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Preface

In recent years, emerging and re-emerging infectious diseases in humans have been
increasingly reported. Viral infectious diseases have particularly caused frequent
outbreaks worldwide and become public health threats in the past several decades. For
instance, three coronaviruses (CoVs), represented by severe acute respiratory syndrome
coronavirus (SARS-CoV), SARS-CoV-2, and Middle East respiratory syndrome
coronavirus (MERS-CoV) were associated with emerging viral pneumonia in humans,
and SARS-CoV-2 caused a pandemic that has made a significant impact on global health.
Hemorrhagic fever viruses including filoviruses, arenaviruses, bunyaviruses, and
flaviviruses have also continuously produced outbreaks in many countries. Of these,
filoviruses such as Ebola virus (EBOV) and Marburg virus (MARV) causing Ebola virus
disease and Marburg virus disease, respectively, and arenaviruses such as Lassa virus
(LASV) and Junin virus (JUNV) causing Lassa fever and Argentine hemorrhagic fever,
respectively, are known to cause severe febrile diseases in humans with high mortality
rates. However, interestingly, some clinical cases of these virus infections are reported to
be potentially asymptomatic or associated with only mild symptoms in the previous
outbreaks [1-4]. Considering these differences in the disease symptom and severity
among individuals, host genetic polymorphisms in humans are suggested to be one of the
factors determining the pathogenesis of viral infections. In other words, genetic
polymorphisms in humans might be important for differential susceptibility or resistance
to viral infections. However, the information on this topic is still limited.

In general, the genetic polymorphisms are reported to be associated with the genetic
diversity and individuality in the population, susceptibility or resistance to diseases, and
response to medicine [5,6]. Among the genetic polymorphisms, single nucleotide
substitutions have been well investigated and the information has been accumulated in
public databases. They are known as rare single nucleotide variants (SNVs; defined as
deoxyribonucleic acid [DNA] sequence variation that occurs when a single nucleotide in
the genome sequence is altered with a frequency less than 1%) or single nucleotide
polymorphisms (SNPs; defined as point mutations with the minor allele frequency greater
than 1% in the population). When nonsynonymous SNV/SNP substitutions are present
within exons of host genomic DNA, which are gene regions encoding proteins,
polymorphisms of a host protein gene have potential to influence protein structure and
function and have been shown to affect the susceptibilities of hosts and/or severity of viral
infectious diseases [7—10].

Enveloped viruses have the nucleocapsid containing their viral genomes in a lipid

bilayer, which is derived from the host cell membrane, associated with viral envelope
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glycoproteins responsible for viral entry into cells. The viral membrane often contains
phosphatidylserine (PS), which is one of the phospholipids consisting of the host cell
membrane. These membrane surface properties of virus particles are determined thorough
virus budding from infected host cells. Viral attachment to target cell surfaces is the first
step of viral infection. Viral surface glycoproteins on the envelope bind to host cell
receptors specific for respective viruses, leading to viral entry into cells, and subsequently
induces fusion between the viral envelope and the host cell membrane. Some viruses
utilize multiple receptors during the cellular entry process (¢.g., attachment receptors and
fusion receptors).

The entry of SARS-CoV-2 into cells is initiated by the interaction of its envelope
glycoprotein with several host receptors (e.g., angiotensin-converting enzyme 2 [ACE2],
neuropilin-1, C-type lectins, and PS receptors) on the cell membrane, and proteolytic
processing of the viral glycoprotein with host proteases such as furin and transmembrane
protease serine 2 (TMPRSS2) is required for efficient membrane fusion during the entry
[11]. The EBOV glycoprotein is also known to bind to multiple receptors; C-type lectins,
integrin a5B1, and PS receptors as attachment receptors and Niemann-Pick C1 as the only
known fusion receptor [12]. PS receptors, including T-cell immunoglobulin mucin (TIM)
family (TIM-1, TIM-3, and TIM-4) and Tyro3/AxI/Mer (TAM) family, are reported to
mediate the binding to PS on the viral envelope and to promote infections of enveloped
viruses such as filoviruses, arenaviruses, and flaviviruses in a manner independent of
specific receptor recognition by their envelope glycoproteins [13]. In the present thesis, [
focus on SNVs of two host cell receptors (i.e., ACE2 and TIM-1) on the cellular entry of
SARS CoVs and filoviruses/arenaviruses, respectively. SNV substitutions of these
receptors might influence susceptibility of humans to these viruses, whereas the
information on SNVs affecting the receptor function is still limited.

The purpose of this study is to investigate the genetic polymorphisms of host cell
receptors affecting viral entry into cells. To focus on the viral entry step, I employed
pseudotyped vesicular stomatitis Indiana virus (VSIV) and analyzed SNVs in ACE2 and
TIM-1 receptors. In Chapter I, I investigated the effects of human ACE2 SNV
substitutions on cell susceptibilities to SARS-CoVs, including SARS-CoV-2 variants of
concern (VOCs). In Chapter II, I focused on SNVs of human TIM-1 affecting the
susceptibilities to filoviruses and arenaviruses. The present data suggest that SNVs of
these host cell receptors affect cell susceptibilities to the viruses and provide evidence of
the potential impact of SNVs on individual differences in susceptibilities to viral

infections.



Chapter I
Human ACE2 genetic polymorphism affecting SARS-CoV and

SARS-CoV-2 entry into cells

Introduction

Coronaviruses (CoVs), which belong to the family Coronaviridae in the order
Nidovirales, are enveloped positive-sense single-stranded ribonucleic acid (RNA) viruses.
The genus Betacoronavirus is one of the four genera in the subfamily Orthocoronavirinae
and includes severe acute respiratory syndrome coronavirus (SARS-CoV), SARS-CoV-
2, and Middle East respiratory syndrome coronavirus, all of which are known to cause
severe pneumonia in humans. Since its first report in China, coronavirus disease 2019
(COVID-19) caused by SARS-CoV-2 has spread all over the world. As of 2 March 2022,
there have been 650,332,899 confirmed cases of COVID19, including 6,649,874 deaths,
as indicated by the World Health Organization (WHO) COVID-19 report
(https://covid19.who.int/), accessed on 22 December 2022.

The spike (S) protein of SARS-CoV and SARS-CoV-2 is a single envelope
glycoprotein that is responsible for virus entry into cells and thought to be important for
host range restriction of these CoVs [14,15]. The S protein is the primary determinant of
antigenicity and thus the only target of neutralizing antibodies [14,15]. The mature S
protein consists of two subunits, S1 and S2, which are cleaved by host proteases during
the post translational processing [11]. The S1 subunit contains the receptor binding
domain (RBD), which recognizes angiotensin-converting enzyme 2 (ACE2) as a receptor,
leading to viral attachment to the host cell [11]. Subsequently, the S2 subunit is further
cleaved at the S1/S2 and S2’ sites by host proteases such as furin, transmembrane protease
serine 2 (TMPRSS2), and cathepsins on the surface and in the endosomes of target cells.
After the cleavage of the S protein, the S2 subunit induces membrane fusion between the
viral envelope and host cell membranes [16,17].

During the current SARS-CoV-2 pandemic, some particular SARS-CoV-2 lineages
are classified as variants of concern (VOCs), such as the Alpha (lineage B.1.1.7), Beta
(lineage B.1.351), Gamma (lineage P.1), Delta (lineage B.1.617.2), and Omicron (lineage
B.1.1.529) variants, which are thought to be associated with increased transmissibility
and infectivity [18,19]. Focusing on the mutations in the RBD of these four VOCs (Alpha,
Beta, Gamma, and Delta), the N501Y mutation found in the Alpha variant, K417N,
E484K, and N501Y mutations found in the Beta variant, K417T, E484K, and N501Y
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mutations found in the Gamma variant, and L452R and T478K mutations found in the
Delta variant are reported to enhance the binding affinity of the S protein to the ACE2
receptor and also to be important for escape from neutralization by several monoclonal
antibodies [20].

The severity of COVID-19 symptoms differs among individuals, ranging from
asymptomatic or only mild cold-like symptoms to pneumonia with a severe clinical
course [1]. While the pathogenesis of COVID-19 is thought to be related to viral tropism,
host cell-mediated immunity, and the inflammatory response [21], host genetic
polymorphisms in humans have also been suggested to be one of the factors determining
the disease severity of SARS-CoV-2 infection [22]. Since ACE?2 is the key functional host
receptor for SARS-CoV-2, genetic diversity in this receptor may potentially be involved
in the difference of SARS-CoV-2 infectivity among individuals. ACE2 is expressed in
various tissues, including lung, kidney, intestine, and blood vessels [23] and plays an
important role in controlling blood pressure by regulating the renin-angiotensin-
aldosterone system [24]. Several studies have suggested that single nucleotide variants
(SNVs) including single nucleotide polymorphisms (SNPs) in ACE2 could potentially
change the efficiency of SARS-CoV-2 infection by affecting the affinity of ACE2 to the
SARS-CoV-2 S protein or the cell surface expression of ACE2 [25-27]. Another group
examined the impact of eight ACE2 SNVs found in specific populations focusing on the
cellular entry of SARS-CoV-2, and suggested that these SNV substitutions had limited
impact on the efficiency of ACE2-mediated entry of SARS-CoV-2 [28]. However, many
ACE2 SNVs remain to be investigated to determine their importance for SARS-CoV-2
infection.

Using a deep mutational scanning method, a previous study showed the effects of
117 single amino acid substitutions of ACE2, all located on the interface with the SARS-
CoV-2 S protein, which are present in the angiotensin peptide-binding cavity [29]. Of
these, 31 ACE2 SNV substitutions were found to affect the binding affinity of ACE2 to
the RBD of the SARS-CoV-2 S protein [29,30]. However, it is still unknown whether
these SNV substitutions affect cell susceptibilities to the virus. In this chapter, I
virologically analyzed the impact of the ACE2 SNVs on the cellular entry of SARS-CoV
and SARS-CoV-2 using vesicular stomatitis Indiana viruses (VSIVs) pseudotyped with
the S protein. Four SARS-CoV-2 VOCs were also investigated. The obtained data suggest
that ACE2 SNVs may potentially influence host susceptibilities to SARS-CoV and
SARS-CoV-2, including VOCs.



