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Preface

Viruses in the family Filoviridae are filamentous, enveloped, nonsegmented
negative-strand RNA viruses that are divided into three genera: Marburgvirus, Ebolavirus,
and Cuevavirus. There is one known species of Marburgvirus, Marburg marburgvirus,
consisting of two viruses, Marburg virus (MARV) and Ravn virus (RAVV). In contrast,
five distinct species are known 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'®. The genus
Cuevavirus has one species with one known virus named Lloviu virus (LLOV), whose
genome sequence was recently detected from dead bats (Miniopterus schreibersii) in
Spain®". Members of the genera Marburgvirus and Ebolavirus are known to cause severe
hemorrhagic fever in humans and nonhuman primates, whereas nothing is known about
the pathogenicity of the not yet isolated Cuevavirus*> 57,

In the last decade the frequency of filovirus hemorrhagic fever outbreak increased
in central Africa. On March 23, 2014, the World Health Organization reported an
outbreak of Ebola virus disease in Guinea, one of the West African countries. Since then
the outbreak has spread to seven countries (Sierra Leone, Liberia, Nigeria, Senegal, Mali,
Spain, and the United States), resulting in a total of 18,625 confirmed, probable, or
suspected cases, including 6971 deaths, as of December 14, 2014, which is far larger than
all previous epidemics combined”. Although filoviruses pose a significant threat to
public health in Western and Central Africa and are of worldwide concern with regard to

imported cases and potential bioterrorism, there are currently no approved vaccines or



therapeutics available.

While EBOV-specific immunoglobulin G (IgG) antibodies and viral genomes were
detected in serum and two principal organs (liver and spleen), respectively, from three
different bat species (Hypsignathus monstrosus, Epomops franqueti, and Myonycteris
torquata)®®, MARVs were indeed isolated from healthy cave-dwelling Egyptian fruit bats
(Rousettus aegyptiacus) in Uganda® ™). Thus, fruit bats have been implicated as potential
natural reservoirs of filoviruses, however the transmission route to humans and nonhuman
primates remains unclear. On the other hand, other animals have also been reported to be
susceptible to filoviruses. RESTV was first isolated from domestic pigs in the
Philippines® and its genomes were detected in pigs in China®®. The viral genome was
also detected in duikers during EBOV outbreaks in Gabon and the Democratic Republic
of the Congo®. In addition, serological study have shown that dogs can be susceptible to
EBOV infection?. These reports suggest that the host range of filoviruses seems to be
broader than thus far assumed.

Filovirus particles consist of at least seven structural proteins, including a
glycoprotein (GP), a nucleoprotein (NP), viral proteins (VP) 24, VP30, VP35, VP40, and
an RNA-dependent RNA polymerase (L) (Figure 1A). The envelope GP is the only viral
surface protein and mediates both receptor binding and fusion of the viral envelope with
the host cell endosomal membrane during the entry process into cells’® 8V, Mature GP is
composed of two disulfide-linked subunits, GP1 and GP2, which is generated by cleavage
of precursor GP by the host protease furin in the Golgi apparatus during virus assembly®.
GP1 contains a signal peptide (SP), a putative receptor binding region (RBR), and a
highly glycosylated mucin-like region (MLR) which shields RBR to protect it from

humoral immune responses®” (Figure 1B and C). GP2 contains a hydrophobic fusion loop
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Figure 1. Structure of EBOV particle and envelope GP. Schematic diagrams of EBOV particle
(A) and GP are shown (B). (A) GP: glycoprotein, NP: nucleoprotein, VP24: minor matrix protein,
VP30: replication-transcription protein, VP35: polymerase cofactor, VP40: major matrix protein,
L: RNA-dependent RNA polymerase 7. (B) SP: signal peptide, RBR; putative receptor-binding
region, MLR: mucin-like region, FL: fusion loop, TM: transmembrane domain, CT; cytoplasmic
tail. The furin cleavage site is indicated by the arrow. GP1 and GP2 are bound by a disulphide
bond. (C) The crystal structure of trimeric EBOV GP (PDB code 3CSY) is prepared by using
PyMOL (DeLano Scientific LLC). The predicted position of MLR is shown in orange spheres. A
hetero dimer composed of GP1 (yellow) and GP2 (red) is shown.



(FL), a transmembrane domain (TM), and a short cytoplasmic tail (CT) (Figure 1B).

On the viral envelope, GP2 exists as a trimer and mediates fusion of viral and host cell
membrane?” 8 (Figure 1C).

During filovirus entry process into cells, GP interact with multiple host molecules
(e.g., attachment factors and fusion factor). Infection is initiated by binding of GP to
attachment factors, followed by internalization of the virus particle into endosomes via
macropinocytosis® % 64, In particular, membrane-anchored cellular C-type lectins (e.g.,
DC-SIGN) interact directly with GP mainly through its MLR that contains a number of
N- and O-linked glycosylation sites® ® 2041434471 " T_ce|l immunoglobulin and Mucin
domain 1 (TIM-1) and Tyro3/Axl/Mer (TAM) receptor family facilitates GP-independent
virus attachment via direct and indirect binding to phosphatidylserine (PtdSer) on the viral
envelope, respectively?® 485259 After internalization, vesicles containing virus particles
mature to late endosomes and/or lysosomes, in which low pH leads to proteolytic
processing of GPs by cysteine proteases such as cathepsins'? %68, Although the initiation
of the conformational change in GP leading to membrane fusion is not fully understood,
it has been suggested that the proteolytically digested GP exposes the putative RBR,
which then interacts with the Niemann-Pick C1 (NPC1) molecule. NPC1 is a large
cholesterol transporter protein that localizes in late endosomes and lysosomes?? 861 and
has been shown to serve as a fusion receptor for filovirus entryt 1449,

TIM-1 was identified as a filovirus receptor candidate using a bioinformatics
approach by performing correlation analysis between gene expression profiles of cells
and their permissiveness to viral infection®. It has been demonstrated that TIM-1 directly
interacts with PtdSer on the viral envelope, suggesting that this molecule is important for

the GP-independent attachment of viral particles to cells?® 5> %3, TIM-1 and related



PtdSer-binding proteins such as TIM-4 and TAM receptor family have subsequently been
shown to promote infection of several different enveloped viruses in a manner
independent of specific receptor recognition by their envelope glycoproteins?: 52 53),
However, TIM-1 contributes in different ways to virus infection. Filoviruses, alphaviruses,
flaviviruses, and arenaviruses infection are efficiently enhanced, whereas the infection of
other enveloped virus tested such as Lassa virus, herpes simplex virus 1, influenza A virus
(H7N1), and SARS coronavirus are not?: 48 52),

These cellular attachment factors show distinct expression patterns depending on the
tissue or cell type. Filovirus infection of primary target cells such as monocytes,
macrophages, dendritic cells, hepatocytes, and endothelial cells'® is likely dependent on
the expression of C-type lectins, whereas infection of other cell types at the late stage of
infection® seems to rely on multiple attachment factors. However, NPC1 is required for
infection and is ubiquitously expressed. Although multiple host molecules are known to
be involved in the cellular entry of filoviruses, the molecular mechanisms of filovirus
entry which might explain tissue tropism and host range have not been fully understood.

The present thesis consists of two chapters. In the chapter I, | describe a novel role
of TIM-1 in filovirus entry into cells and discuss the inhibitory mechanism of filovirus
infection by a TIM-1-specific monoclonal antibody (MAb) M224/1. In the chapter II, |
show the TIM-1 polymorphism which might be one of the factors influencing cell

susceptibility to filoviruses and discuss the role of TIM-1 in filovirus infection.



Chapter |
The Interaction between TIM-1 and NPC1 Is Important

for the Cellular Entry of Ebola Virus

Introduction

Filoviruses, including Ebola and Marburg viruses, cause rapidly fatal diseases in
humans and nonhuman primates. There are currently no approved vaccines or
therapeutics for filovirus diseases. In general, the cellular entry step of viruses is one of
the key mechanisms to develop antiviral strategies. However the molecular mechanisms
underlying the entry process of filoviruses have not been fully understood.

Filovirus entry is mediated by GP, which is the only surface protein of virions and
interacts with multiple host molecules. Among several host molecules proposed as
attachment factor?* %3, TIM-1 is one of the host surface molecules, which has been shown
to facilitate PtdSer-mediated virus uptake independently of GP?852:53) NPC1 is essential
host molecule for filovirus membrane fusion. Proteolytically processed GP, which
exposes the putative RBR, interacts with NPC1 and then membrane fusion occurst® 1449,
While the involvement of several host molecules in each entry step has been revealed, the
roles played by their interaction such as initiation of the conformational change in GP
leading to membrane fusion remains elusive.

In this chapter, to better understand filovirus cellular entry, | generated MAb M224/1
against TIM-1 molecule that efficiently inhibited filovirus infection of highly susceptible
Vero E6 cells and examined its inhibitory mechanism. Interestingly, MAb M224/1

primarily prevented membrane fusion rather than virus attachment. Furthermore, I



demonstrated that the interaction between TIM-1 and NPC1 was important for filovirus
entry, suggesting that this interaction could be a novel cellular target for antiviral

strategies.
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Materials and Methods
Viruses and cells

EBOV (Mayinga strain), SUDV (Boniface strain), TAFV (Tai Forest strain), BDBV
(Bundibugyo strain), RESV (Pennsylvania strain), MARV (Angola strain), and vesicular
stomatitis virus (VSV) (Indiana serotype) were propagated on Vero E6 cells and stored
at -80°C. All infectious work with filoviruses was performed in the biosafety level-4
laboratories 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, Hamilton, Montana, USA.

Replication-incompetent pseudotyped VSVs containing the green fluorescent
protein (GFP) and luciferase genes instead of the VSV G gene were produced as described
previously® 72, Infectivities of VSV bearing filovirus GPs or VSV G were determined
by counting the number of Vero E6 cells expressing GFP under a fluorescence
microscope or by measuring luciferase activity in infected cell lysates using a Luciferase
assay kit (Promega, Madison, Wisconsin, USA).

Human embryonic kidney 293T cells, African green monkey kidney Vero E6 cells,
and human leukemic Jurkat T cells from the repository of our laboratory were used for
virus infection and host protein expression. 293T-derived Platinum-GP (Plat-GP) cells
(Cell Biolabs, San Diego, California, USA) were used for the production of retrovirus
vectors. 293T, Plat-GP, and Vero E6 cells were grown in Dulbecco's modified Eagle's
medium (DMEM). Jurkat T cells were grown in Roswell Park Memorial Institute 1640
medium. Both media were supplemented with 10% fetal calf serum (FCS) and penicillin-

streptomycin.

