RAA LV CHEIK (740 UALADLET X —
E L TCOMRBICEHER R A A ) ITIFHET D loop THIKD 7 X 7 BERLS (420 &
H75 428 % H[loopl fHIK]. B8 LN 501 FHH 226 508 FHH DT I/ BRFkH: [loop2
fEIR]) &, 8FEOavE VR THIR L & Z A, FBKTI 35 L OV ZFBKI13-76E O
loop FEIRIZIE, LD = 7 U 21T A B A7 WRFBI 72 BE S 2358 5 4v7z (FBKTI
Tl loopl FEIKNIZ T425, E426, T427, ZFBK13-76E Tl loop2 FEIKNIZ F502,
T505), ¥IZ, EBOV I LT MARV Dili FIZxf L CaV EZ A ~T & MK
O HEK293T @ NPC1 @ loop fEIKIZZHL D ORFEEY 72 ELS 28 A LT-
NPC1 ZEREZ/EH L, NPCl %/ >~ 2 7 7 b L7z Vero B6 MIZREBL &+,
EBOV 3 X TN MARV 12§ & &S24 Hlg L7z, £ DfER, FBKT1 & ZFBKI13-
76E ORLHZE A L7z NPC1 ZRAKZF BT 2 Tld, £ Zi MARV B &
O EBOV [ZHT DD T2 R 6 iz, £72, FBKTI ¥ X UF ZFBK13-76E
7 NPC1 O loop fEIIZ HEK293T H3EDES A E A L7z NPC1 A HRIKE FHL &
72 HIfE TlX, MARV 3 X OVEBOV IZxT 2 B MEIC EZNRD Lo 7z,
X512, loop fEIK L FHHAEHT D GP @O L& 7% —#EAEEIZ MARV & EBOV
WCTRRDLT7IVBPHFETHZ D, ZNOEANBA T UA NV ZEAEH
L. FBKTI1 & XU ZFBKI13-76E (2351 2 & Ggutt 4 bl L 725 . MARV @ GP
D Q126 % 5T EBOV @D GP @ Al148 73 FBKTI1 & 5\ & ZFBK13-76E (28317
%A NADEMECB S35 Z LNy oTz, EBIT, insilico TEERAT R H O
(21T X BRZE R A RO NPCL ZEBUAING 2 N 7o it 22 5206 L 7245 2R, NPC1 @

loop FEIN_EICTFET D E426 35 L OV F502 23, ZHFH MARV (2%9 5 FBKTI
DEZMER L OVEBOV (2% 9 % ZFBKI3-76E D& M DOREIZE T HLAYZR
TEZ R LT DN RS, DL EORERIZEY  avE VEMICBT S

NPC1 loop fEIK D 7 X/ BEECH D723 A MARV 36 L TN EBOV 125495 Ji%
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ZHEARET HEERK - TH L LIRBINT,

2002 5, AA OMARMICART 28R v E Y OFEED S Ebolavirus J&
B LY Marburgvirus JED T A VA L ITELRFEFRNCRRD T 41 7 A VAN
BRI, LLOV 420 bivle, & 2 B TIL LLOV IZx¥ 2 2 vt U O
PEA LR U, 7R DR ZRET D0 P A fRbT L7, £3°, 2725 8D
avE VIZHKT HHIEEFHVC, EBOV 8L LLOV @ GP ZHf>Y =— R
ZATIANANIHT DEEZME L LIz, ZOREK, RAavEI THD
Miniopterus sp. 3 DFMAELE SuBK12-08 HIAE A LLOV (2 @V VEAZME & 7373,
EBOV |Z135A E M2 R S WHEBHIH L7z, £ Z T, NPC1 0 ® loop FEIK
OT X SN E, SFEOavE Y THEI L E Z A, SuBKI2-08 @ loopl 7H
BOTPHZIE, Mo a v E VIIZAbNRWT X BRFRIE K416 Ml S 7z,
I HEK293T Hi3 D NPC1 (2 SuBK12-08 H3KD NPC1 @D K A A > C fElk % ¥
AL7=F AF NPCl ZfEi L, NPCl1 %/ > 7 7 7 I L7= Vero E6 MIfaIZ 8Bl &
. EBOV B LN LLOV (6 D2 el L7z, £ DOfER, SuBK12-08 H
KD NPClI FAA Y C 2B IEMIT, £ FIUMEO = v Y H2ko
NPC1 %38l S H 7= i@l b~ T, LLOV (Zxt - 2 0 EH-38 L OVEBOV (2
XD MEDIR T 3R S iz, £72. GP O NPCI fif & i Z EBOV B8 KUY
LLOV M CHEBO R 2T XV BREVINFAET HENS, TNOLERZMB LT
A JLAD SuBK12-08 ~D YN % Ll U 7= 55, A150 38 L TVKI151 A% SuBK12-
08 |Z351F 5 LLOV DIEGLMEIZBE G- LTV D E ] L7z, DL EORERIZLY
2y VHERIZIRIT S NPClL D7 2/ FRBELAHIOD1E A LLOV (ZX9 % ik
PEERET DR TH D ENRE ST,

AWFIZLY . 74 v U NVADRFEEIRERTET DA D= R LO 55
mEipole, 74 UA NZDERORIIZ, HAEEBYNOE FA~D YA L AR
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BaE KRR STZDIZEETH D, 5k, 74 2T A VAL I BEYGYED TS &
BIEDT-DI21%, ZOHEKREEL B b ~DIaHE 2 A1 2 B2 s O 4 E
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