Materials and Methods

ACE2 SNVs information

Based on previous studies [29,30], 29 SNV substitutions in ACE2 were selected for
the analysis. The allele frequencies of ACE2 SNV were extracted from Trans-Omics for
Precision Medicine (TOPMed), Exome Aggregation Consortium (ExAC), or Genome
Aggregation Database (gnomAD) linked with the Single Nucleotide Polymorphism
Database (dbSNP) on the National Center for Biotechnology Information (NCBI) website
[31]. The NCBI ID numbers of these SNVs are as follows: rs73635825 (S19P),
rs1244687367 (121T), rs756231991 (E23K), rs1434130600 (A25T), rs4646116 (K26R),
rs781255386 (T27A), rs778500138 (E35D), rs1348114695 (E35K), rs146676783 (E37K),
rs1192192618 (Y50F), rs760159085 (N51D), rs1325542104 (M62V), rs1199100713
(N64K), 15755691167 (K68E), r1s1256007252 (F72V), 1s867318181 (E75QG),
1s766996587 (M82I), rs763395248 (T92I), rs1395878099 (Q102P), rs759579097
(G326E), 15143936283 (E329G), rs370610075 (G352V), 15961360700 (D355N),
rs142984500 (H378R), rs751572714 (Q388L), rs762890235 (P389H), rs1016409802
(H505R), 151352194082 (R514G), and rs1263424292 (Y515C). In the present study, the
most common genotype of human ACE2 in the global population was defined as wildtype
(WT) (GenBank accession number, NM 021804.3) based on the genetic information
from NCBI.

Cells

Human hepatoma Huh-7 and human embryonic kidney (HEK) 293T cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) containing
10% fetal calf serum (FCS) (Cell Culture Bioscience), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (Gibco) at 37°C in a 5% CO; incubator.

Plasmids

Total RNA was extracted from Huh-7 cells with Trizol (Invitrogen) and then a
complementary DNA (cDNA) library was prepared using SuperScript™ IV (Invitrogen)
and an ACE2 gene specific primer (5°-
CTAAAAGGAGGTCTGAACATCATCAGTGTT-3’). The coding region of the human
ACE2 gene was amplified by polymerase chain reaction (PCR) using the primers Sacl-
ACE2-F (5’-GCGGAGCTCGCCACCATGTCAAGC-3’) containing a Sacl restriction
site and Nhel-ACE2-R (5’-CGCGCTAGCAAAGGAGGTCTGAAC-3’) containing an
Nhel restriction site. After sequence confirmation of the WT human ACE2 gene, this PCR
product was inserted into a plasmid, pCAGGS, to express full-length ACE2 fused with a
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C-terminal 3 x FLAG tag (pCAGGS-ACE2 3XFLAG). SNV mutants were produced by
site-directed mutagenesis using KOD One polymerase (TOYOBO) with primers
containing the desired nucleotide substitutions. All mutations were confirmed by Sanger
sequencing of the plasmids. Generation of the recombinant plasmids and proteins was

approved by Hokkaido University Safety Committee for Genetic Recombination
Experiments (21[4]).

VSIVs pseudotyped with S proteins of SARS CoVs

Using a replication-incompetent VSIV containing the green fluorescent protein
(GFP) instead of the receptor-binding VSIV glycoprotein (G) gene (VSIVAG*-G), VSIVs
pseudotyped with S proteins of SARS CoVs (VSIVAG*-SCoV and VSIVAG*-SCoV-2)
were generated as described previously [32,33]. Briefly, 24 hours after transfection of
HEK293T cells with pCAGGS expressing the S protein of SARS-CoV (Tor2 strain:
GenBank accession number, NC 004718.3) or SARS-CoV-2 (strain WHUO1: GenBank
accession number MN988668.1), the cells were incubated with VSIVAG*-G for 60 min
at 37°C. After washing three times with DMEM, the medium was replaced by DMEM
with 10% FCS. Twenty-four hours later, the supernatants were harvested and stored at -
80°C until use. Virus infectious units (IUs) in HEK293T cells were determined by
counting the number of GFP-positive cells with an IN Cell Analyzer 2500HS (GE
Healthcare). To produce VSIVs pseudotyped with the S proteins having the substitutions
in RBD derived from the Alpha (N501Y), Beta (K417N, E484K, and N501Y), Gamma
(K417T, E484K, and N501Y), and Delta (L452R and T478K) variants, the mutant S
protein genes were constructed by site-directed mutagenesis with KOD One (TOYOBO)
based on the S protein gene of SARS-CoV-2 WHUOI1, which is an early isolate from
Wuhan. Each mutation was confirmed by Sanger sequencing. The use of VSIVs was
approved by the Committee for Safety Management of Pathogens, Research Center for
Zoonosis Control, Hokkaido University (10[06]), Hokkaido University Safety Committee
for Genetic Recombination Experiments (21[4]), and the Ministry of Education, Culture,
Sports, Science, and Technology, Japan.

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

To check the expression levels of the ACE2 WT and SNV mutant proteins,
HEK?293T cells were transfected with expression plasmids encoding 3 x FLAG-tagged
ACE2 proteins or empty pCAGGS as a negative control. At 48 hours post-transfection,
these cells were washed with phosphate-buffered saline (PBS) three times and lysed with
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a radioimmunoprecipitation assay (RIPA) buffer (0.25 mM
ethylenediaminetetraacetic acid [EDTA] pH 8.0, 25 mM Tris/HCI pH 7.6, 150 mM NacCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS). Then, the supernatants were collected
after centrifugation. Each sample was mixed with 4 x sample buffer (Bio-Rad) with 5%
2-mercaptoethanol, and solubilized proteins were separated by 10% SDS-PAGE.
Separated proteins were then blotted on a polyvinylidene difluoride membrane (Merck
Millipore Corporation). After blocking with 5% skim milk, the membrane was incubated
with a mouse anti-FLAG M2 monoclonal antibody (F1804, Sigma-Aldrich) or mouse
anti-B-actin monoclonal antibody (AC15, Abcam) as a primary antibody for 1 hour. After
washing with 0.05% Tween 20 in PBS (PBST), the membrane was incubated with
horseradish peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin G (IgG)
(115-035-062, Jackson ImmunoResearch) as a secondary antibody for 1 hour. After
washing with PBST, the bound antibodies were visualized with Immobilon Western
(Merck Millipore Corporation). Unglycosylated and glycosylated forms of the ACE2
protein were detected as approximately 85 kD and 110-120 kD bands in consistent with
a previous study, respectively [34,35]. The relative expression levels were analyzed using
Amersham Imager 600 (GE Healthcare).

Virus entry assay

HEK293T cells, which are known to lack expression of endogenous ACE2 [36],
were seeded in 96-well plates (1.0 x 10* cells per well) precoated with poly-L-lysine
(Cultrex, R&D Systems). Twenty-four hours later, the cells were transfected with 0.2
pg/well pCAGGS encoding FLAG-tagged ACE2 WT or SNV mutant proteins using
TransIT-LT1 (Mirus). At 24 hours post-transfection, these cells were infected with
VSIVAG*-SCoV, VSIVAG*-SCoV-2, or VSIVAG*-G. Each virus was appropriately
diluted to provide 300-400 IUs/well in HEK293T expressing WT ACE2. VSIVAG*-
SCoV and VSIVAG*-SCoV-2 were treated with an anti-VSIV G monoclonal antibody
(VSIV-G (N) 1-9) to abolish the background infectivity of parental VSIVAG*-G [37].
Twenty-four hours later, IUs were determined by counting the numbers of GFP-
expressing cells using an IN Cell Analyzer 2500HS (GE Healthcare). The relative
infectivity was determined by setting the value of cells expressing ACE2 WT to 100%.

Immunofluorescence assay

HEK293T cells were seeded in a p-Slide 8 Well Chamber Slide (iBidi GmbH) after
precoating with poly-L-lysine (Cultrex, R&D Systems). Twenty-four hours later, the cells
were transfected with the pCAGGS encoding FLAG-tagged ACE2 proteins or empty
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pCAGGS. At 24 hours post-transfection, the cells were washed with PBS and fixed with
PBS containing 4% paraformaldehyde for 15 min. After washing with PBS, the cells were
incubated with PBS containing 3% bovine serum albumin for blocking for 1 hour at room
temperature. The cells were washed three times with PBST and then incubated with an
anti-ACE2 recombinant rabbit monoclonal antibody (SN0754, Invitrogen) recognizing
an epitope at amino acid positions 190-230 as the primary antibody for 1 hour at room
temperature. The cells were washed with PBST and then incubated with an Alexa Fluor
488-conjugated goat anti-rabbit IgG antibody (A-21206, Molecular Probes) as a
secondary antibody and counterstained with 1 pg/ml 4’°,6-diamidino-2-phenylindole,
dihydrochloride (DAPI) (D1306, Molecular Probes) for 1 hour in the dark at room
temperature. Images were acquired with a 63 x oil objective lens on a Zeiss LSM700
inverted microscope using ZEN 2009 software (Carl Zeiss).

Flow cytometry

HEK293T cells were seeded in 6-well plates (2.0 x 10* cells per well) precoated with
poly-L-lysine (Cultrex, R&D Systems). After 24 hours, the cells were transfected with
pCAGGS encoding FLAG-tagged ACE2 WT or SNV mutant proteins using TransIT-LT1.
At 24 hours post-transfection, these cells were washed with PBS and detached using
0.25% trypsin. Cells were fixed with PBS containing 4% paraformaldehyde for 15 min.
After washing with PBS, cells were incubated with an anti-ACE2 recombinant rabbit
monoclonal antibody (SN0754, Invitrogen) for 1 hour at room temperature. Then, the
cells were stained with the Alexa Fluor 488-conjugated goat anti-rabbit IgG antibody (A-
21206, Molecular Probes) for 30 min at 4°C in the dark. After washing two times, the
surface expression of the exogenous ACE2 proteins was analyzed by FACSCanto flow

cytometer (BD Biosciences) and FlowJo software (Tree Star).