11



Generation of M224/1 and virus entry-inhibition assays

Five-week-old female BALB/c mice (Japan SLC, Hamamatsu, Shizuoka, Japan)
were immunized via the intraperitoneal route with formalin-fixed Vero E6 cells.
Subsequently, splenocytes were fused with B-cell myeloma cells according to standard
procedures®). Hybridomas were then screened for the ability of secreted MADbs to inhibit
the infection of VSV pseudotyped with EBOV GP in Vero E6 cells. MAb M224/1 was
obtained screening approximately 1,000 different clones. MAb M224/1 and a control
MAD (anti-influenza virus hemagglutinin 1gG1, WZ83 59-6-1 from the repository of our
laboratory) were purified from mouse ascites using the Affi-Gel Protein A MAPS 11 Kit
(Bio-Rad, Hercules, California, USA). MAb M224/1 was cleaved with papain and its Fab
fragments  were  purified using a protein G  separation  column
(ImmunoPure Fab preparation Kkit; Thermo Scientific, Waltham, Massachusetts, USA).
To evaluate the inhibitory effect of MAb M224/1 on virus infection, \ero E6 cells were
pretreated with MAb M224/1 or its Fab fragments for 30 min at 37°C and then infected
with filoviruses, VSV, or pseudotyped VSVs at a multiplicity of infection (MOI) of 0.02-
0.04 in the presence of the antibody. After incubation for 24-48 hours, cells infected with
filoviruses were fixed and stained with a mixture of anti-GP (anti-EBOV 42/3.7 or anti-
MARV FS0505)%% 7™ and anti-NP (anti-EBOV 74/7 or anti-MARV FS0609)** 29 as
primary antibodies and anti-mouse 1gG/Alexa Fluor 488 (A11029, Invitrogen Life
Technologies, Carlsbad, California, USA) and anti-rabbit 1gG/Alexa Fluor 488 (A11034,
Invitrogen Life Technologies, Carlsbad, California, USA) as secondary antibodies. Cells
infected with VSV were fixed 8 hours postinfection and stained with a mixture of anti-
VSV G(N)1-9%® and anti-VSV M 195-2*Y as primary antibodies, and anti-mouse

IgG/Alexa Fluor 488 (A11029, Invitrogen Life Technologies, Carlsbad, California, USA)
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as the secondary antibody. Virus infection was quantified measuring the number of
fluorescent cells. Filovirus GP-mediated infection was quantified 18 hours post VSV
pseudotype inoculation counting the number of GFP-expressing cells under a
fluorescence microscope. The relative percentage of infectivity was calculated by setting
the number of cells infected in the absence of MAb M224/1 to 100%. Animal studies
were carried out in strict accordance with the Guidelines for Proper Conduct of Animal
Experiments of the Science Council of Japan. The animal experiments were conducted in
strict compliance with animal husbandry and welfare regulations. The mouse study was
approved by the Hokkaido University Animal Care and Use Committee (Permit number:
08-0235). The genetic recombination experiments and the microbial experiments were
conducted in strict accordance with the Hokkaido University Manual for Safety
Management on Genetic Recombination Experiments and the Hokkaido University

Biosafety Manual for Handling Pathogens and Other Hazardous Agents, respectively.

Expression cloning

A full-length complementary DNA (cDNA) library was prepared from Vero EG6 cells
(In-Fusion SMARTer Directional cDNA Library Construction Kit; Clontech
Laboratories, Palo Alto, California, USA) and cloned into a murine leukemia virus
(MLV)-based retroviral vector, pMX3%. Plat-GP cells were cotransfected with pMX
containing cDNA library genes and a VSV G-expressing plasmid using Lipofectamine
2000 (Invitrogen Life Technologies, Carlsbad, California, USA). Two days later, culture
supernatants were collected, and cleared of cell debris by centrifugation at 300 x g for 5
min, and by passing through 0.45-um filters. The clean supernatant was then used for

infection of Jurkat T cells at a MOI of 0.15, followed by incubation with MAb M224/1
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for 1 hour at 4°C. After washes with cold phosphate buffered saline (PBS), the cells were
incubated with anti-mouse 1gG/Alexa Fluor 488 (A11029, Invitrogen Life Technologies,
Carlsbad, California, USA) and positively stained cells were collected using a MoFlo
Astrios cell sorter (Beckman Coulter, Brea, California, USA). The collected cells were
propagated until 1 x 10° cells were obtained for the next cell sorting. These processes
were repeated several times until a cluster of cells expressing the putative target molecule
for MAb M224/1 was obtained. Finally, the genomic DNA was extracted from the sorted
cell population, and library genes inserted into genomic DNA of the sorted cells were

amplified by PCR using library-specific primers and then sequenced.

Generation of TIM-1- and DC-SIGN-expressing cell lines

Coding sequences of Vero E6 TIM-1 (DDBJ accession number AB969733) and
human DC-SIGN (GenBank accession number NMO021155)*Y were inserted into the
MLV retroviral vector pMXs-IRES-GFP (pMXs-1G)®*?. To generate the retrovirus, Plat-
GP cells were cotransfected with pMXs-1G encoding Vero E6 TIM-1, its IgV domain-
deletion mutant, or DC-SIGN cDNAs and an expression plasmid for VSV G using
Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, California, USA). Two
days later, the retroviruses were collected in the culture supernatants, clarified through
0.45-um filters, and then used to infect 293T and Jurkat T cells. Transduced GFP-positive
cells were collected using a MoFlo Astrios cell sorter (Beckman Coulter, Brea, California,

USA) and used for experiments.

Flow cytometric analysis
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Parental and transduced 293T cells were detached using 0.25% trypsin, washed with
cold PBS/2% FCS, and incubated with MAb M224/1 or the goat anti-TIM-1 polyclonal
antibody (AF1750, R&D Systems, Minneapolis, Minnesota, USA). Primary antibody
binding was detected with anti-goat IgG/Alexa Fluor 647 (305-606-047,
Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, USA). After several
washes, the cells were analyzed employing a FACS Canto flow cytometer (BD
Biosciences, Franklin Lakes, New Jersey, USA) and FlowJo software (Tree Star, San
Carlos, California, USA). 293T cells cotransfected with the expression plasmids
encoding NPC1-monomeric Kusabira-Green (mKG)(N) and/or TIM-1-mKG(C) genes
were analyzed using a FACS Canto flow cytometer (BD Biosciences, Franklin Lakes,

New Jersey, USA) and FlowJo software (Tree Star, San Carlos, California, USA).

Purification and fluorescence-labeling of Ebola VLPs

Ebola virus-like particles (VLPs) were generated by transfection of 293T cells with
the expression plasmids for EBOV VP40, NP, and GP using TransIT LT-1 (Mirus,
Madison, Wisconsin, USA). The culture supernatant was harvested 48 hours post-
transfection, and cleared of cell debris by centrifugation at 2,000 x g for 15 min. VLPs
were precipitated through a 30% sucrose cushion by centrifugation at 21,000 x g for 1
hour at 4°C using a SW28 rotor (Beckman Coulter, Brea, California, USA). Pelleted
VLPs were then resuspended in TNE buffer (10 mM Tris-HCI [pH 7.6], 100 mM NacCl,
1 mM EDTA), and fractionated through a 20-60% sucrose gradient in TNE buffer at
128,000 x g for 2.5 hours at 4°C using an SW40 rotor (Beckman Coulter, Brea, California,
USA). The membranes of purified VLPs were then labeled with a lipophilic tracer, 1,1'-

dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil) (Invitrogen Life
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Technologies, Carlsbad, California, USA), by incubation of the VLPs with a 100 uM

solution of Dil in the dark for 1 hour at room temperature with gentle agitation®®.

Real-time imaging of the Dil-labeled VLPs in living cells

Parental Vero E6 cells and Vero E6 cells expressing GFP-Rab7%® were grown in 35
mm glass-bottom culture dishes (Matsunami Glass, Osaka, Japan). Thirty minutes prior
to the experiment the cells were incubated with phenol red-free MEM (Invitrogen Life
Technologies, Carlsbad, California, USA)/2% FBS/4% bovine serum albumin (BSA)
containing either 50 pg/ml MAb M224/1, 50 pg/ml anti-TIM-1 polyclonal antibody
(AF1750, R&D Systems, Minneapolis, Minnesota, USA), 20 mM NH4Cl, an inhibitor of
endosomal acidification, or 100 puM 5-(N-ethyl-N-isopropyl) amiloride (EIPA), a
macropinocytosis inhibitor. The cells were then incubated with Dil-labeled VLPs in the
same medium in the presence or absence of the antibodies or inhibitors at room
temperature for 30 min. The effect of the different temperatures (i.e., 4°C, room
temperature, and 37°C) on the VLP attachment has been previously assessed in the same
assay and there were no appreciable difference in the total numbers of internalized VLPs
across the conditions®®. Unbound VLPs were removed by washing with medium, and
finally the cells were incubated with or without antibodies or inhibitors for various times
at 37°C. For the analysis of attachment of Dil-VLPs on the cell surface, cells were fixed
in 4% paraformaldehyde for 10 min at room temperature. Nuclei of cells were visualized
by Hoechst 33342 staining (Cell Signaling Technology, Danvers, Massachusetts, USA).
The cells were analyzed using a Fluoview FV10i confocal laser-scanning microscope
(Olympus, Tokyo, Japan). For measurement of adsorbed Dil-VLPs on cell surface,

images of 8-10 optical sections were acquired in 1 micron steps. The number of Dil
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signals was determined in 50 individual cells (approximately 1-10 dots/cell) and the
average number per cell was calculated for each condition. The size and fluorescence
intensity of Dil dots were analyzed in 50 individual cells with MetaMorph software

(Molecular Devices, Sunnyvale, California, USA).