Statistical analysis
All statistical analyses were performed using R software (Version 3.6.0). For the
comparison of relative infectivities, one-way analysis of variance followed by the Dunnett

test was used. p-values of less than 0.05 were considered statistically significant.
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Results

Selection of ACE2 SNVs for the analysis

Using deep mutational scanning analyses of ACE2, amino acid substitutions that
altered the binding affinity to RBD of the SARS-CoV-2 S protein were previously
identified [29]. Of these, 31 substitutions coincided with the reported nonsynonymous
SNV substitutions in ACE2 [30]. These studies showed that 13 SNV substitutions (S19P,
121V, 121T, E23K, A25T, K26R, T27A, E35D, N64K, E75G, T92I, Q102P, and H378R)
increased the interaction with the RBD of the SARS-CoV-2 S protein, whereas 18 SNV
substitutions (E35K, E37K, Y50F, N51D, N51S, M62V, K68E, F72V, M82I, G326E,
E329G, G352V, D355N, Q388L, P389H, H505R, R514G, and Y515C) showed negative
effects for the ACE2-RBD binding. Since the 121V/T and N51D/S mutations were shown
to have similar effects on the RBD-ACE?2 interaction, 121T and N51D were selected for
further analyses. In total, 29 nonsynonymous SNVs were analyzed for the following
experiments (Table 1). The ACE2 molecule (805 amino acids) consists of the protease
domain (PD), which is known to interact with RBD of the S protein, and the collectrin-
like domain (CLD), which contains the neck domain (ND), transmembrane domain (TM),
and cytoplasmic tail (CT) (Fig. 1a). All 29 SNV positions were found in PD (Fig. 1b).
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Table 1. Information on human ACE2 SNV mutants validated in this study

Amino Acid Binding affinity to
rsID? Position wildtype/mutant SNV name RBD of SARS-

CoV-2 St
rs73635825 19 S/P S19P Increased
rs1244687367 21 I/T 121T Increased
rs756231991 23 E/K E23K Increased
rs1434130600 25 A/T A25T Increased
rs4646116 26 K/R K26R Increased
rs781255386 27 T/A T27A Increased
rs778500138 35 E/D E35D Increased
rs1348114695 35 E/K E35K Decreased
rs146676783 37 E/K E37K Decreased
rs1192192618 50 Y/F Y50F Decreased
rs760159085 51 N/D N51D Decreased
rs1325542104 62 M/V M62V Decreased
rs1199100713 64 N/K N64K Increased
1s755691167 68 K/E K68E Decreased
rs1256007252 72 F/V F72V Decreased
rs867318181 75 E/G E75G Increased
1s766996587 82 M/I M&21 Decreased
rs763395248 92 T/1 T921 Increased
rs1395878099 102 Q/P Q102P Increased
rs759579097 326 G/E G326E Decreased
rs143936283 329 E/G E329G Decreased
rs370610075 352 G/V G352V Decreased
rs961360700 355 D/N D355N Decreased
rs142984500 378 H/R H378R Increased
rs751572714 388 Q/L Q388L Decreased
1s762890235 389 P/H P389H Decreased
rs1016409802 505 H/R H505R Decreased
rs1352194082 514 R/G R514G Decreased
rs1263424292 515 Y/C Y515C Decreased

"NCBI ID numbers of ACE2 SNVs. *The effects of the substitutions on the binding
affinity to the RBD of the SARS-CoV-2 S protein were obtained from previous studies
[29,30].
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Fig. 1. Structures of ACE2 and SARS CoV S proteins

(a) Schematic diagram of human ACE2. ACE2 is a type | membrane protein, consisting
of an N-terminal signal peptide, extracellular domain containing a protease domain (PD)
and neck domain (ND), transmembrane domain (TM), and cytoplasmatic tail (CT). ND,
TM, and CT form the collectrin-like domain (CLD). The amino acid positions of ACE2
SNVs that were reported to increase and decrease the interaction to the RBD of the SARS-
CoV-2 S protein are shown as red and blue lines, respectively. The substitution at position
35 (E35D and E35K) of ACE2 showing inconsistent effects is shown as a green line. (b)
Crystal structures of the complex of ACE2 and SARS CoV S proteins. The structural data
were obtained from Protein Data Bank (PDB) (https://www.rcsb.org/) (PDB ID: 2AJF
and 6lzg). Human ACE2, SARS-CoV RBD, and SARS-CoV-2 RBD polypeptides are
shown as ribbon models in gray, pink, and yellow, respectively. The amino acid positions
of ACE2 SNVs that were reported to increase and decrease the interaction to the RBD of
the SARS-CoV-2 S protein are shown in red and blue, respectively. The substitution at
position 35 (E35D and E35K) of ACE2 showing inconsistent effects is shown in green.

The amino acid positions indicated in Fig. 1a are shown in the same colors.
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ACE2 SNV substitutions that affected the cellular entry of SARS-CoV and SARS-
CoV-2

To evaluate the influence of these ACE2 SNV substitutions on the cellular entry of
SARS CoVs, HEK293T cells expressing exogenous ACE2 WT and SNV mutants were
infected with VSIVs pseudotyped with the S proteins of SARS-CoV (VSIVAG*-SCoV),
SARS-CoV-2 (VSIVAG*-SCoV-2), and VSIV G (VSIVAG*-G), and the relative
infectivities were compared to those of the cells expressing WT ACE2 (Fig. 2a). Although
SARS-CoV and -CoV-2 entry into empty vector-transfected cells was observed at low
titers, the infectious units were increased significantly by the expression of exogenous
ACE2, suggesting that the entry via the alternative pathways [38] had limited impact in
the comparison among the ACE2 proteins in this experimental conditions. It was found
that some of the ACE2 SNV substitutions positively or negatively affected the infectivity
of VSIVAG*-SCoV and/or VSIVAG*-SCoV-2. G352V and Y515C substitutions in
ACE?2 significantly enhanced the entry of VSIVAG*-SCoV but not VSIVAG*-SCoV-2.
H505R substitution significantly enhanced the entry of both VSIVAG*-SCoV and
VSIVAG*-SCoV-2. On the other hand, the D355N substitution significantly reduced the
infectivity of VSIVAG*-SCoV but not VSIVAG*-SCoV-2. These results indicated that
the amino acid residue at position 505 of ACE2 was commonly important for cell
susceptibilities to both SARS-CoV and SARS-CoV-2, whereas the roles of the amino acid
residues at positions 352, 355, and 515 in the interaction with the S protein might be
different between SARS-CoV and SARS-CoV-2. As expected, none of the examined SNV
substitutions significantly affected the infectivity of VSIVAG*-G. It was confirmed that
most of the ACE2 SNV mutants exogenously introduced into HEK293T cells were
expressed to similar extents, except for a few mutants such as E23K and E329G that did
not affect the viral infectivity (Figs. 2b and 2c¢). In immunofluorescence assay and flow
cytometric analysis, these representative ACE2 SNV mutants (G352V, D355N, H505R,
and Y515C) were similarly localized on the cell surface as was the case with WT ACE2
(Fig. 3). Taken together, these results suggested that SNV substitutions of human ACE2
affected the entry of SARS CoVs into cells.

16



Kok - —
+
deokd o —

*vll

H

L

VSIVAG*-SCoV

Fokk |

OSTSA
YIS
HS0SH
H68¢ed
188€0
y8/EH
NSsea
AZSED
962¢3
392€9
dzotd
1Z61
1Z8N
96/3
Y4E
389
MPON
AN
atsN
40SA
NVEE!
Msea
ase3
vizL
H9H
1G52v
Meza
112
d6TS
1M
10109/

(%) Aunnoajul annepy

VSIVAG*-SCoV-2

[ o5TGA
[ ovTSy
| 450SH
| HegEd
188€0
| usLeH
| Nssea
| AzseD
| o6z¢e3
| 39ze0
| d20TO
[ 1z61
128N

[ 9523
Azl
EEEY
RIEN
[ AzoW
| arsN
405A
[ >iLe3
5ea
| ase3
| vieL
IREELAY
| Lsev
Yeea
| LTz

| d6TS
[1m
10109/

(%) Aunnoayu annerey

weef OSTSA
] OPTGY
| HSGOSH
rel HB8E
Fes| 188E0
| HBLEH
vl NGGEQ
r| AZSED
H| O6Z€3
e L)
: dzotO

| 1261
o] 1Z8IN

e E

I ZE
e
| HPON
| NZON
] QTSN
LN
[ Mizea
| se3
| ase3
| V121
| HOTH
we| 152V
ree| MEZI
'
H

+ T I =z

1121
[ d6TS
L 1M

H " 10100

VSIVAG*-G

(96) Aunnoayul aneay

ACE2 SNV mutants

kDa

— 50

— 37

....'Q.QQIQ.....-...------&---:%

ACE2

B-actin

OSTSA
oY1y
HSOSH
H68¢ed
188€0
U8LEH
NSsea
NTSED
962¢3
392€9
dzotd
1261
128N
96/3
AZL4
389
MPON
AZON
atsN
40SA
Me3
Msea
ase3
viZL
SIS TAY!
1s52v
Meza
1121
d6TS
1M
J10J0BA

e OGTGA
re| OYTGY
o] HSGOSH
el HBBE
pesl 188€0
| UBLEH
] NGGEQ
re| NTSED
ree| 96263
o] 392€9
pee| ZOTO
o] 1261
: IZ8N
pl G/
o NTLA
e e
| MPON
| NZON
| QTGN
: 40SA
wel Y263
| YIGET
] QGET
el V221
| HOT
| 1G2Y
- [ veza
| 112
w| dBTS
1M
10]09A\

ACE2/B-actin

uoissaldxa
230V aAeley

ACE2 SNV mutants

Fig. 2. Effects of ACE2 SNV substitutions on the infectivity of VSIVs pseudotyped

with the S protein of SARS-CoV and SARS-CoV-2

(a) HEK293T cells transfected with the plasmids expressing WT ACE2 or its SNV

mutants were infected with VSIVAG*-SCoV, VSIVAG*-SCoV-2, and VSIVAG*-G. IUs
were determined by counting the numbers of GFP-expressing cells at 24 hours post-

infection. Relative infectivities of pseudotyped VSIVs in the cells transfected with each

plasmid were determined by setting the IU value given by HEK293T cells expressing
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exogenous WT ACE2 to 100%. The means and standard deviations (SDs) of three
independent experiments are shown. Statistical significance was calculated compared to
WT using the Dunnett test (*p < 0.05, **p < 0.01, ***p < 0.001). (b) HEK293T cells
transfected with the plasmids expressing WT ACE2 or its SNV mutants were harvested
at 48 hours post-transfection and analyzed in SDS-PAGE and Western blotting. The
amounts of B-actin in the total cell lysate were also analyzed as an internal control. (c)
The band intensities of WT and mutant ACE2 molecules were compared. The ratios of
the expression levels of ACE2 were analyzed. The value of WT ACE2 was set to 1.0. The
means and SDs of three independent experiments are shown. Statistical significance was
calculated using the Dunnett test and no significant difference was detected between WT

and mutant proteins.
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Fig. 3. Cell surface expression of ACE2 in HEK293T cells

(a) HEK293T cells transfected with the ACE2-expressing plasmids were immunostained
with an anti-ACE2 monoclonal antibody and Alexa Fluor 488-conjugated goat anti-rabbit
IgG and analyzed by confocal microscopy. Nuclei of cells were stained with DAPI. The
scale bars represent 10 um. (b) The surface expression of exogenously introduced ACE2
was analyzed by flow cytometry. HEK293T cells transfected with the plasmids were
immunostained with the same antibodies as described above. After washing, the cells

were analyzed using a FACSCanto flow cytometer.
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ACE2 SNV substitutions that affected the cellular entry of SARS-CoV-2 VOCs

I next investigated whether the 29 SNVs could affect the cellular entry of VOCs
(Alpha, Beta, Gamma, and Delta) of SARS-CoV-2, which had some signature
substitutions in RBD of the S protein (Fig. 4). VSIVs pseudotyped with the S protein
having VOC-derived substitutions in RBD of the S protein were prepared and infectivities
in HEK293T cells expressing each ACE2 protein were determined. Infectivities of
VSIVAG*-SCoV-2 Alpha (N501Y) and Delta (L452R-T478K) were significantly
enhanced by the H505R substitution (p = 0.001). The Y515C substitution also promoted
the infection with SCoV-2 Delta (p = 0.0383). In contrast, these substitutions did not
significantly affect the infectivity of VSIVAG*-SCoV-2 Beta (K417N-E484K-N501Y)
or Gamma (K417T-E484K-N501Y). Interestingly, however, infectivities of VSIVAG*-
SCoV-2 Beta and Gamma were significantly reduced by the E35K substitution (p =
0.0266 and 0.0125, respectively) but those of VSIVAG*-SCoV-2 Alpha and Delta were
not. Although not statistically significant compared to HEK293T expressing WT ACE2,
some other ACE2 substitutions slightly affected the infection: T92I and Y515C enhanced
VSIVAG*-SCoV-2 Alpha (p = 0.0953 and 0.0665, respectively), K26R and E37K
reduced VSIVAG*-SCoV-2 Beta (p = 0.059 or 0.061), and T92I enhanced VSIVAG*-
SCoV-2 Delta (p = 0.0557). It was confirmed that these ACE2 SNV mutants (K26R,
E35K, E37K, and T92I) were also localized on the cell surface (Fig. 3). These data
suggested that effects of ACE2 SNV substitutions on SARS-CoV-2 entry into cells might
be different among the SARS-CoV-2 variants.
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Fig. 4. Effects of ACE2 SNV substitutions on the infectivity of VSIVs pseudotyped
with the S protein with VOC mutations
HEK293T cells transfected with the plasmids expressing WT ACE2 or its SNV mutants
were infected with VSIVs pseudotyped with S proteins having RBD substitutions found
in SARS-CoV-2 Alpha (N501Y), Beta (K417N, E484K, and N501Y), Gamma (K417T,
E484K, and N501Y), and Delta (L452R and T478K) variants. Relative infectivities of
pseudotyped VSIVs were determined as described in the legend of Fig. 1. The means and
SDs of three independent experiments are shown. Statistical significance was calculated
compared to WT using the Dunnett test (*p < 0.05, ***p < 0.001).
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Molecular position and allele frequencies of the selected ACE2 SNV mutants

Five SNV substitutions in ACE2 (E35K, G352V, D355N, H505R, and Y515C) was
found to significantly affect the cellular entry of SARS CoVs. E35K, G352V, and D355N
were involved in the interaction site with the S protein whereas H505R and Y515C were
located far from the interaction site (Fig. 5a). Using public SNP databases, TOPMed,
genomAD, and ExAC, the allele frequencies of these mutants were compared (Table 2).
E35K, G352V, D355N, H505R, and Y515C are uncommon in the global population
(minor allele frequency [MAF] = 0.00001, 0.00003, 0.00001, 0.00001, and 0.000004,
respectively). E35K is more frequently found in the East Asian population (MAF =
0.0001) when compared with the global population. Thus, the allele frequencies of the
SNV mutants that could potentially alter the cell susceptibility to SARS CoVs was found

to be very low in the current population.
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SARS-CoV-2 S protein RBD

Fig. 5. Amino acid positions of the ACE2 SNV substitutions that affected the cellular
entry of SARS-CoV and SARS-CoV-2

The crystal structure of the complex of ACE2 and the SARS-CoV-2 S protein (PDB ID:
6lzg). The amino acid positions of five ACE2 SNVs that affected the cellular entry of
SARS-CoV and/or SARS-CoV-2 are shown in blue. (a) Two amino acid residues (T500
and G502) and Q493 in the S protein of SARS-CoV-2, which are shown in magenta, are
known to bind to D355 and E35 of ACE2, respectively. (b) Three amino acid positions
(K417, E484, and N501) at which substitutions were found in the S protein of SARS-
CoV-2 Beta and Gamma variants are shown in orange. K417 and E484 in the S protein,
which are known to bind to D30 and K31 of ACE2, respectively, are shown in cyan.
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Table 2. Minor allele frequencies of human ACE2 SNV substitutions that affected
the entry of SARS CoVs

Minor allele frequencies?®

East South
SNVs Global  African American . . European
Asian Asian
E35K 0.00001 0 0 0.0001 0 0.00001
G352V 0.00003 0 0 0 0 0.00007
D355N  0.00001 0 0 0 0 0.00002
H505R  0.00001 NAP NA NA NA NA
Y515C  0.000004 NA NA NA NA NA

aMinor allele frequencies of ACE2 SNVs among different populations were obtained
from TOPMed, EXAC, or gnomAD. "NA: Information are not available in the databases.
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Discussion

While ACE2 acts as a receptor for SARS CoVs, human ACE2 SNVs have been
reported to be associated with cardiovascular diseases, hypertension, and diabetic mellitus,
all of which are recognized as risk factors for severe clinical outcomes in COVID-19
patients [39—41]. Genetic variations in the host ACE2 receptor may also influence the
susceptibility or resistance to the SARS-CoVs. Several in silico studies suggested that
ACE2 SNVs might affect the binding affinity to the S protein [27,42,43]. However, only
a few studies have reported on the biological importance of ACE2 SNVs in the cellular
entry of SARS-CoVs [18,28,44], and the information on this topic is still limited.
Previous studies demonstrated that some ACE2 SNV substitutions affected the binding
affinity to RBD of the SARS-CoV-2 S protein [29,30]. In the present study, I investigated
the effects of these SNV substitutions on actual viral entry into cells using pseudotyped
VSIVs.

It was found that the G352V substitution significantly enhanced the entry of SARS-
CoV but affected that of SARS-CoV-2 only slightly. In contrast, the D355N substitution
significantly reduced the entry of SARS-CoV but not SARS-CoV-2. Since the amino acid
residue at position 352 in ACE2 is adjacent to a loop structure that is responsible for the
interaction with the S proteins of SARS CoVs [45,46], the G352V substitution likely
affects the structure and/or molecular flexibility of this loop, which might result in
enhanced binding to the S protein. Cryo-electron microscopy (cryo-EM) of the structures
of the ACE2 and S protein complexes revealed that the aspartic acid at position 355 of
human ACE2 formed hydrogen bonds and van der Waals contacts with 3 (T486, T487,
and G488) and 2 (T500 and G502) amino acid residues of SARS-CoV and SARS-CoV-2
S proteins, respectively [47]. Differences in the number of van der Waals contacts might
contribute to the differential effects of the D355N substitution between SARS-CoV and
SARS-CoV-2. In another cocrystal structure of the SARS-CoV-2 S protein and ACE2, 22
residues in the ACE2 molecule are involved in the binding to the S protein of SARS-CoV-
2 [47] and 6 of the 22 amino acid positions were reported to be SNV positions (S19P,
T27A, E35D/K, E37K, M82I, and D355N). Another group demonstrated that the binding
affinity to RBD of the SARS-CoV-2 S protein was increased in S19P, T27A, and E35D
mutants and was reduced in E35K, E37K, M82I, and D355N mutants [48]. However,
these SNV substitutions, except E35K, did not significantly affect the viral infectivity in
the present study (Figs. 2 and 4). Since a recombinant RBD molecule lacking all the other
portions of the S protein was used in the previous binding assays [29,48] one possible
explanation is that structural and functional differences between the RBD molecule and
the full-length whole S protein might affect the affinity or avidity to ACE2. Furthermore,
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cryo-EM analyses revealed that the SARS-CoV-2 S protein had RBD-exposed
conformation (open) and RBD-buried conformation (closed) and a high proportion of the
S protein showed closed conformation [49,50], which might weaken the effects of the
substitutions in ACE2 when the whole S protein molecule is used for analyses. This
difference between RBD and full-length S protein molecules could be one of the reasons
for the lesser effects of the ACE2 substitutions on the SARS-CoV 2 entry than on the
RBD binding capacity to ACE2.

The H505R substitution in ACE2 enhanced the entry of both SARS-CoV and SARS-
CoV-2, including some VOCs. The Y515C substitution also tended to enhance the entry.
These residues are not directly involved in the molecular surface that interacts with RBD
of the S protein. The histidine residue at position 505 of ACE2 is thought to be a catalytic
histidine based on a site-directed mutagenesis experiment for the ACE2 enzymatic
activity [51]. Furthermore, this amino acid residue may be important for the hydrogen
bond to the tyrosine at position 515, which has been suggested to stabilize the carbonyl
tetrahedral intermediate in the ACE2 molecule [51,52]. Thus, these SNV mutants might
have altered enzymatic activities, while the structure of ACE2 might also be affected by
the substitutions. However, a previous study reported that the ACE2 binding region of the
SARS-CoV S protein was not interfered with inhibitors or substrates that induced large
conformational changes in the receptor, suggesting that the enzymatic activity of ACE2
does not contribute to SARS-CoV S protein-mediated infection [53].

In the immunoblotting image (Fig. 2b), two bands were detected, which
corresponded to unglycosylated (85-90 kD) and glycosylated (110-120 kD) forms of the
ACE2 protein. N-glycosylation is required for proper ACE2 expression on the cell surface
and efficient viral entry of SARS-CoV-2 [54]. The ACE2 molecule has seven N-
glycosylation sites (N53, N90, N103, N322, N432, N546, and N690) and a molecular
dynamics simulation study reported that two glycosylation sites, N90 and N322, affected
the binding capacity to the SARS-CoV-2 S protein [55]. Another study showed that the
mutation at T92 removing the N90-glycosylation motif enhanced the interaction with the
S protein of SARS-CoV-2 [29]. However, since the amino acid positions assessed in this
study were not located in the reported N-glycosylation sites except for T92I and the
majority of the detected bands were most likely glycosylated forms, N-glycosylation
patterns might not affect the cell surface expression and binding efficiency of ACE2.