Immunofluorescence assay

Vero E6 or 293T cells were fixed with 4% paraformaldehyde for 15 min at room
temperature and permeabilized with 0.05% Triton X-100 for 15 min. After blocking with
1% BSA in PBS, the cells were stained with the goat anti-TIM-1 polyclonal antibody
(AF1750, R&D Systems, Minneapolis, Minnesota, USA), a mouse anti-NPC1 MADb
(ab55706, Abcam), or control antibodies, mouse 1gG (557273, BD Biosciences, Franklin
Lakes, New Jersey, USA) and goat 1gG (731635, Beckman Coulter, Brea, California,
USA) for 1 hour. Cells were washed 3 times with PBS and first stained with a donkey
anti-goat lgG/Alexa Fluor 594 (A11058, Invitrogen Life Technologies, Carlsbad,
California, USA). After washing 3 times, cells were then stained with a goat anti-mouse
IgG/Alexa Fluor 488 (A11029, Invitrogen Life Technologies, Carlsbad, California, USA)
and 4,6-diamidino-2-phenylindole (DAPI) for 1 hour. The cellular localization of TIM-1
and NPC1 was analyzed using an LSM 780 confocal microscope (Carl Zeiss, Oberkochen,
Germany) with ZEN 2009 software (Carl Zeiss, Oberkochen, Germany). | confirmed that
cross-reactivities of the fluorescent-labeled secondary antibodies to the respective
primary antibodies was not appreciably detected and non-specific reaction of the
secondary antibodies to cellular components was also minimal (data not shown).

Vero E6 cells and 293T cells transfected with a plasmid expressing TIM-1 were

incubated with MAb M224/1 for 30 min on ice and subsequently incubated for 2 hours at
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37°C. Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and
permeabilized with 0.05% Triton X-100 for 15 min. After blocking with 1% BSA in PBS,
the cells were stained with the goat anti-mouse 1gG/Alexa Fluor 488 (A11029, Invitrogen
Life Technologies, Carlsbad, California, USA) and DAPI for 1 hour. The cellular
localization of MAb M224/1 was analyzed using an LSM 780 confocal microscope (Carl
Zeiss, Oberkochen, Germany) with ZEN 2009 software (Carl Zeiss, Oberkochen,

Germany).

Coimmunoprecipitation assay

The Vero E6-derived TIM-1 gene was C-terminally tagged with FLAG sequence
and inserted into a pPCAGGS expression vector. The full-length cDNA encoding NPC1
(DDBJ accession number AB971140) was amplified from total RNA extracted from
293T cells by performing RT-PCR with specific primer pairs, C-terminally tagged with
HA sequence and cloned into the same expression vector. 293T cells were then
transfected with plasmids expressing C-terminally FLAG-tagged TIM-1 (TIM-1-FLAG)
and/or C-terminally HA-tagged NPC1 (NPC1-HA) using polyethylenimine. Two days
after transfection, cells were washed with PBS and treated with lysis buffer (0.05% NP-
40, 20 mM Tris-HCI [pH 7.4], 150 mM NaCl, 10% glycerol) containing protease
inhibitors (Halt Protease Inhibitor Cocktail; Thermo Scientific, Waltham, Massachusetts,
USA). Cell extracts were mixed with protein G sepharose (GE Healthcare, Little Chalfont,
UK) coupled with an anti-FLAG M2 antibody (Sigma-Aldrich, Saint Louis, Missouri,
USA) or anti-HA 3F10 antibody (Roche, Basel, Switzerland), and incubated on a rotator
at 4°C overnight. The next day, the sepharose beads were washed three times with wash

buffer (0.05% NP-40, 20 mM Tris-HCI [pH 7.4], 250 mM NacCl, 10% glycerol), and the
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bound proteins were eluted in sodium dodecyl sulfate (SDS) sample buffer, followed by
analysis performing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and immunoblotting with anti-FLAG or HA antibodies.

Bimolecular fluorescence complementation (BiFC) assay

Expression plasmids for TIM-1-mKG(C) and NPC1-mKG(N) were generated by
inserting the cDNAs of TIM-1 and NPC1 into fragmented mKG vectors (CoralHue Fluo-
chase system; Amalgaam, Nagoya, Japan). 293T cells were cotransfected with the
complementary pair of the mKG fusion plasmids. After 24 hours, cells with fluorescent
signals derived from complemented mKG molecules accumulated in cells were counted
using flow cytometry. The cellular localization of mKG signals was determined using an
LSM 780 confocal microscope (Carl Zeiss, Oberkochen, Germany) and ZEN 2009
software (Carl Zeiss, Oberkochen, Germany). Complemented mKG molecules are shown

to be little dissociated in cells?: 7®),
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Results

Anti-TIM-1 MAb M224/1 blocks filovirus entry into Vero E6 cells

To determine any potential receptor and/or coreceptor molecules required for
filovirus entry, I generated mouse MADs against surface molecules of Vero E6 cells.
Assessment of the anti-filoviral activity of the MADbs by studying their ability to block the
infectivity of VSV pseudotyped with EBOV GP (VSVAG-EBOV GP), identified MADb
M224/1 (1gG1) as a potent entry inhibitor. Expression cloning using a Vero E6 cDNA
library identified TIM-1 as the target molecule of MAb M224/1 (data not shown). TIM-
1 consists of two domains, the N-terminal IgV domain that forms a PtdSer-binding pocket
and a highly glycosylated mucin domain*® (Figure 2A). MAb M224/1 recognized full-
length TIM-1 on 293T cells but not a mutant lacking its IgV domain (AlgV), indicating
that the 1gV domain is important for the interaction with MAb M224/1 (Figure 2B).
Next, | investigated the ability of MAb M224/1 to inhibit entry and replication of
representatives from all known filovirus species (Figure 2C). | observed that replication
of all tested filoviruses was dramatically decreased in MAb M224/1-treated cells in a
dose-dependent manner. Replication of VSV, which served as a control in this assay, was
not substantially affected by MAb M224/1 (Figure 2C), suggesting that this antibody has
an inhibitory effect on filovirus infection. Notably, EBOV replication was reduced even
when cells were treated with the M224/1 Fab fragment, suggesting that crosslinking by
the entire IgG molecule is not required for the inhibitory activity of MAb M224/1 (Figure
2D). Filovirus GP-mediated entry analyzed using VSVAG-EBOV GP was also
considerably inhibited by MAb M224/1 (Figure 2E). Treatment with a control MAb did
not show any inhibitory effects even at the highest concentration tested (100 uM) (Figure

2F). These results indicated that this antibody blocked the entry step of filovirus infections
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(i.e. attachment, internalization, or membrane fusion).

TIM-1 promotes filovirus infection of human epithelial 293T cells but not of
lymphoid Jurkat T cells

Although the effect of TIM-1 on filovirus entry has already been established
performing TIM-1-specific sSiRNA knockdown experiments on Vero cells®®, it remained
unclear whether ectopic expression of Vero EG6 cell-derived TIM-1 can promote filovirus
infection. Therefore, | infected 293T cells, which naturally lack cell surface TIM-1%9),
stably expressing Vero E6 TIM-1 with EBOV and VSVAG-EBOV GP (Figure 3A, left
and middle panels), and found that the expression of TIM-1 dramatically enhanced
susceptibility of cells to EBOV and EBOV GP-mediated infection, whereas only a limited
effect was observed on infection with VSV bearing VSV G protein (VSVAG-VSV G)
(Figure 3A, right panel). These data suggest that EBOV relies on the TIM-1 expression
for its efficient cellular entry more substantially than VVSV. Interestingly, while expression
of DC-SIGN led to productive EBOV and VSVAG-EBOV GP infection of Jurkat T cells
that are poorly permissive for filovirus infections®?, expression of TIM-1 did not (Figure
3B and C). These observations were consistent with previous studies® *®, suggesting that
there might be a distinct mechanism underlying EBOV GP-mediated entry depending on

which attachment factor is used, TIM-1 or DC-SIGN.

M224/1 primarily inhibits viral membrane fusion rather than virus attachment
Since TIM-1 is proposed to serve as an attachment factor for filovirus infection, |
first hypothesized that MAb M224/1 inhibits virus adsorption to cells by competing with

the PtdSer-binding activity of TIM-1. To analyze this, | generated fluorescent (Dil)-
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Figure 2. Inhibition of filovirus GP-mediated infection by MAb M224/1 recognizing the IgV
domain of TIM-1. (A) Schematic representation of WT TIM-1 and its IgV-deletion mutant
(AlgV). SP: signal peptide, TM: transmembrane region, CT: cytoplasmic tail. (B) MLV-
transduced 293T cells stably expressing Vero E6 TIM-1 WT and AlgV were stained with MAb
M224/1 or the anti-TIM-1 polyclonal antibody and analyzed by flow cytometry. Black lines
represent TIM-1-expressing cells. Gray shadings represent vector-transduced control cells. (C)
Vero EG6 cells were pretreated with the indicated concentrations of MAb M224/1 for 30 min at
37°C and infected with filoviruses or VSV in the presence of MAb M224/1. Infected cells were
stained with virus-specific antibodies and counted. The relative percentage of infected cells was
determined by setting the number of untreated infected cells to 100% (approximately 50 to 100
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fluorescent cells per microscopic field). (D) Vero E6 cells were infected with EBOV in the
presence of M224/1 Fab fragments or a control antibody (WZ83 59-6-1). The relative percentage
of EBOV-infected cells was determined as described above. (E,F) In the presence of different
MAb M224/1 or control MAb (WZ83 59-6-1) concentrations, Vero E6 cells were infected with
VSV pseudotypes bearing the indicated filovirus GP or VSV G. GFP-positive cells were counted
and the relative percentage of infected cells was determined as described above. (C-F) The mean
of three (C-E) or two (F) independent experiments is shown. Error bars represent standard
deviation (SD).
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Figure 3. TIM-1-dependent enhancement of infection in 293T cells, but not in Jurkat T cells.
(A) 293T cells stably expressing Vero E6-derived TIM-1 and vector-transduced control cells were
infected with EBOV (left panel), VSVAG-EBOV GP (middle panel), or VSVAG-VSV G (right
panel). (B) Jurkat T cells stably expressing Vero E6-derived TIM-1 or DC-SIGN and vector-
transduced control cells, were infected with EBOV (left panel), or VSVAG-EBOV GP (right
panel). EBOV supernatant was collected 48 hours postinfection and viral titers were determined