It was previously demonstrated that the H505R and Y515C ACE2 mutants showed
weak binding affinity to RBD of the SARS-CoV-2 S protein [30]. This discrepancy may
also be due to the structural difference between RBD and full-length S protein molecules

as discussed above. Alternatively, it may also be possible that weak binding capacity of
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ACE2 mutants does not necessarily cause reduced entry of the virus. A previous
molecular dynamics analysis suggests that the ACE2 structural changes caused by some
SNV substitutions likely affect the stability of the ACE2 molecule [56], which may
influence the efficiency of membrane fusion. I speculate that HS05R and Y515C mutants
may have enhanced potential to support membrane fusion, which overwhelms their
reduced binding to the S protein and results in increased entry of the virus.

Interestingly, the E35K substitution reduced the entry of SARS-CoV-2 variants with
triple substitutions in their RBD (i.e., Beta and Gamma) but not the other viruses tested,
including the Alpha variant, which also had N501Y substitution, suggesting that the effect
of the E35K substitution might be related to the K417N and/or E484K substitutions
commonly found in Beta and Gamma variants. It has been shown that the lysine residue
at position 417 forms a salt bridge with the aspartic acid at position 30 of ACE2, and the
glutamic acid at position 484 interacts with the lysine at position 31 of ACE2 (Fig. 5b)
[47,57]. The importance of the lysine at 417 and the glutamic acid at 484 for the
interaction with ACE2 suggests the possibility that K417N and E484K substitutions
negatively affect the binding to the ACE2 E35K mutant. Another study showed that the
triple substitution (K417N, E484K, and N501Y) in the Beta variant changed the
secondary structure and stability of RBD of the SARS-CoV-2 S protein [58]. Taken
together, the structural changes caused by these substitutions in RBD of the S protein
might reduce the interaction with the ACE2 E35K mutant.

Genetic polymorphisms of the ACE2 and TMPRSS2 genes have been suggested to
be involved in the disease outcomes of SARS-CoV-2 infection [22]. The present data
support the notion that ACE2 SNVs may contribute to the enhancement or reduction of
cell susceptibility to SARS CoVs, although the SNV substitutions that were found to be
important in this study are rare in the current human population. It should also be noted
that the effects of ACE2 SN'Vs cannot be determined solely from RBD binding assays, as
demonstrated by the inconsistent results between previous RBD binding assays and viral
entry assays in the present study. The limitation of the present study is that I only focused
on the single step of viral entry and the effects of ACE2 SNV substitutions were not very
drastic; however it is assumed that the differences among ACE2 variants may be enhanced
in multiple replication cycles of authentic SARS-CoV and SARS-CoV-2. Furthermore, it
still needs to be clarified whether ACE2 SNVs affect the clinical outcomes in COVID-19
patients. In the future, large-scale clinical studies of genetic variations are needed to
confirm the significance of SNVs in vivo and to further understand possible relationships

between host genetic factors and SARS-CoV-2 evolution.
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Summary

SARS-CoV and SARS-CoV-2 have a single envelope glycoprotein (S protein) that
binds to human ACE2 on the host cell membrane. Previous mutational scanning studies
have suggested that some substitutions corresponding to SNVs in human ACE2 affect the
binding affinity to the RBD of the SARS-CoV-2 S protein. However, the importance of
these substitutions in actual virus infection is still unclear. In this study, the effects of the
reported ACE2 SNV substitutions on the entry of SARS-CoV and SARS-CoV-2 into cells
were investigated, using VSIV pseudotyped with S proteins of these CoVs. HEK293T
cells transfected with plasmids expressing ACE2 having each SNV substitution were
infected with the pseudotyped VSIVs and relative infectivities were determined compared
to the cells expressing WT ACE2. It was found that some of the SNV substitutions
positively or negatively affected the infectivities of the pseudotyped viruses. Particularly,
the H505R substitution significantly enhanced the infection with the pseudotyped VSIVs,
including those having the substitutions found in the S protein RBD of SARS-CoV-2
variants of concern. These results suggest that human ACE2 SNVs may potentially affect
cell susceptibilities to SARS-CoV and SARS-CoV-2.
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Chapter 11
Single nucleotide variants of the human TIM-1 IgV domain with reduced ability to

promote viral entry into cells

Introduction

The members of the T-cell immunoglobulin mucin (TIM) family are type I
transmembrane glycoproteins [59]. Of these, TIM-1 is expressed on various immune cells
and a broad range of mucosal epithelial cells and plays roles in regulating immune
responses, allergic responses, asthma, and transplant tolerance [60—63]. One of the
physiological functions of TIM-1 is to recognize phosphatidylserine (PS) exposed on the
apoptotic cell surface and mediate phagocytosis of those cells [64]. PS receptors such as
TIM-1 are also known to recognize PS exposed on the viral envelope, and TIM-1
promotes viral entry into host cells through interactions with viral envelope-associated
PS, which is known as “the viral apoptotic mimicry strategy” [65]. Mainly through this
mechanism, TIM-1 is known to enhance the cellular entry of a wide range of enveloped
viruses, including filovirus, flavivirus, alphavirus, arenavirus, rhabdovirus, and
baculovirus [13,66]. In addition, previous studies demonstrated that the virus—TIM-1
interaction induced a release of inflammatory cytokines from primary CD4" T cells and
might also contribute to the pathogenesis of Ebola virus (EBOV) infection in mice [67,68].
TIM-1 was shown to activate dengue virus-induced autophagy through the TIM-1
signaling pathway [69]. Therefore, TIM-1 is thought to play an important role not only as
a viral attachment receptor but also as an immune-regulatory molecule against some
viruses.

TIM-1 is composed of an immunoglobulin variable (IgV) domain, mucin-like
domain (MLD), transmembrane domain, and cytoplasmic tail (CT) (Fig. 6a). The IgV
domain is essential for the TIM-1-mediated enhancement of viral infections, and MLD is
thought to be necessary to place the IgV domain within the appropriate distance from the
cell surface [70,71]. Previous studies reported that genetic polymorphisms of human
TIM-1 (hTIM-1) MLD and IgV domain affected its function to promote viral infections.
A polymorphism with a six amino acid insertion into hTIM-1 MLD was associated with
reduced and enhanced disease progression with human immunodeficiency virus and
hepatitis A virus infection, respectively [72,73]. It was also reported that this insertion
influenced in vitro cell susceptibility to Japanese encephalitis virus [74]. A single
nucleotide variant (SNV), the S51L variant (NCBI ID: rs2270922), of the hTIM-1 IgV
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domain was reported to have reduced ability for the hTIM-1-mediated entry of
pseudotyped lentivirus with chikungunya virus GP [75]. In addition, a previous study
showed that a polymorphism of the TIM-1 IgV domain among African green monkey cell
lines affected the efficiency of the cellular entry of VSIV pseudotyped with EBOV GP
[76]. From these findings, I hypothesized that SNVs of the hTIM-1 IgV domain might
influence cell susceptibilities to viral infections. However, there are few studies focusing
on the effects of SNVs of the TIM-1 IgV domain on viral entry into cells, and the
information supporting this hypothesis is still limited.

The crystal structure of the IgV domain revealed that this domain has two antiparallel
B sheets: a “BED-[} sheet” consisting of B-strands B, E, and D and a “GFC-B sheet”
consisting of B-strands A, G, F, C, C’, and C” [77]. Three loops between B-strands B and
C, C and C’, and F and G are named the BC loop, CC’ loop, and FG loop, respectively
(Figs 6b and 6¢). Six cysteine residues (C36, C46, C52, C57, C104, and C105) in the IgV
domain form disulfide bonds on the GFC B-sheet. Two cysteine residues, C36 and C105,
form a disulfide bond (C36-C105) between B-strand F and the BC loop, and four cysteine
residues (C46, C52, C57, and C104) form two additional disulfide bonds (C46-C57 and
(C52-C104) that fix the CC’ loop onto the GFC B-sheet [78,79]. These bonds define a cleft
formed by the CC’ and FG loops, providing a unique groove-like structure to bind PS,
identified as the “PS-binding pocket” (Fig. 1c). This structure is conserved among the
TIM family and is also called the metal-ion-dependent ligand binding site (MILIBS),
which was identified as an important region for binding to viral PS [78]. It has also been
shown that the three loops (BC, CC’, and FG loops) of the IgV domain interact with both
the EBOV GP and PS exposed on the viral envelope [80]. These findings led me to
hypothesize that SNV substitutions in the IgV domain might affect the function of hTIM-
1 to promote viral entry into cells.

In this chapter, the potential effects of hTIM-1 SNV substitutions on cellular entry
of enveloped viruses were evaluated using pseudotyped VSIVs. I focused on SNVs of the
IgV domain as a key part for binding to virus particles and found 35 missense SNVs in
the public gene database (Ensembl genome browser). Of these, some SNV substitutions
reduced the efficiency of hTIM-1-mediated cellular entry of VSIVs having GPs of
different origins. The present study suggests that some SNVs of the hTIM-1 IgV domain
may have a lower ability to bind PS and/or viral GPs on pseudotyped VSIV particles.
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Fig. 6. Structure of the hTIM-1 IgV domain and the 35 SNV substitutions
examined in this study

(a) Schematic diagram of hTIM-1. TIM-1 consists of a signal peptide (SP),
immunoglobulin variable (IgV) domain, mucin-like domain (MLD), transmembrane
domain (TM), and cytoplasmic tail (CT). (b) Amino acid sequence of the hTIM-1 IgV
domain (positions 21-125; GenBank accession number: NM 012206.3). Regions
corresponding to each B-strand are shown above the sequence. Six cysteine residues
forming three disulfide bonds (C36-C105, C46-C57, and C52-C104) are highlighted in
orange, magenta, and cyan pairs, respectively. The PS-binding site (WFND motif) is
highlighted in purple. Black dots under the sequence indicate the 35 SNV positions
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examined in this study. (¢) Crystal structure of the hTIM-1 IgV domain (PDB ID: 5DZO).
In the left panel, B-sheets are labeled with their corresponding B-strand names, and five
B-strands, B, C, C’, F, and G, are colored in warmpink, skyblue, marine, chartreuse, and
limegreen, respectively. BC, CC’, and FG loops are colored in red, blue, and green,
respectively. Amino acid residues involved in three disulfide bonds (C36-C105, C46-C57,
and C52-C104) are shown in orange, magenta, and cyan, respectively. In the right panel,

the 35 SNV positions are shown in yellow.
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Materials and Methods

SNV information on the hTIM-1 IgV domain

Nucleotide sequences of the hTIM-1 IgV domain were obtained from the Ensembl
genome browser [81] and the dbSNP on the NCBI website [82], and 35 missense SNVs
were found in the IgV domain. The NCBI ID numbers of these SNVs are as follows:
1s774628607 (S31F), rs766684661 (V32F), rs763305471 (T33A), rs748542797 (L34P),
rs1235087840 (P35S), rs948562287 (Y38H), rs1331131690 (T43A), rs1392286629
(S44P), 1s201914430 (M45V), 15778524415 (C46W), 15368474218 (W47R),
rs1334308674 (R49S), rs1467830805 (G50S), rs2270922 (S51L), rs766596791 (S53F),
1s750683624 (C578S), rs1324375875 (Q58R), rs765450007 (G60D), 776921169 (V621),
rs1313131093 (G101D), rs759044943 (V102L), rs770585374 (R106H), rs748923252
(V1071), 1s769720430 (H109P), rs370980439 (R110C), rs1196575610 (GIIIR),
rs1240319173 (F113L), rs377678930 (N114S), rs1168125347 (D115G), rs745941787
(MI116L), rs778900665 (T119I), rs754029647 (V120I), rs1190295106 (S121P),
rs1169032336 (1124T), rs556857102 (V125L) (Table 3). In the present study, the most
common genotype of hTIM-1 in the global population was defined as WT (GenBank
accession number, NM_012206.3) based on the genetic information from NCBI.

Allele frequencies of hTIM-1 SNVs were obtained from the genomAD and TOPMed.
The potential detrimental effects of hTIM-1 SNV substitutions on its structure and
function were assessed by sorting intolerant from tolerant (SIFT), polymorphism
phenotyping 2 (PolyPhen-2), combined annotation dependent depletion (CADD), and
rare exome variant ensemble learner (REVEL). The SIFT scores are classified as tolerated
(T) (= 0.05) or deleterious (D) (< 0.05). PolyPhen-2 scores are classified as benign (B)
(< 0.5), possibly damaging (PosD) (0.5-0.9), or probably damaging (ProD) (> 0.9).
CADD scores are classified as likely benign (LB) (< 20) or likely deleterious (LD) (> 20).
REVEL scores are classified as likely benign (LB) (< 0.5) or likely disease-causing (LDC)
(= 0.5). The scoring methods were taken from the following Ensemble genome browser
[83].
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Table 3. Thirty-five SNVs of hTIM-1 IgV domain listed in the public database

rsID? Position wiﬁlltr;fl;)l::)/rﬁfllt(:mt SNV name Location®
1s774628607 31 S/F S31F B-strand B
15766684661 32 V/F V32F B-strand B
15763305471 33 T/A T33A B-strand B
15748542797 34 L/P L34p B-strand B
rs1235087840 35 P/S P35S BC loop
rs948562287 38 Y/H Y38H BC loop
rs1331131690 43 T/A T43A BC loop
rs1392286629 44 S/p S44p BC loop
15201914430 45 M/V M45V B-strand C
rs778524415 46 C/W C46W B-strand C
rs368474218 47 W/R W47R B-strand C
rs1334308674 49 R/S R49S B-strand C
rs1467830805 50 G/S G50S CC’ loop
1s2270922 51 S/L S51L CC’ loop
15766596791 53 S/F S53F CC’ loop
15750683624 57 C/S C57S CC’ loop
rs1324375875 58 Q/R Q5S8R CC’ loop
rs765450007 60 G/D G60D B-strand C’
$776921169 62 V/1 V62l B-strand C’
rs1313131093 101 G/D G101D B-strand F
1s759044943 102 V/L VI102L B-strand F
rs770585374 106 R/H R106H B-strand F
rs748923252 107 V/1 V1071 B-strand F
1s769720430 109 H/P H109P FG loop
rs370980439 110 R/C R110C FG loop
rs1196575610 111 G/R GI111R FG loop
rs1240319173 113 F/L F113L FG loop
rs377678930 114 N/S N114S FG loop
rs1168125347 115 D/G DI115G FG loop
rs745941787 116 M/L MI116L B-strand G
1s778900665 119 T/ T1191 B-strand G
1s754029647 120 V/1 V1201 B-strand G
rs1190295106 121 S/P S121P B-strand G
rs1169032336 124 T 1124T B-strand G
rs556857102 125 V/L VI125L B-strand G

“NCBI ID numbers of hTIM-1 SNVs. °The amino acid positions were identified from a

crystal structure of the hTIM-1 IgV domain.
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Cells

Human adenocarcinoma-derived alveolar basal epithelial A549, human embryonic
kidney 293T, and African green monkey kidney epithelial Vero E6 cells were grown in
DMEM (Sigma-Aldrich) supplemented with 10% FCS (Sigma-Aldrich), 100 U/ml
penicillin, and 0.1 mg/ml streptomycin (Gibco) at 37°C in a 5% COz2 incubator. Expi 293F
cells (Gibco) were maintained in Expi 293F Expression Medium (Thermo Fisher
Scientific) as described in the manufacturer’s instructions and incubated at 37°C in an 8%

CO; incubator while shaking at 125 rpm.

hTIM-1 plasmids

Total RNA was extracted from A549 cells using Trizol (Invitrogen), and then a
cDNA library was prepared with SuperScript™ IV (Invitrogen) and the oligo dT20 primer
(5-TTTTTTTTTTTTTTTTTTTT-3). To amplify the coding region of the hTIM-1 gene,
PCR was performed with a KOD One polymerase (TOYOBO) using the primers EcoRI-
hTIM-1-F (5’-ATAGAATTCGCCACCATGCATCCTCAAGTG-3’) containing an EcoRI
restriction site and XhoI-hTIM-1-R (5°-
TATCTCGAGCTATTATTCCAAGCGGCTTCG-3’) containing an Xhol restriction site.
After sequence confirmation of the WT hTIM-1 gene, this PCR product was inserted into

an expression plasmid, pPCAGGS. Using this plasmid as a template, a plasmid encoding
6 x histidine-tagged WT soluble hTIM-1 (aa 1-295) was generated by PCR-based
mutagenesis. SNV substitutions were produced by site-directed mutagenesis using a
KOD One polymerase (TOYOBO) with primers containing the desired nucleotide
substitutions. All mutations were confirmed by Sanger sequencing of the plasmids.
Generation of the recombinant plasmids and proteins was approved by Hokkaido

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

Generation of pseudotyped VSIVs

Filovirus and arenavirus GPs were used in the present study. Ebola virus (EBOV),
Marburg virus (MARV), and Lloviu virus (LLOV) were selected from 3 filovirus genera,
Ebolavirus, Marburgvirus, and Cuevavirus, respectively [84]. Two arenaviruses, Junin
virus (JUNV) and Lassa virus (LASV), were selected as representatives of the New World
and Old World arenaviruses, respectively [85]. The GPs of these enveloped viruses are
the only proteins that are responsible for virus entry into host cells [29]. Using replication-
incompetent VSIV containing the GFP gene instead of the VSIV G gene (VSIVAG*-
VSIV), VSIVs bearing GPs of EBOV (Mayinga), MARV (Angola), LLOV (Asturias),
JUNV (Candid #1), and LASV (Josiah) were generated as described previously [30], and
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designated VSIVAG*-EBOYV, -MARY, -LLOV, -JUNYV, and -LASYV, respectively. Briefly,
HEK293T cells were transfected with the pPCAGGS plasmid encoding each viral GP gene.
After 24-hour incubation, the culture medium was removed and the cells were incubated
with VSIVAG*-VSIV at a multiplicity of infection of 2.0 for 60 min at 37°C. After the
inoculum was removed and the cells were washed 3 times with DMEM, the medium was
replaced with fresh DMEM with 10% FCS. Sixteen hours later, the culture supernatants
were harvested and stored at —80°C until use. Virus IUs in HEK293T cells were
determined by counting the number of GFP-positive cells with an IN Cell Analyzer
2500HS (GE Healthcare). Previous studies reported that hTIM-1 enhanced the
infectivities of envelope viruses including VSIV, and viral attachment through the TIM-
1-PS interaction has been proposed as one of the general mechanisms for the first step of
viral entry into cells [65]. In addition, the TIM-1-PS interaction was shown to be
important for the infectivities of pseudotyped VSIVs by the competition assay with PS
liposomes, and the presence of PS on the VSIV envelope was demonstrated in the binding
assay using Annexin V [71]. Generation of the recombinant plasmids was approved by
the Ministry of Education, Culture, Sports, Science, and Technology, Japan. The use of
VSIVs was approved by the Committee for Safety Management of Pathogens, Research
Center for Zoonosis Control, Hokkaido University (10[06]) and Hokkaido University

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

Virus entry assay

HEK293T cells lacking endogenous expression of hTIM-1 [63] were seeded in 96-
well plates (1.0 x 10* cells per well) precoated with poly-L-lysine (Cultrex, R&D
Systems). Twenty-four hours later, the cells were transfected with 0.2 pg/well of
pCAGGS encoding WT hTIM-1, its SNV mutants, or an empty plasmid as a negative
control. At 24 hours post-transfection, these cells were infected with VSIVAG*-EBOV, -
MARYV, -LLOV, -JUNV, -LASYV, or -VSIV. Each virus was appropriately diluted to
provide 200-500 IUs/well in HEK293T cells and then incubated with an anti-VSIV G
monoclonal antibody (VSIV-G (N) 1-9) for 30 min at 37°C to abolish the background
infectivity of parental VSIVAG*-VSIV (i.e., inoculum virus) [32]. Twenty-four hours
later, IUs were determined by counting the numbers of GFP-expressing cells using an IN
Cell Analyzer 2500HS (GE Healthcare). The relative infectivity was determined by
setting the IU value of empty plasmid-transfected cells to 100%.

SDS-PAGE and Western blotting
HEK293T were seeded in 24-well plates (1.0 x 10* cells per well) precoated with
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poly-L-Lysine (Cultrex, R&D Systems). After overnight culture, the cells were
transfected with the plasmids encoding WT hTIM-1, its SNV mutants, or the empty
plasmid as a negative control. After 48-hour incubation, these cells were washed with
PBS 3 times and lysed with a RIPA buffer (0.25 mM EDTA, pH 8.0, 25 mM Tris/HCI,
pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS). After
centrifugation, the supernatants were mixed with SDS-PAGE sample buffer (Bio-Rad)
with 5% 2-mercaptoethanol and subjected to 10% SDS-PAGE. Separated proteins were
blotted on a polyvinylidene difluoride membrane (Merck Millipore Corporation). After
blocking with 5% skim milk, the membrane was incubated with a goat anti-hTIM-1
polyclonal antibody (AF1750, R&D Systems) and anti-B-actin mouse monoclonal
antibody (AC15, Abcam) as primary antibodies for 1 hour, respectively. After washing
with PBST, the membrane was incubated with a HRP-conjugated donkey anti-goat IgG
polyclonal antibody (705-035-003, Jackson ImmunoResearch) and goat anti-mouse IgG
polyclonal antibody (115-035-062, Jackson ImmunoResearch) as secondary antibodies
for 1 hour, respectively. After washing with PBST, the bound antibodies were visualized
with Immobilon Western (Merck Millipore Corporation). The relative expression levels
(i.e., the band intensities of hTIM-1 molecules divided by those of B-actin) were analyzed
using an Amersham Imager 600 (GE Healthcare).