62 Luciferase activities of

by performing 50% tissue-culture-infective dose (TCID50) assay
pseudotyped VSVs were measured 24 hours postinfection. The relative infectivity was
determined by setting the value (TCID50 or luciferase activity) of infected control cells to 1.0.
Each experiment was performed three times. One representative experiment for EBOV is shown.
For VSV the mean of three independent experiments is shown. Error bars represent SD. (C) Jurkat
T cells stably expressing TIM-1 were stained with anti-TIM-1 polyclonal antibody and analyzed
by flow cytometry. Black lines represent TIM-1-expressing cells. Gray shadings represent vector-

transduced control cells.
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labeled VLPs consisting of EBOV GP, VP40, and NP* 59 and compared the number of
bound particles on cell surface in the presence and absence of MAb M224/1. Interestingly,
| found that the number of VVLPs attached to the surface of Vero E6 cells was only slightly
decreased in the presence of MAb M224/1, whereas an anti-TIM-1 polyclonal antibody
efficiently reduced VLP binding to cells (Figure 4). Consistent with the reduced VLP
attachment, a slight reduction of VLP internalization was observed in MAb M224/1-
treated cells, whereas many fewer VLPs were detected in cells treated with EIPA, a
macropinocytosis inhibitor (Figure 5). Trypsinization of cells after 37°C incubation did
not affect the number of visible VLPs (Figure 6), confirming that the internalized VLPs,
but not cell surface-bound VLPs, were indeed counted in this assay. The number of VLPs
internalized into untreated cells was similar to that measured for cells treated with NH4Cl,
confirming that VLPs detected under assay conditions were likely in a prefusion state. |
then analyzed membrane fusion by detection of dequenched Dil fluorescence (Figure 7).
In this assay, once the Dil-labeled VLP envelopes fuse with the endosomal membrane,
the fluorescent signal is enhanced?® °9). In Vero E6 cells expressing GFP-fused Rab7, a
late endosome marker, | observed remarkably enlarged and enhanced VLP fusion
signals®® after cells were incubated with Dil-labeled VVLPs for 5 hours at 37°C, indicating
that membrane fusion occurred in the endosomes (Figure 7A, left panels). In contrast, the
Dil signals in MAb M224/1-treated cells were considerably weaker than those in
untreated cells and similar to those in NH4Cl-treated cells (Figure 7A, middle and right
panels). Quantification of size and intensity of the Dil fluorescent dots confirmed that
their average size and intensity were reduced in MAb M224/1-treated cells compared to
untreated cells (Figure 7B and C). | confirmed that the control MAb (WZ83 59-6-1) had

no significant effect on the membrane fusion activity (Figure 8). These results suggest
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Figure 4. Effects of MAb M224/1 on adsorption of Ebola VLPs to Vero E6 cells. Vero E6 cells
were pretreated with or without MAb M224/1 or an anti-TIM-1 polyclonal antibody for 30 min
and incubated with Dil-labeled VLPs in the same media, respectively, for 30 min at room
temperature. Dil signals (red) were observed using confocal laser scanning microscopy. (A)
Images are representative of one experiment performed in triplicate. Nuclei of cells were
visualized by Hoechst 33342 staining (blue). Outlines of individual cells were drawn (white).
Scale bars represent 20 um. (B) Dil signals on the cell surface were quantified. The mean of three
independent experiments is shown. | confirmed that the control MAb (WZ83 59-6-1) had no
significant effect on the membrane fusion activity (see Figure 8). Error bars represent SD.
Statistical analysis was performed using student’s t-test (*p < 0.05, **p < 0.01).
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Figure 5. Effects of MAb M224/1 on internalization of VLPs into Vero E6 cells. Vero E6 cells
were pretreated with or without MAb M224/1, NH4CI (inhibitor of endosomal acidification), or
EIPA for 30 min and incubated with Dil-labeled VLPs in the same media, respectively, for 30 min
at room temperature. After adsorption of Dil-labeled VLPs, cells were incubated for 30 min at
37°C. Dil signals in the cytoplasm at the same focal plane were observed using confocal laser
scanning microscopy. (A) Images are representative of one experiment performed in triplicate.
Nuclei of cells were visualized by Hoechst 33342 staining (blue). Outlines of individual cells
were drawn (white). Scale bars represent 20 um. (B) Dil signals in the cytoplasm were quantified.
The mean of three independent experiments is shown. | confirmed that the control MAb (WZ83
59-6-1) had no significant effect on the membrane fusion activity (see Figure 8). Error bars

represent SD. Statistical analysis was performed using student’s t-test (**p < 0.01).
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Figure 6. Validation of the number of internalized VLPs. Vero E6 cells were incubated with
Dil-labeled VLPs for 30 min at room temperature. After adsorption of Dil-labeled VLPs, cells
were incubated at 37°C for 2 hours (A, left panel), treated with 0.25% trypsin for 5 min at 37°C
and then incubated at 37°C for 2 hours (A, middle panel), or incubated at 37°C for 2 hours and
then treated with 0.25% trypsin for 5 min at 37°C followed by an additional incubation at 37°C
for 1 hour (A, right panel). Dil signals in the cytoplasm at the same focal plane were observed
using confocal laser scanning microscopy. (A) Images are representative of one experiment
performed in triplicate. Outlines of individual cells were drawn (white). Insets show enlargements
of the boxed areas. Scale bars represent 20 pm. (B) The internalized Dil-labeled VLPs were

measured in 25 individual cells. Each experiment was performed in triplicate. Error bars represent
SD.
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Figure 7. Inhibition of Ebola VLP-induced membrane fusion by MAb M224/1. Vero E6 cells
expressing GFP-Rab7 (green) were pretreated with or without MAb M224/1 or NH4CI for 30 min
and incubated with Dil-labeled Ebola VLPs for 30 min at room temperature. After VLP
adsorption, cells were incubated for 5 hours at 37°C in the same media. Dil signals representing
VLPs in the cytoplasm were observed in the same focal plane by confocal laser scanning
microscopy. Scale bars represent 20 um. (B,C) Fluorescent intensities of the Dil signals were
quantified. Their relative size and intensity of Dil dots were determined by defining the value of
untreated infected cells as 1. The mean of three independent experiments is shown. | confirmed
that the control MADb (WZ83 59-6-1) had no significant effect on the membrane fusion activity
(see Figure 8). Error bars represent SD. Statistical analysis was performed using student’s t-test
(*p < 0.05, **p < 0.01, N.S.: not significant).
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Figure 8. No effect of the control MAb on viral adsorption, internalization, and membrane
fusion. Vero E6 cells were pretreated with or without the control MAb (WZ83 59-6-1) or MAb
M224/1 for 30 min at 37°C and incubated with Dil-labeled VVLPs in the same media for 30 min
at room temperature (A). After VLP adsorption, the cells were shifted to 37°C incubation for 30
min (B) or 5 hours (C,D) in the presence of antibodies. Dil signals on the cell surface (A) and in
the cytoplasm (B) were quantified by performing confocal laser scanning microscopy. (C,D)
Fluorescent intensities of the Dil signals were quantified. Their relative size and intensity of Dil
dots were determined by defining the value of untreated infected cells as 1. Each experiment was
performed in triplicate. Error bars represent SD. Statistical analysis was performed using student’s
t-test (*p < 0.05, **p < 0.01, N.S.: not significant).
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that MAb M224/1 primarily prevents membrane fusion. Accordingly, | confirmed that

cell-bound MAb M224/1 was indeed internalized into intracellular vesicles (Figure 9).

TIM-1 interacts with NPC1

It has been postulated that EBOV membrane fusion occurs in late endosomes and/or
lysosomes following the interaction of GP with NPC1, an essential molecule for infection
as the fusion receptor®! 1449 The fact that anti-TIM-1 MAb M224/1 inhibited endosomall
membrane fusion led us to hypothesize that TIM-1 might directly interact with NPC1. To
confirm this, | first examined the localization of TIM-1 and NPC1 in Vero E6 cells.
Consistent with a previous study showing that TIM-1 clusters mostly in the cytoplasm”,
our immunofluorescent assay demonstrated that TIM-1 localized mainly in the cytoplasm
(Figure 10A). As previously reported, NPC1 was primarily located in the endosomal and
lysosomal membranes in Vero E6 cells. Notably, | found that TIM-1 and NPC1 were
mostly colocalized in intracellular vesicles in the cytoplasm (Figure 10A and B). | next
examined interaction between TIM-1 and NPC1 by an immunoprecipitation assay (Figure
10C). TIM-1-FLAG and NPC1-HA were expressed in 293T cells and immunoprecipitated
using either anti-FLAG or anti-HA antibodies. | found that NPC1-HA was coprecipitated
with TIM-1-FLAG captured by the anti-FLAG antibody. Vice versa, TIM-1-FLAG was
coprecipitated with NPC1-HA bound by the anti-HA antibody. | further found that while
TIM-1 localized in the plasma membrane and perinuclear vesicles in cells transfected
with the plasmid, NPC1 was diffusely present in the cytoplasm when expressed alone,
but shifted to expression in perinuclear vesicles depending on the presence of TIM-1

(Figure 10B). These results strongly suggested that TIM-1 directly bound to NPCL1.
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Figure 9. Internalization of TIM-1-bound MAb M224/1 into intracellular vesicles. Vero E6
cells (upper panels) and 293T cells transfected with a plasmid expressing TIM-1 (lower panels)
were incubated with MAb M224/1 for 30 min on ice (0 hour) and subsequently incubated for 2
hours at 37°C (2 hours). MAb M224/1 was visualized with anti-mouse 1gG/Alexa Fluor 488 and

analyzed by confocal laser scanning microscopy. Nuclei of cells were stained with DAPI (blue).
Scale bars represent 20 pum.
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Figure 10. Colocalization and interaction of TIM-1 with NPC1 in Vero E6 cells. (A)
Intracellular TIM-1 (red) and NPC1 (green) in Vero E6 cells were visualized with specific
antibodies and analyzed by confocal laser scanning microscopy. Nuclei of cells were visualized
with DAPI (blue). Scale bars represent 20 um. (B) Intracellular TIM-1 (red) and NPC1 (green) in
293T cells transfected with plasmids encoding TIM-1-FLAG and/or NPC1-HA were visualized
with specific antibodies and analyzed by confocal laser scanning microscopy. Scale bars represent
20 pm. (C) 293T cells were transfected with plasmids encoding TIM-1-FLAG and/or NPC1-HA
and subjected to immunoprecipitation (IP) with anti-FLAG (left panel) or anti-HA (right panel)
antibodies followed by immunoblotting (IB). WCE: whole cell extract.
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M224/1 inhibits the binding of TIM-1 to NPC1

To further characterize the intracellular interaction between TIM-1 and NPC1, a
BiFC assay was performed. In this assay, TIM-1 and NPC1 were fused to two inactive
fragments of mKG (Figure 11A) and the fluorescence of reconstructed mKG molecules
accumulating in cells could be observed only upon complementation of the two molecules.
| detected the fluorescence of mKG in 293T cells cotransfected with TIM-1-mKG(C) and
NPC1-mKG(N) by flow cytometry, indicating that the binding between TIM-1 and NPC1
occurs intracellularly (Figure 11B). Furthermore, fluorescent microscopy showed that the
fluorescence signal was mainly located in intracellular vesicles, not on cell surface
(Figure 11C). Next, I investigated the effect of MAb M224/1 on intracellular interaction
between TIM-1 and NPC1. | found that the mKG expression was remarkably decreased
in MAb M224/1-treated cells and that the number of mKG-positive cells was reduced by

the antibody treatment in a dose-dependent manner (Figure 11D and E).