Immunofluorescence assay

HEK293T cells were seeded in a p-Slide 8 Well Chamber Slide-well (iBidi GmbH)
after precoating with poly-L-Lysine (Cultrex, R&D Systems). After overnight culture, the
cells were transfected with the plasmids encoding WT hTIM-1 or its SNV mutant genes.
At 24 hours post-transfection, the cells were washed with PBS and fixed with 4%
paraformaldehyde in PBS for 15 min. After washing with PBS, the cells were incubated
with PBS containing 3% bovine serum albumin for blocking for 1 hour at room
temperature. After washing 3 times with PBST, the cells were incubated with a goat anti-
hTIM-1 polyclonal antibody (AF1750, R&D Systems) as the primary antibody for 1 hour
at room temperature. The cells were washed 3 times with PBST and then incubated with
a donkey anti-goat IgG polyclonal antibody conjugated with fluorescein isothiocyanate
(FITC) (sc2024, Santa Cruz Biotechnology) as a secondary antibody, followed by
counterstaining with 1 pg/ml DAPI (D1306, Molecular Probes) for 1 hour in the dark at
4°C. Images were acquired with a 63 x oil objective lens on a Zeiss LSM700 inverted

microscope using ZEN 2009 software (Carl Zeiss).

Flow cytometry
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HEK?293T cells were seeded in 6-well plates (2.5 x 10* cells per well) precoated with
poly-L-lysine (Cultrex, R&D Systems) and incubated overnight at 37°C. The cells were
transfected with pCAGGS encoding WT hTIM-1 or its SNV mutant genes. At 24 hours
post-transfection, the cells were washed with PBS, detached by treatment with 0.25%
trypsin, and then fixed with 4% paraformaldehyde in PBS for 15 min. After washing with
PBS, the cells were incubated with a goat anti-hTIM-1 polyclonal antibody (AF1750,
R&D Systems) for 1 hour at room temperature. Then the cells were washed with PBST
and stained with a donkey anti-goat 1gG polyclonal antibody conjugated with FITC
(sc2024, Santa Cruz Biotechnology) for 30 min at 4°C in the dark. After washing 3 times
with PBST, the percentage of FITC-positive cells and mean fluorescent intensity (MFI)
of FITC signals were analyzed using a FACSCanto flow cytometer (BD Biosciences) and
FlowJo software (Tree Star).

Purification of soluble hTIM-1 proteins

To produce soluble hTIM-1 proteins, Expi 293F cells (Gibco) were transfected with
the plasmids encoding 6 x histidine-tagged WT or 11 SNV mutants of soluble hTIM-1.
The cells were cultured for 4 days and the supernatants were collected and filtered with a
0.45-um pore membrane (Sartorius Stedim). Using the Ni-NTA purification system
(Invitrogen), soluble hTIM-1 proteins were purified from the supernatants and
concentrated with Amicon Ultra 50K (Merck Millipore Corporation). The purified
proteins were analyzed in SDS-PAGE for their purity and then stored at —30°C until use.

Viral entry inhibition assay using soluble hTIM-1 proteins

Vero E6 cells were seeded in 96-well plates (3.0 x 10* cells per well). After overnight
incubation, equal volumes of VSIVAG*-EBOV (2,000-3,000 1Us/well) diluted in DMEM
with 2% FCS and 20 pg/ml (final concentration) of purified soluble hTIM-1 proteins were
mixed and incubated for 30 min at room temperature, and then added to Vero E6 cells in
5% CO2 at 37°C. 1gG S139/1 (a monoclonal antibody specific to influenza A virus
hemagglutinin) was used as a negative control [86]. Twenty-four hours later, 1Us were
determined by counting the numbers of GFP-expressing cells with an IN Cell Analyzer
2500HS (GE Healthcare). The relative percentage of infectivity was determined by
setting the U value of cells infected with the virus alone to 100%.

Statistical analysis
All statistical analyses were performed using R software (Version 3.6.0). For the

comparison of relative infectivities and expression levels of hTIM-1, one-way analysis of
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variance followed by the Dunnett test was used. p-values of less than 0.05 were

considered statistically significant.
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Results

SNVs of the hTIM-1 IgV domain

I focused on the 3 loops (BC, CC’, and FG) and connecting -strands in the h'TIM-
1 IgV domain, which have been shown to be important for binding to EBOV GP and PS
[80]. The BC, CC’, and FG loops (positions 35-44, 50-59, and 101-125, respectively) are
adjacent to 5 B-strands (B, C, C’, F, and G at positions 31-34, 45-49, 60-64, 101-107, and
116-125, respectively) (Figs. 6b and 6c¢). First, amino acid positions at which SNV had
been reported were extracted (Fig. 6b). In total, 51 missense SNVs in 35 positions were
found in this region. When several different amino acid residues were reported at one
SNV position, the residue with the highest allele frequency of SNVs were selected and
35 missense SNVs were examined in the following experiments: 4 SNVs (S31F, V32F,
T33A, and L34P) in B-strand B, 4 SNVs (P35S, Y38H, T43A, and S44P) in the BC loop,
4 SNVs (M45V, C46W, W47R, and R49S) in B-strand C, 5 SNVs (G50S, S51L, S53F,
C57S, and Q58R) in the CC’ loop, 2 SNVs (G60D and V62I) in B-strand C’, 4 SNVs
(G101D, V102L, R106H, and V107I) in B-strand F, 6 SNVs (HI109P, R110C, G111R,
F113L, N114S, and D115G) in the FG loop, and 6 SNVs (M116L, T1191, V1201, S121P,
[124T, and V125L) in B-strand G (Figs. 6b, 6¢, and Table 3).
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hTIM-1 SNV substitutions affecting the entry of pseudotyped VSIV into HEK293T
cells

Then, the effects of hTIM-1 SNV substitutions on the infectivities of pseudotyped
VSIVs were evaluated using HEK293T cells lacking the hTIM-1 expression on the
surface [63]. HEK293T cells transfected with hTIM-1-expressing plasmids were infected
with VSIVAG*-EBOV, -MARYV, -LLOV, -JUNV, -LASV, or -VSIV and relative
infectivities were compared to those of the cells expressing WT hTIM-1 (Fig. 7). As
expected, the expression of WT hTIM-1 enhanced the cellular entry of VSIVAG*-EBOV,
-LLOYV, and -JUNYV, whereas weaker enhancement was seen for VSIVAG*-MARYV and -
VSIV. Consistent with the previous report, VSIVAG*-LASV infection was not enhanced
by the hTIM-1 expression in HEK293T cells [13]. These results indicated that the
efficiency of hTIM-1-mediated viral entry varied depending on viral surface GPs even in
the same pseudotyping condition (i.e., VSIV). While none of the SNV substitutions
significantly affected the infectivity of VSIVAG*-LASV, 7 SNV substitutions (L34P,
C46W, W47R, C57S, H109P, N114S, and D115G) uniformly reduced the ability of hTIM-
1 to promote entry of the other pseudotyped viruses and VSIVAG*-VSIV. On the other
hand, the 1124T substitution affected pseudotyped viruses (VSIVAG*-EBOV, -MARY, -
LLOV, and -JUNV) but not VSIVAG*-VSIV. Two SNV substitutions (R110C and
G111R) significantly reduced the ability of hTIM-1 against VSIVAG*-EBOV, -LLOV, -
JUNV, and -VSIV, but limited effects were observed against VSIVAG*-MARV. In
contrast, the V62I substitution only affected VSIVAG*-JUNV. Taken together, these
results indicated that most of the SNV substitutions that reduced the ability of hTIM-1-
mediated viral entry were common among these viruses but that there might be a slightly
different manner of action depending on the virus.

To evaluate the expression levels of exogenously introduced hTIM-1 in HEK293T
cells, the band intensities were compared among WT hTIM-1 and its SNV mutant proteins
in SDS-PAGE and Western blot analysis (Fig. 8a). There was no statistically significant
difference in hTIM-1 expression levels compared to the value of the WT hTIM-1
molecule. [ next confirmed the intracellular localization and cell surface expression levels
of hTIM-1 proteins in HEK293T cells using immunofluorescence assay and flow
cytometry. As expected, endogenous hTIM-1 expression was not detected in HEK293T
cells, and SNV substitutions that significantly reduced the hTIM-1-mediated viral entry
had no significant effect on cell surface localization of hTIM-1 proteins (Fig. 8b). The
cell surface expression levels were further assessed by flow cytometry (Figs. 8c and 8d).
For the percentages of FITC-positive cells and the MFI, there was no significant
difference compared to WT hTIM-1 (Figs. 8c and 8d).
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Fig. 7. Effects of 35 SNV substitut

entry of pseudotyped VSIVs

HEK293T cells transfected with the plasmids encoding WT hTIM-1, its SNV mutants, or

the empty plasmid were infected with VSIVAG*-EBOV (a), -MARYV (b), -LLOV (c¢), -

JUNV (d), -LASV (e),

-VSIV (f). Twenty-four hours later, I[Us were determined by

or

counting the numbers of GFP-positive cells and the relative infectivities were determined

by setting the IU value of empty plasmid-transfected cells to 100%. The means and SDs

of 3 independent experiments are shown. Statistical significance was calculated compared

to WT using the Dunnett test (*p < 0.05, **p <0.01, ***p < 0.001).