VLP-induced membrane fusion occurs in intracellular vesicles where TIM-1 and
NPC1 colocalize and interact

| investigated the colocalization of TIM-1/NPC1 complex with intracellular vesicles
(late endosomes/lysosomes) in which VLP-induced membrane fusion occurs. | found that
most of the enhanced or enlarged Dil signals representing VLP-induced membrane fusion
were associated with mKG-positive cells, and only a limited number of Dil signals were
found in mKG-negative cells. This suggested that in cells where the TIM-1/NPC1
interaction takes place (mMKG positive), membrane fusion between the VLP envelope and
the endosomal membrane could occur more efficiently than in mKG-negative cells

(Figure 12A). Higher-magnification images revealed that the enhanced or enlarged Dil
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signals (VLPs) colocalized with the mKG signals, the sites of TIM-1/NPC1 interaction in
endosomes (Figure 12B). Taken together, these results implied that the interaction

between TIM-1 and NPC1 was important for EBOV GP-mediated membrane fusion.
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Figure 11. Visualization of the intracellular interaction between TIM-1 and NPC1. (A)
Schematic representation of truncated mKG-fused to either TIM-1 or NPC1. mKG(N), N-
terminal fragment of mKG. mKG(C), C-terminal fragment of mKG. (B) 293T cells cotransfected
with the indicated plasmid pairs were analyzed for mKG signals by flow cytometry 24 hours post-
transfection. Opened and closed histograms indicate the cells transfected with the indicated
plasmid pairs and the non-transfected cells, respectively. (C) 293T cells were cotransfected with
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the indicated plasmid pairs. Cytoplasmic localization of mKG (green) representing the TIM-
1/NPC1 binding was visualized by confocal laser scanning microscopy 24 hours post-transfection.
Nuclei of cells were stained with DAPI (blue). Scale bars represent 20 um. (D,E) 293T cells were
cotransfected with plasmids encoding NPC1-mKG(N) and TIM-1-mKG(C). (D) At 8 hours post-
transfection the cell culture medium was replaced with fresh medium containing 3,000 uM MADb
M224/1 or a control antibody. After a 16 hours incubation, mKG signals were detected using
confocal laser scanning microscopy. Nuclei of cells were stained with DAPI (blue). Scale bars
represent 20 um. (E) 293T cells were incubated with different concentrations of MAb M224/1 or
the control antibody. The number of mKG-positive cells was counted by flow cytometry. The
reduced numbers of mKG-positive cells in MAb M224/1-treated cells are presented as percent
inhibition compared to the number of mKG-positive cells treated with the control antibody. Each
experiment was performed four times and the results are presented as the mean. Error bars

represent SD. Significance was calculated using student’s t-test (**p < 0.01).
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Figure 12. The TIM-1/NPCL1 interaction required for EBOV membrane fusion. 293T cells
cotransfected with plasmids encoding NPC1-mKG(N) and TIM-1-mKG(C) were incubated with
Dil-labeled VLPs for 30 min on ice. The cells were subsequently incubated for 5 hours at 37°C
and fixed with 4% paraformaldehyde. Dil (red) and mKG (green) signals in the cytoplasm in the
same focal plane were observed using confocal laser scanning microscopy. Nuclei of cells were
visualized by Hoechst 33342 staining (blue). Arrowheads indicate the cells in which both mKG
(TIM-1/NPC1) and enlarged Dil signals (membrane fusion) were detected. Low (A) and high (B)
magnification images are shown. Scale bars represent 20 um.

39



Discussion

It is well established that filoviruses utilize multiple host cell molecules for
attachment and entry into cells, but the molecular mechanisms underlying this process
are not fully understood. While filovirus envelope GPs have been shown to mediate both
receptor binding and fusion of the viral envelope with the host cell membrane, a
bioinformatics approach previously identified TIM-1 as a GP-independent attachment
factor promoting filovirus infection?® 35 52 53 Using a more classical approach to
discover cell surface molecules serving as viral receptors, | also detected TIM-1 and
demonstrated its important role in filovirus infection. However, the present study suggests
that although TIM-1 promotes filovirus entry, the process is not as simple as just enhanced
attachment of the virus particle to cell surface.

Though TIM-1 is mainly expressed on the plasma membrane, intracellular TIM-1
can be detected in early endosomes and lysosomes and has been shown to cycle
dynamically to and from the cell surface”. Our data also show that TIM-1 is present in
intracellular vesicles as well as on the cell surface. Importantly, 1 found that TIM-1
colocalized and interacted with NPC1 in endosomes where membrane fusion of Ebola
VLPs occurred. Although NPC1 has been shown to be essential for GP-mediated
membrane fusion in late endosomes/lysosomes during filovirus infection® 14 2849 the
contribution of intracellular TIM-1 to a post attachment step remained unclear. Our data
suggest that TIM-1 is not only involved in filovirus attachment but also in efficient
membrane fusion through the interaction with NPCL. It appears that, after internalization
of TIM-1-captured virus particles via macropinocytosis, the binding of TIM-1 to NPC1
in late endosomes/lysosomes is required for GP-mediated membrane fusion (Figure 13).

This hypothesis is strongly supported by the fact that filovirus infection and EBOV GP-
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mediated membrane fusion in Vero EG6 cells were considerably decreased in the presence
of TIM-1-specific MAb M224/1, which interfered with the binding of TIM-1 to NPC1 in
intracellular vesicles (late endosomes/lysosomes).

The proposed model for EBOV entry into cells includes several steps: The first step
IS GP-dependent (e.g. C-type lectins) or -independent (e.g. TIM-1) virus attachment,
which is then followed by the internalization of attached particles via macropinocytosis.
Next, GP is cleaved in late endosomes by cysteine proteases such as cathepsins, resulting
in the exposure of the receptor-binding region and the final binding of GP to NPC1,
triggering membrane fusion. Our results suggest an additional step in this process, the
binding of TIM-1 to NPC1, which is important for membrane fusion. | hypothesize that
TIM-1 may facilitate the binding of NPC1 to the receptor-binding region in GP by
adjacently bridging the endosomal membrane and viral envelope. This event could be
important for membrane fusion triggered by the conformational change in GP. Another
possibility is that the interaction between TIM-1 and NPC1 directly initiates the
conformational change in GP following the binding to NPC1, which then triggers
membrane fusion.

However, it is known that filoviruses infect macrophages and dendritic cells, which
do not express TIM-1. | hypothesize that previously identified attachment factors such as
TAM receptor family (i.e. Tyro3, Axl, and Mer) or yet unknown cellular molecule(s) may
have the potential to function as fusion facilitators. Members of the TAM receptor family
are expressed on the surfaces of macrophages and dendritic cells®” and can indeed
facilitate PtdSer-mediated virus uptake via indirect binding to PtdSer on the viral
envelope®® 54, In addition, activated AxI was shown to be internalized by endocytosis and

degraded in lysosomes™. Therefore, | propose that some other attachment factors may
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play a similar role in cells lacking TIM-1.

Under natural physiological conditions, the TIM-1 IgV domain recognizes PtdSer
exposed on apoptotic cells and facilitates the clearance of these cells by phagocytosis®>
%), PtdSer is also present on the outer membrane of the viral envelope and facilitates virus
attachment and uptake via a process known as apoptotic mimicry?® 5253 Our results
demonstrated that the Fab fragment of MAb M224/1 recognizing the IgV domain in TIM-
1 inhibited filovirus entry. Taken together our data suggest that MAb M224/1 directly
binds to the pivotal site of the IgV domain, which is important for the TIM-1 functions to
promote filovirus entry (i.e. PtdSer recognition and interaction with NPC1). Notably,
MADb M224/1 significantly prevented membrane fusion (approximately 80%) while its
inhibitory effect on virus attachment was limited (30-40%), suggesting that the inhibition
of membrane fusion is the principal mechanism of M224/1-mediated reduction of
filovirus infections. Therefore, TIM-1 may be primarily involved in the EBOV GP-
mediated membrane fusion process rather than virus attachment. | further demonstrated
that MAb M224/1 interfered with the binding of TIM-1 to NPC1, suggesting that this
novel interaction is likely required for filovirus membrane fusion and may serve as an
attractive target for antiviral strategies. Thus, deciphering the detailed structures of the
intermolecular interface between MAb M224/1 and TIM-1 or TIM-1 and NPC1 may
provide new insights into the development of antivirals such as low-molecular-weight

compounds that can be universally used against filovirus infections.
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Figure 13. Proposed model of EBOV GP-mediated cellular entry into TIM-1-expressing
cells. (1) EBOV attaches to the cell surface via binding of TIM-1 to PtdSer on the viral envelope.
(2) After internalization of TIM-1-bound virus particles into early endosomes via
macropinocytosis, the virus particles are transported to late endosomes/lysosomes in which the
GP is proteolytically processed. (3) NPCL1 interacts with TIM-1 and processed GP, leading to
membrane fusion and RNP release.
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Summary

Multiple host molecules are known to be involved in the cellular entry of filoviruses,
including EBOV; TIM-1 and NPC1 have been identified as attachment and fusion
receptors, respectively. However, the molecular mechanisms underlying the entry process
have not been fully understood. | found that TIM-1 and NPC1 colocalized and interacted
in the intracellular vesicles where EBOV GP-mediated membrane fusion occurred.
Interestingly, a TIM-1-specific MAb, M224/1, prevented GP-mediated membrane fusion
and also interfered with the binding of TIM-1 to NPC1, suggesting that the interaction
between TIM-1 and NPC1 is important for the filovirus membrane fusion. Moreover,
MADb M224/1 efficiently inhibited the cellular entry of viruses from all known filovirus
species. These data suggest a novel mechanism underlying filovirus membrane fusion
and provide a potential cellular target for antiviral compounds that can be universally used

against filovirus infections.
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Chapter 11
A Polymorphism of the TIM-1 IgV Domain:

Implications for the Susceptibility to Filovirus Infection

Introduction

The envelope GP is the only viral surface protein responsible for both receptor
binding (i.e., attachment) and membrane fusion during entry of filoviruses into cells. The
expression pattern of receptors/coreceptors is believed to be one of the major factors
determining the host range and tissue tropism of filoviruses’®. While several cellular
molecules have been proposed to be filovirus receptors or coreceptors (i.e., attachment or
fusion factors), the molecular mechanisms underlying filovirus entry into cells are not
fully understood. Human TIM-1 is known to contribute to filovirus entry through the
recognition of PtdSer exposed on the virus envelope and facilitates viral attachment and
virus uptake independently of GP?3 3552, The 1gV domain, which forms a PtdSer-binding
pocket, is thought to recognize PtdSer on viral envelopes and facilitate the binding of
virus particles to cell surfaces? 5253 suggesting that the IgV domain is essential for the
TIM-1-mediated enhancement of viral infection.

African green monkey kidney Vero E6 cells are known to be highly susceptible to
filovirus infection and are commonly used for filovirus studies. Though a TIM-1
knockdown experiment has demonstrated that \ero cell-derived TIM-1 largely
contributes to efficient filovirus entry into cells®®, information on other African green
monkey cell lines such as COS-1 and BSC-1, which are also used for analysis of filovirus

infection, is limited’ 8 82 In this chapter, | found that Vero E6 TIM-1 had different
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primary structures and a greater ability to promote infectivity of VSVs pseudotyped with
filovirus GPs than TIM-1s derived from the other cell lines tested. Interestingly, the
increased ability of Vero E6 TIM-1 was most likely due to a single amino acid difference
at amino acid position 48. These results suggest that a polymorphism of the TIM-1

molecules is one of the factors that influence the cell susceptibility to filovirus infection.
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Materials and methods

Viruses and cell lines

Replication-incompetent VVSVs containing the GFP and luciferase genes instead of
the VSV G protein gene (VSVAG-VSVG) and VSVs pseudotyped with filovirus GPs
were generated as described previously’®. A neutralizing monoclonal antibody against
the VSV G protein, VSV-G(N)1-9°, was used to abolish the background infectivity of
parental VSVAG-VSVG. Viral infectious units used to calculate the MOI were
determined by counting the number of cells expressing GFP. For quantitative comparison
of the infectivity in 293T cells and those expressing WT and mutant TIM-1s, the
luciferase activity in infected cell lysates was measured using a Luciferase assay kit
(Promega, Madison, Wisconsin, USA). The relative luciferase activity was determined
by setting the value of infected control (i.e., empty vector-transduced) cells to 1.0. African
green monkey kidney cell lines (Vero E6, COS-1, and BSC-1), 293T, and 293T-derived
Plat-GP (Cell Biolabs, San Diego, California, USA)3*® were grown in DMEM

supplemented with 10% FCS and penicillin-streptomycin.

Cloning of TIM-1 genes

The coding region of the Vero E6 TIM-1 gene was PCR-amplified from a full-length
cDNA library prepared from Vero E6 cells (In-Fusion SMARTer Directional cDNA
Library Construction Kit; Clontech Laboratories, Palo Alto, California, USA) using
primers EcoRI-TIM-1  (5’-CGGAATTCTCAGATACCATCTGGTAGGGTGT-3"),
containing an EcoRl restriction site, and TIM-1-Xhol (5°-
CCCTCGAGACTGACATGTTGGAAGGCCA-3’), containing an Xhol restriction site.

Coding regions of the COS-1 and BSC-1 TIM-1 genes were PCR-amplified from cDNA
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prepared from total RNA extracted from these cells using the same primer pairs. After
sequence confirmation (DDBJ accession number AB969733, AB969734, and AB969735
for Vero E6, COS-1, and BSC-1, respectively), these PCR products were cloned into a

MLV-based retroviral vector, pMXs-1G*.

Generation of TIM-1-expressing cells

To generate the retrovirus, Plat-GP cells were cotransfected with pMXs-1G encoding
Vero E6, COS-1, or BSC-1 TIM-1 cDNAs and the expression plasmid pCAGGS encoding
VSV G cDNA, using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad,
California, USA)%). Two days later, the culture supernatants containing retroviruses were
collected, clarified through 0.45-um filters, and then used to infect 293T cells. Transduced
GFP-positive cells were collected using a MoFlo Astrios cell sorter (Beckman Coulter,
Brea, California, USA). The percentages of GFP-positive cells in sorted samples were

verified as >95% by using flow cytometry.

Flow cytometric analysis

293T cells were detached using 0.25% trypsin, washed with cold PBS/2% FCS, and
incubated with a goat anti-TIM-1 polyclonal antibody (AF1750, R&D Systems,
Minneapolis, Minnesota, USA). Primary antibody binding was detected with anti-goat
IgG/Alexa Fluor 647 (305-606-047, Jackson ImmunoResearch Laboratories, West Grove,
Pennsylvania, USA). After several washes, the mean fluorescent intensities (MFIs) of the
cells were analyzed using a FACS Canto flow cytometer (BD Biosciences, Franklin

Lakes, New Jersey, USA) and FlowJo software (Tree Star, San Carlos, California, USA).
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TIM-1 mutagenesis
Mutant TIM-1 genes were generated using a PrimeSTAR Mutagenesis Basal kit
(Takara Bio, Shiga, Japan) with primers containing the desired nucleotide substitutions.

All mutations were confirmed by DNA sequencing.

Protein structures

Athree-dimensional model of TIM-1 IgV structures (Mero E6 and COS1 TIM-1 1gV)
were predicted based on the TIM-1 amino acid sequence on mouse TIM-1 (Protein Data
Bank code 20R8) using the protein homology/analogy recognition engine 2 (PHYRE2)%2),
Crystal structures were visualized using JSmol software

(http://sourceforge.net/projects/jsmol/).
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Results
Expression of TIM-1s in 293T cells and comparison of amino acid sequences among
African green monkey kidney cell lines.

TIM-1 genes were cloned from three different African green monkey kidney cell
lines (Vero E6, COS-1, and BSC-1) and introduced into 293T cells, which naturally lack
cell surface expression of TIM-13%. The expression of these TIM-1 proteins on the 293T
cell surface was verified by flow cytometry (Figure 14A). Amino acid sequence analyses
revealed that Vero E6 TIM-1 had deletions (1 and 23 amino acids) and 6 amino acid
substitutions compared with those of COS-1 and BSC-1 cells whose sequences were
completely identical (Figure 14B). Thus, | used TIM-1s of Vero E6 and COS-1 in the
following experiments to analyze their ability to promote infectivity of VSVs

pseudotyped with filovirus GPs.

Difference in the ability to promote entry of VSV pseudotyped with EBOV GP
between Vero E6- and COS-1-derived TIM-1s.

To compare the potential to promote filovirus infection between Vero E6 and COS-
1 TIM-1s, | prepared 293T cells stably expressing these TIM-1s and examined the
infectivity of VSVAG-EBOV GP (Figure 15A). | found that both Vero E6 and COS-1
TIM-1s enhanced the infectivity of VSVAG-EBOV GP, and that the virus infected cells
expressing Vero E6 TIM-1 more efficiently than those expressing COS-1 TIM-1. The
enhancement of the VSVAG-VSVG infectivity was minimal and no significant difference
was found between Vero E6 and COS-1 TIM-1s. Expression levels of TIM-1s on the cell
surface were quantified with MFI values obtained by flow cytometry and found to be

similar in these cells (Figure 15B and C). These results suggested that \Vero E6 TIM-1
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Figure 14. Cloning of TIM-1s derived from three different African green monkey kidney
cell lines. (A) 293T cells stably expressing TIM-1s derived from three African green monkey
kidney cell lines (Mero E6, COS-1, and BSC-1 cells) were stained with an anti-TIM-1 polyclonal
antibody and analyzed by flow cytometry. Open and shaded histograms indicate the fluorescent
intensities of the indicated transfectant and vector-transduced control cells, respectively. (B) The
deduced amino acid sequences were aligned using GENETYX (version 10). Numbers of residues
starting with the respective initiating methionine codons are shown . The signal peptide and
transmembrane region are indicated with single and double lines above the Vero E6 TIM-1
sequence, respectively. Black and white arrowheads indicate the beginning of the IgV domain and
mucin domain, respectively. Gaps introduced in the sequences for the alignment are indicated by
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Figure 15. Greater ability of Vero E6-derived TIM-1 to promote entry of VSV pseudotyped
with EBOV GP than COS-1-derived TIM-1. (A) 293T cells expressing TIM-1s and control
cells were infected with VSVAG-EBOV GP or VSVAG-G at a MOI of 0.02-0.04. Luciferase
activities were measured 24 hours postinfection. The means of three independent experiments are
shown. Error bars represent SD. Significance was calculated using student’s t-test (**p < 0.01).
(B,C) 293T cells expressing TIM-1s and control cells were stained with the anti-TIM-1 polyclonal
antibody and analyzed by flow cytometry (B) and the TIM-1 expression was quantified using
MFI (C). Open and shaded histograms (B) indicate the fluorescent intensities of TIM-1-
expressing cells and vector-transduced control cells, respectively.



had greater potential to promote EBOV entry into cells than COS-1 TIM-1.

Importance of the IgV domain for the ability of Vero E6 TIM-1 to promote entry of
VSV pseudotyped with EBOV GP.

The IgV domain of TIM-1 is thought to be essential for the TIM-1-mediated
enhancement of viral infection?® 52 5% and the cytoplasmic tail of TIM-1 is assumed to be
involved in intracellular signaling® 9. To clarify whether the IgV domain and/or
cytoplasmic tail of Vero E6 TIM-1 were involved in the ability to promote of infectivity
of VSVAG-EBOV GP, | constructed TIM-1-deletion mutants lacking the IgV domain
(AIgV) or cytoplasmic tail (ACT) and examined the viral infectivity in 293T cells
expressing these TIM-1 mutants (Figure 16A and B). As expected, with deletion of the
IgV domain, TIM-1 completely lost its ability to promote the infectivity of VSVAG-
EBOV GP. Interestingly, ACT enhanced the viral infectivity but its efficiency was reduced
compared to WT TIM-1. Expression levels of these TIM-1s on the cell surface were
quantified with MFI values obtained by flow cytometry and found to be similar (Figure
16C and D). These results indicated that the IgV domain played an essential role in
promoting infectivity of VSVAG-EBOV GP, and that the cytoplasmic tail was also

involved in the enhanced infection but not indispensable.

Importance of an amino acid at position 48 in the IgV domain for the increased
ability of Vero E6 TIM-1 to promote entry of VSV pseudotyped with EBOV and
other filovirus GPs.

Comparison of amino acid sequences of the TIM-1 IgV domain revealed that there

was only one amino acid difference, at position 48, between Vero E6 and COS-1 TIM-1s
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Figure 16. Involvement of the IgV domain and cytoplasmic tail in TIM-1-mediated
enhancement of viral infection. (A) Schematic representation of WT and deletion mutant TIM-
1s. TIM-1 is a type | transmembrane protein consisting of an N-terminal IgV domain, a highly
glycosylated mucin domain, a transmembrane region, and a cytoplasmic tail. SP: signal peptide.
TM: transmembrane region. CT: cytoplasmic tail. (B) 293 T cells expressing Vero E6 WT, AlgV,
or ACT TIM-1s and control cells were infected with VSVAG-EBOV GP at a MOI of 0.02-0.04.
Luciferase activity was measured 24 hours postinfection. The means and SDs of three
independent experiments are shown. Significance was calculated using student’s t-test (**p <
0.01). (C,D) 293T cells expressing Vero E6 WT, AlgV, and ACT TIM-1s were stained with the
anti-TIM-1 polyclonal antibody and analyzed by flow cytometry (C) and the TIM-1 expression
was guantified using MFI (D). Open and shaded histograms (C) indicate the fluorescent intensities
of TIM-1-expressing cells and vector-transduced control cells, respectively.
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(Figure 14B). To confirm that the difference of this amino acid residue affected the
potential of TIM-1 to promote efficient filovirus entry, I constructed TIM-1 mutants with
single amino acid substitutions in the TIM-1 IgV domain (Figure 17A) and examined the
efficacies of these mutants in promoting VSVAG-EBOV GP infection. Expression levels
of these TIM-1s on the cell surface were quantified with MFI values obtained by flow
cytometry and found to be similar (Figure 17B and C). | found that N48H (asparagine to
histidine) substitution in the Vero E6 TIM-1 IgV domain significantly decreased the virus
infectivity (Figure 17D). In contrast, H48N (histidine to asparagine) substitution in the
COS-1 TIM-1 IgV domain significantly increased the virus infectivity. These results
suggested that the amino acid at position 48 was responsible for cell susceptibility to the
increased potential of Vero E6 TIM-1 to promote EBOV entry.

To investigate the potential of TIM-1 to promote infectivities of other filoviruses and
the importance of the amino acid at position 48, | prepared VSV pseudotyped with GPs
of other filoviruses (RESTV, MARV, RAVYV, and LLOV) and examined their infectivities
in 293T cells expressing WT and mutant TIM-1s (Figure 17E). Consistent with the result
for VSVAG-EBOV GP, infectivities of VSVs pseudotyped with RESTV, MARYV, and
RAVV, and LLOV GPs (VSVAG-RESTV, -MARV, -RAVV, and -LLOV GPs,
respectively) were significantly enhanced in 293T cells expressing TIM-1s and the
distinct ability due to the single amino acid substitution was commonly observed between
WT and mutant TIM-1s. It was noted that the extent of enhancement by TIM-1 expression

was much lower for VSVAG-MARYV and -RAVV GPs than for the other viruses tested.
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Figure 17. Asingle amino acid in the TIM-1 IgV domain responsible for the increased ability
of Vero E6 TIM-1 to promote entry of VSV pseudotyped with filovirus GPs. (A) Schematic
representation of WT and mutant TIM-1s of Vero E6 and COS-1. A Vero E6 mutant TIM-1
containing an asparagine-to-histidine substitution (N48H) and a COS-1 mutant containing a
histidine-to-asparagine substitution (H48N) were constructed. (B,C) 293T cells expressing WT
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and mutant TIM-1s were stained with the anti-TIM-1 polyclonal antibody and analyzed by flow
cytometry (B) and the TIM-1 expression was quantified using MFI (C). Open and shaded
histograms (B) indicate fluorescent intensity of TIM-1-expressing cells and vector-transduced
control cells, respectively. (D,E) 293T cells expressing TIM-1s and control cells were infected
with VSVAG-EBQV, -RESTV, -MARYV, -RAVV, and -LLOV GPs at a MOI of 0.02-0.04. The
luciferase activity was measured 24 hours postinfection. The means and SDs of three independent
experiments are shown. Significance was calculated using student’s t-test (*p < 0.05, **p < 0.01).
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Discussion

Several polymorphisms are found on amino acid sequences of the TIM-1
extracellular region consisting of the IgV and mucin domain in humans, mice, and
monkeys®” 32 46.40) The polymorphisms based on deletions or insertions in the mucin
domain are known to be associated with severity in several diseases, including asthma,
allergic diseases and hepatitis A virus-induced liver disease*® #7). Since it was recently
reported that the length of the mucin domain of TIM proteins regulates their ability to
promote virus entry®?, the polymorphism in the mucin domain might regulate the
function of TIM via a mechanism dependent on the length of the mucin domain. Other
polymorphisms at N48 and K108 in the IgV region of TIM-1 were also found (Figure
14B)*"). K108 has been shown to be responsible for the binding of anti-TIM-1 monoclonal
antibody 190/4, which blocks hepatitis A virus infection, suggesting that K108 might be
associated with the virus-recognition of TIM-11". Here | focused on the other amino acid
substitution at position 48 in the IgV domain and found that this mutation might regulate
the activity of TIM-1s promoting filovirus cellular entry.

Although I found that the single amino acid residue at position 48 was responsible
for the difference in the potential to promote infectivity of filoviruses between Vero E6
and COS-1 TIM-1s, the role of this particular amino acid in TIM-1-mediated viral entry
remains unclear. Alanine scanning mutagenesis of the human TIM-1 IgV gene identified
some important amino acid residues for TIM-1-mediated viral infection®: F55, R106,
G111, N114, and D115 located on the CC’ loop (44-64 aa) and FG loop (101-125 aa),
which form the PtdSer-binding pocket. The crystal structure of the human TIM-1 IgV
domain, predicted based on that of mouse TIM-1 using PHYRE2%?, revealed that the

structure of the PtdSer-binding pocket was conserved between human and mouse TIM-
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1s. | also predicted the crystal structures of the TIM-1 IgV domains of Vero E6 and COS-
1 using the same approach and found that amino acids N48 and H48 were positioned on
the edge of the CC’ loop in the PtdSer-binding pocket and that this substitution did not
seem to affect the structure of the PtdSer-binding pocket (Figure 18), suggesting that the
amino acid substitution focused on in the present study might regulate the function of
TIM-1 which affects the other viral entry step. Interestingly, | found that VVLPs attached
to 293T cells expressing Vero E6 TIM-1 less efficiently than cells expressing COS-1
TIM-1 (data not shown). Furthermore, | found that the interaction between MAb M224/1,
which was shown to inhibit filovirus membrane fusion by interrupting the interplay
between TIM-1 and NPC1 (see Chapter I), and TIM-1 was determined by the amino acid
at position 48 in TIM-1 IgV domain (Figure 19). These findings suggest that the IgV
domain including the amino acid at position 48 might be involved in not only viral
attachment but also subsequent entry steps (e.g., viral internalization and membrane
fusion).

Previous studies demonstrated that the human TIM-1 cytoplasmic tail was not
required or nonessential to promote cellular entry of enveloped viruses, including
EBOV*:5D, In this study, decreased ability to promote virus infectivity was observed in
TIM-1 lacking its cytoplasmic tail, suggesting the involvement of the TIM-1 cytoplasmic
tail in promoting virus entry, most likely through intracellular signaling pathways. The
TIM-1 cytoplasmic tail has at least one tyrosine phosphorylation site that could potentiate
the intracellular signaling regulating immune responses'® 6% 69 |n addition, it has
previously been reported that the TIM-1 tyrosine phosphorylation in its cytoplasmic tail
activates the phosphatidylinositol 3-kinase pathway'® that is responsible for

macropinocytosis® ®. Considering these findings together, | hypothesize that TIM-1-
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Figure 18. Crystal Structures of IgV domain of Vero E6 and COS-1 TIM-1. (A) Ribbon
diagrams of IgV domain of Vero E6 TIM-1 (left panel) and COS-1 TIM-1 (right panel) are shown.
B-sheets are labeled with their corresponding letters®™. CC’ loop (44-64 aa) and FG loop (101-
125 aa) form the PtdSer-binding pocket. (B) The amino acid sequences of their IgV domain were
aligned using GENETYX (version 10). Numbers of residues starting with the respective initiating
methionine codons are shown®". B-sheets are marked above the alignment with lines and
corresponding letters. Black shading indicates non-identical amino acid residues between Vero
E6 and COS-1 TIM-1.
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Figure 19. A single amino acid at position 48 in the TIM-1 IgV domain responsible for the
interaction between MAb M224/1 and Vero E6 TIM-1. 293T cells expressing WT and mutant
TIM-1s as indicated (see also Figure 17A) were stained with MAb M224/1 (black line, left panel),
the anti-TIM-1 polyclonal antibody (black line, right panel), or their control antibodies (gray
shading) and analyzed by flow cytometry.
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induced signaling may partially contribute to enhanced viral uptake by macropinocytosis.

TIM-1 was shown to be highly expressed on injured kidney epithelial cells, activated
CD4+ T cells, B cells, and mast cells?® 35 46.63. 7 Among these cells, kidney epithelial
cells such as Vero E6 cells are highly susceptible to filovirus infection®, but lymphocytes
are resistant to filovirus infection although they express TIM-18%, indicating that TIM-1
expression alone is not sufficient to confer susceptibility to filovirus infection.
Furthermore, although ectopic expression of TIM-1 dramatically promoted filovirus GP-
mediated entry into cells (Figure 17D and E) 3552 filoviruses infect macrophages and
dendritic cells, which have low or undetectable expression of TIM-1'%, suggesting that
TIM-1 is not essential for filovirus infection. However, since filovirus antigens are
detected in many organs, including the liver, spleen, kidneys, lymph nodes, and lungs at
the late stage of infection'®, it is conceivable that TIM-1 polymorphism might affect
overall disease progression in filovirus-infected individuals.

It has been demonstrated that TIM-1 directly binds to PtdSer on the viral envelope
and TIM-1-mediated enhancement of viral infection has been reported in infection with
several different enveloped viruses in a manner independent of specific receptor
recognition by their envelope glycoproteins?® 52 53, For example, TIM-1 enhances
filovirus, alphavirus, flavivirus, and arenavirus infections but not Lassa virus, herpes
simplex virus 1, influenza A virus (H7N1), and SARS coronavirus infections?® 48 52),
Interestingly, | found that the infectivities of VSVAG-MARV GP and -RAVV GP were
enhanced less efficiently by TIM-1 expression compared to VSVAG-EBOV GP (Figure
17E). These findings suggest that there might be viral glycoprotein-dependent
mechanisms underlying TIM-1-mediated viral entry. Thus, further studies are needed to

fully understand the contribution of TIM-1 to the tissue tropism and pathogenicity of
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enveloped viruses.
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Summary

Filoviruses, including Ebola and Marburg viruses, cause severe hemorrhagic fever
in humans and nonhuman primates with mortality rates of up to 90%. Human TIM-1 is
one of the host proteins that have been shown to promote filovirus entry into cells. In this
study, I cloned TIM-1 genes from three different African green monkey kidney cell lines
(Vero E6, COS-1, and BSC-1) and found that TIM-1 of Vero E6 had deletions (1 and 23
amino acids) and 6 amino acid substitutions compared with those of COS-1 and BSC-1.
Interestingly, Vero E6 TIM-1 had a greater ability to promote the infectivity of vesicular
stomatitis viruses pseudotyped with filovirus glycoproteins than COS-1-derived TIM-1.
| further found that the increased ability of Vlero E6 TIM-1 to promote virus infectivity
was most likely due to a single amino acid difference between these TIM-1s. These results
suggest that a polymorphism of the TIM-1 molecules is one of the factors that influence
cell susceptibility to filovirus infection, providing a new insight into the molecular basis

for the filovirus host range.
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Conclusion

Filoviruses including Ebola and Marburg viruses cause rapidly fatal disease
characterized by severe hemorrhagic manifestations in humans and nonhuman primates.
Consequently, filovirus infections continue to assault human populations, as
demonstrated by a recent outbreak in West Africa. Despite extensive research, there are
currently no approved vaccines or therapeutics against these viruses. In general, the
cellular entry step of viruses is one of the key mechanisms to develop antiviral strategies
and the receptor preference is often control susceptibility of host cells to viruses. It has
been demonstrated that filoviruses utilize multiple host molecules for entry into cells.
However, molecular mechanisms underlying the entry process have not been fully
understood, while TIM-1 and NPC1 are thought to serve as attachment and fusion
receptors for filoviruses, respectively.

In chapter I, | demonstrated that TIM-1 was involved in not only filovirus attachment
but also subsequent steps of viral entry through the interaction with NPC1 and that their
interplay was important for efficient membrane fusion. Moreover, | showed that filovirus
infection and GP-mediated membrane fusion in cultured cells were remarkably
suppressed by the treatment with a TIM-1-specific MAb M224/1 that interfered with the
interaction between TIM-1 and NPC1. In chapter II, | found that Vero E6 TIM-1 had
different primary structures and a greater ability to promote infectivity of VSVs
pseudotyped with filovirus GPs, compared with TIM-1s derived from the other African
green monkey kidney cell lines tested. These results suggest that a polymorphism of the
TIM-1 molecules is one of the factors that influence the cell susceptibility to filovirus

infection.
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The present study provides the first evidence that the interaction between these
attachment and fusion receptors is important for filovirus infection, demonstrating an
attractive cellular target of antiviral strategies. The detailed structural basis on the
molecular interface of the interactions between TIM-1 and NPC1 may provide new
insights into the development of antivirals such as low-molecular-weight compounds that
can be universally used against filovirus infections. Furthermore, it was also newly
suggested that polymorphisms of host molecules might be involved in cell susceptibility
to filovirus infection, providing a new insight into the molecular basis for the filovirus

host range.

66



Acknowledgements

I would like to express my sincere gratitude to my boss, Prof. Ayato Takada
(Division of Global Epidemiology, Hokkaido University Research Center for Zoonosis
Control, Sapporo, Japan). He gave me generous support for my experiments, innumerable

accurate advice and guidance during my course and a lot of opportunities for growth.

My heartfelt appreciation for their helpful advice and suggestions goes to Prof.
Hirofumi Sawa (Division of Molecular Pathobiology, Hokkaido University Research
Center for Zoonosis Control, Sapporo, Japan), Prof. Yasuhiko Suzuki (Division of
Bioresources, Hokkaido University Research Center for Zoonosis Control, Sapporo,
Japan), and Prof. Hideaki Higashi (Division of Infection and Immunity, Hokkaido

University Research Center for Zoonosis Control, Sapporo, Japan).

I would like to offer my special thanks to Associate Prof. Manabu Igarashi and
Specially Appointed Assistant Prof. Reiko Yoshida (Division of Global Epidemiology,
Hokkaido University Research Center for Zoonosis Control, Sapporo, Japan) for their

kind and helpful guidance.

| am deeply grateful to Dr. Daisuke Fujikura (Division of Infection and
Immunity, Hokkaido University Research Center for Zoonosis Control, Sapporo, Japan)
and Associate Prof. Asuka Nanbo (Department of Cell Physiology, Hokkaido University
Graduate School of Medicine, Sapporo, Japan) for their technical assistance, intellectual

advice, and warm support.

67



I would like to thank Dr. Andrea Marzi, Dr. Heinz Feldmann, Dr. Shelly Robertson,
Dr. Hideki Ebihara, Ms. Key Menk, Dr. Keita Matsuno, Dr. Atsushi Okumura
(Laboratory of Virology, Division of Intramural Research, National Institute of Allergy
and Infectious Diseases, National Institutes of Health, Rocky Mountain Laboratories,
Hamilton, Montana, USA), Dr. Yoshimi Tsuda (Department of Microbiology, Hokkaido
University Graduate School of Medicine, Sapporo, Japan), and Dr. Eri Saijo (Laboratory
of Persistent Viral Diseases, Division of Intramural Research, National Institute of
Allergy and Infectious Diseases, National Institutes of Health, Rocky Mountain
Laboratories, Hamilton, Montana, USA) for their expertise and advice and cordial

welcome during my stay in Hamilton, providing much valuable experience.

The following people helpfully provided technical and academic advice and support:
Prof. Kimihito Ito (Division of Bioinformatics, Hokkaido University Research Center for
Zoonosis Control, Sapporo, Japan), Dr. Rashid Manzoor, Dr. Masahiro Kajihara, Mr.
Junki Maruyama, Ms. Hiroko Miyamoto, Ms. Mari Ishijima (Division of Global
Epidemiology, Hokkaido University Research Center for Zoonosis Control, Sapporo,
Japan), Dr. Osamu Noyori (Department of Infectious Diseases, Kyoto Prefectural
University of Medicine, Kyoto, Japan), and Dr. Eri Nakayama (Department of Virology
1, National Institute of Infectious Disease, Tokyo, Japan). | also received kind daily
support from Dr. Mieko Muramatsu, Mr. Naganori Nao, Ms. Wakako Furuyama, Mr. Nao
Eguchi, Ms. Akina Mori, and Ms. Ichiko Sawada (Division of Global Epidemiology,

Hokkaido University Research Center for Zoonosis Control, Sapporo, Japan).

68



Special thanks to my schoolfellows, Kanjana Changkaew (Division of Bioresources,
Hokkaido University Research Center for Zoonosis Control, Sapporo, Japan), Mr.
Yongjin Qiu (Division of Collaboration and Education, Hokkaido University Research
Center for Zoonosis Control, Sapporo, Japan), and Mr. Keisuke Aoshima (Laboratory of
Comparative Pathology, Department of \eterinary Clinical Sciences, Hokkaido
University Graduate School of \Veterinary Medicine, Sapporo, Japan) for their help and
encouragement during my course. | would also like to thank all members of the Hokkaido

University Research Center for Zoonosis Control for their help and kindness.

Finally, I can never express my gratitude enough for all my family members have

done for me. | owe my life to them.

69



MXEE

TARUANZRIBTL2ZRT VA NAR RS —= VT NT T A LA
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FESR. M224/1 ORERISy 125 T cell immunoglobulin and Mucin domain 1 (TIM-1)
ThDHZENRHLNE 72572 TIM-1 T EIRICHREE KA A TH D IgV &
bONVRDNEZ R ETHY 7 4 1T A ) ZADOMBA~DRAE G355 1
ELTHBINTED M224/1131gV RA A AT D2 ERREnz, IkIT
M224/1 171E T OFEAFAE R T, dOHRaR L 72D A )V ARRKL T (VLP) DU -
B GA A « R G % T8 RIS SEBRAT U 725 . M224/1 17(E F T VLP Ol
~OWEREDRIZMENTH DM, VLP L KV — AL OEEEE 23 L <
[HEIND Z RGN ERoT2, 22T, 74 B U A NV ADIEBEIZHETH
% 15 45+ Niemann-Pick C1 (NPC1) & TIM-1 @ Vero E6 #ll i PN JRTE % H5 TR
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DBz, S HIZ, 293T Al TOWRFET AR 2 M- SEILRIAIC LY . TIM-
1 & NPCLREGT 5D Z ERH B Ie o7, MlANTO TIM-1UNPCL A& KD
JATENX, ® % > X7 B A% Rk (BIFC: bimolecular fluorescence complementation)
(X o THRERR STz, BIRIEWZ L2, M224/1 1 TIM-1/NPCL AR TE R %
RERAFRCINH L=, 512, MlaAN O TIM-UNPCL AR & @A 2 2 L
TWV5D VLP ZHNEFEMBECHE L 2 A, WMEOREIZ L, L EOR
REV, 74004V RF TIM-1 200 U CGIIBEREICWAE L%, TIM-1 &3t
(CHIEANICE D A, B RV —A1U Y Y —AIZBW T, TIM-1 & NPC1
& DB 2R TG 2170, MINICRAT S Z RIS,
FETIE, 74 UA NV ARZ TS T D TIM-1 2RO IS0
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