42



Q

hTIM-1/B-actin

Relative hTIM-1
expression
P

0%

o &
‘5I—LLLL<(D_U)I<(D.>;D:U)U)dLLU)D:D&D—‘IRD-OI'JiﬁU)OGEBD.l——I
S EERE R RN PR R R EREEERRE L
> > E(_); o (04 V] O>Df>IQ:(DLLZD§}_>U)_>

hTIM-1 SNV mutants
b Vector
Blue: Nucleus
Green: TIM-1
C d

& 50 10000

wn “' i-r-r-r"'"'.,_"'?-r'r'r'r

B 40 - I] [ 1000 {7

© 30

2 ' L 100

G 20

2 * 10

G 10 1%

= *

E 0I_I T T T T T T T T T T T 1 1I T T T T T T T T T T T T 1
Sk ngo nokE Sk a ngo 0nokE
Qgﬁggwgmgg—a#%v 8;<%E,\$085¢8v
8 NMFINSOd 4N 8 NMFINSOAAAdgN

_logu A A g —log(_) A A A oA
> IxroZn > IrozZn

Fig. 8. Expression levels of exogenous hTIM-1 proteins in HEK293T cells

(a) HEK293T cells transfected with the plasmids encoding WT hTIM-1, its SNV mutants,
or the empty plasmid were harvested at 48 hours post-transfection and analyzed in SDS-
PAGE and Western blotting. The amounts of B-actin in the total cell lysates were also
analyzed as an internal control. The relative expression level was determined as the ratio
of the band intensity of hTIM-1 to B-actin, and that of each SNV mutant was compared
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with that of WT hTIM-1. The means and SDs of 3 independent experiments are shown.
Statistical significance was calculated compared to WT using the Dunnett test (***p <
0.001). (b) HEK293T cells transfected with the plasmids encoding WT hTIM-1, its SNV
mutants, or empty plasmid were immunostained as described in the Materials and
Methods section. The cell images were captured with confocal microscopy. The scale bars
represent 10 um. (¢ and d) HEK293T cells transfected with the plasmids and
immunostained as described above were also analyzed with a FACSCanto flow cytometer.
The cell surface expression of hTIM-1 was quantified as percentages of the FITC-positive
cells (c) and MFI of the FITC signals (d). Statistical significance was calculated compared
to the WT using the Dunnett test (**p < 0.01, ***p <0.001).
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SNV substitutions affecting neutralizing activity of soluble hTIM-1 against
VSIVAG*-EBOV

hTIM-1 expressed on the cell membrane is cleaved by a matrix metalloproteinase
upstream of the transmembrane domain, resulting in the production of the soluble form
of hTIM-1 [87,88]. Soluble forms of hTIM-1 are reported to inhibit some viral infections
and are expected to be therapeutic candidates [70,72,89-91]. To further assess the effects
of SNV substitutions on viral entry, purified soluble hTIM-1 proteins containing each
representative SNV substitution were produced and their neutralizing activities against
VSIVAG*-EBOV were compared (Fig. 9). As expected, the soluble form of WT hTIM-1
significantly inhibited viral infection by about 50%, whereas no inhibitory effect was seen
in a negative control (CTR IgG). Soluble hTIM-1 proteins with the V621 substitution also
significantly inhibited infection as efficiently as WT hTIM-1, suggesting that this
substitution did not significantly affect the hTIM-1 function consistent with the data of
cellular entry assay for VSIVAG*-EBOV (Fig. 7). On the other hand, the other 10 SNVs
tested for soluble forms, all of which significantly reduced the infectivity of VSIVAG*-
EBOV as described above (see Fig. 7), showed less ability to inhibit VSIVAG*-EBOV
infection than WT and V621 hTIM-1. Indeed, no significant differences compared to CTR
IgG were detected in 8 of the 10 SNV mutants, and only slight inhibitory activity was
detected in 2 SNV substitutions (N114S and 1124T).
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Fig. 9. Effects of SNV substitutions on the ability of soluble hTIM-1 to inhibit cellular
entry of VSIVAG*-EBOYV into Vero E6 cells

Vero E6 cells were infected with VSIVAG*-EBOV preincubated with 20 pg/ml soluble
forms of WT hTIM-1 or its SNVs mutants for 30 min at room temperature. An anti-
influenza A virus hemagglutinin monoclonal antibody was used as a negative control
(CTR IgQG). After 24-hour incubation, GFP-positive cells were counted. The relative
percentage of infectivity was calculated by setting the IU value of cells infected with virus
alone to 100%. Each bar represents the means and SDs of triplicate wells. Statistical
significance was calculated compared to CTR IgG using the Dunnett test (*p <0.05, ***p
<0.001).
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Mapping of the hTIM-1 SNV positions

In total, 11 SNV substitutions in the hTIM-1 IgV domain (L34P, C46W, W47R,
C57S, V621, H109P, R110C, G111R, N114S, D115G, and 1124T) were found to reduce
the hTIM-1-mediated cellular entry of the pseudotyped VSIVs (Fig. 7). Structural
analyses revealed that the amino acid residues at positions 57, 109, 110, 111, 114, 115,
and 124 were exposed on the surface of the IgV domain, whereas the amino acid residues
at positions 34, 46, 47, and 62 were not located on the molecular surface (Fig. 10). Of
these, 5 SNV positions (109, 110, 111, 114, and 115) were located around the PS-binding
site (MILBS motif, 112-115) in the FG loop. On the other hand, 6 SNV positions (34, 46,
47, 57, 62, and 124) were located far from this site. Position 34 was located on the
boundary between B-strand B and the BC loop, positions 46 and 47 were located on B-
strand B, and position 57 was located on the CC’ loop. Two cysteine residues at positions
46 and 57 forming a disulfide bond bridged the CC’ loop and the GFC [-sheet [78].

Positions 62 and 124 were located on B-strands C’ and G, respectively.
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Fig. 10. Amino acid positions of the hTIM-1 SNV substitutions that significantly
reduced the ability to promote the cellular entry of the pseudotyped viruses

The amino acid positions of the 11 SNV substitutions that reduced the cellular entry of
VSIV-based pseudotyped viruses in the present study are shown in yellow in the crystal
structure of the IgV domain in the hTIM-1 molecule (PDB ID: 5SDZ0). Other coloring is
the same as in Fig. 1. To focus on these amino acid positions and locations of the BC,
CC’, and FG loops, the 11 SNVs were separately mapped in 3 figures; BC loop (a), CC’
loop (b), and FG loop (c). Ribbon (left panel) and surface (right panel) representations of
the hTIM-1 IgV domain are shown. In the left panels, 5 B-strands (B, C, C’, F, and G) are
indicated with their corresponding letters.
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Allele frequencies and functional predictions of hTIM-1 SNVs

It is found that the allele frequencies of most of the SNVs examined in this study
were very low in the global population (Table 4 and 5). The W47R variant with the highest
MAF among the SNVs was also found to be a rare variant (MAF = 1.44 x 10™*). Then,
potential modifications of the hTIM-1 structure caused by the SNV substitutions were
predicted using bioinformatics tools, including SIFT, PolyPhen-2, CADD, and REVEL
from the Ensembl genome browser (Table 4). The V621 substitution was predicted to have
no effect on the protein structure, whereas L34P, C46W, W47R, C57S, and D115G SNV
substitutions were predicted to disrupt the functional structure by all the bioinformatics
tools used in this study. GI11R, N114S, and [124T substitutions were predicted to have
some negative effects by SIFT, PolyPhen-2, and CADD, whereas H109P and R110C
substitutions were predicted to damage the hTIM-1 structure only by SIFT and PolyPhen-
2. In summary, among the 11 SNV substitutions that reduced the TIM-1-mediated viral
entry, 10 substitutions were predicted to likely have the potential to alter the hTIM-1
function. In contrast, SNV substitutions that had no significant effect on viral entry

showed a tendency to be predicted to cause a mild or no change in its function (Table 5).
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Table 4. Information of hTIM-1 SNV substitutions that significantly reduced the

cellular entry of pseudotyped viruses

SNVs ﬁ:l;il SIFT®  PolyPhen-2¢ CADD? REVELS
L34P 7.39 x 10 D ProD LD LDC
C46W 3.94 x 107 D ProD LD LDC
W47R 1.44 x 10 D ProD LD LDC
C57S 6.57 x 106 D ProD LD LDC
V621 3.94 x 107 T B LB LB
H109P  4.02 x 10°° D PosD LB LB
R110C 1.97 x 107 D PosD LB LB
GI11IR  6.57x10° D ProD LD LB
N114S  4.09x10° D ProD LD LB
D115G  2.63 x 107 D ProD LD LDC
1124T 7.96 x 10 D ProD LD LB

“MAFs of hTIM-1 SNVs were obtained from gnomAD and TOPMed. °SIFT: Sorting
intolerant from tolerant, D: Deleterious, T: Tolerated “PolyPhen-2: Polymorphism
phenotyping-2, B: Benign, PosD: Possibly damaging, ProD: Probably damaging ‘CADD:
Combined annotation dependent depletion, LB: Likely benign, LD: Likely deleterious
‘REVEL: Rare exome variant ensemble learner, LB: Likely benign, LDC: Likely disease-

causing
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Table 5. Information of hTIM-1 SNV substitutions that did not significantly affect

the cellular entry of pseudotyped viruses

Global
SNVs MAFS SIFT? PolyPhen-2¢ CADD? REVEL®
S31F NAf D PosD LB LB
V32F NA D ProD LB LB
T33A 6.57 x 10° D PosD LB LB
P35S 6.57 x 10° T PosD LB LB
Y38H NA D ProD LD LB
T43A 4.01 x 10°° D B LB LB
S44P 4.01 x 10°° D B LB LB
M45V 1.00 x 10 D PosD LB LB
R49S 6.57 x 10°° D ProD LB LB
G50S 4.01 x 10°° D ProD LB LB
S51L 3.28 x 107 D B LD LB
S53F 4.00 x 1076 D PosD LD LB
Q5S8R 4.01 x 10°° T B LB LB
G60D 2.00 x 107 T B LB LB
G101D 4.00 x 10°° D PosD LD LDC
V102L 3.29 x 10°? T B LB LB
R106H 3.29 x 107 D ProD LD LDC
V1071 NA T B LB LB
F113L 2.63 x 107 D ProD LD LB
M116L 1.25x 107 T B LB LB
T1191 420 % 10 D PosD LB LB
V1201 4.60 x 107 T B LB LB
S121P 6.57 x 10° D ProD LB LB
V125L 1.97 x 107 D B LB LB

*The abbreviations and criteria are described in the footnote of Table 4. INA:
Information is not available in the databases.
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Discussion

It has been reported that polymorphisms of hTIM-1 are associated with the
pathogenesis of atopic dermatitis, allergy, rheumatoid arthritis, asthma, systemic lupus
erythematosus, and viral infections [92-94]. Since hTIM-1 is one of the major attachment
receptors for some viruses, substitutions in hTIM-1 SNVs might influence the
susceptibility of humans to viral infections. However, the information on hTIM-1 SNVs
affecting virus infectivity is still limited. Here, I focused on 35 missense SNV
substitutions located in the hTIM-1 IgV domain and found that some SNVs might have
reduced ability to promote virus infections.

The PS-binding activity of the IgV domain is thought to be important for the
attachment of some enveloped viruses, and the PS-binding site was identified as MILIBS
consisting of 4 amino acid residues (WFND motif: W112, F113, N114, and D115) in the
FG loop [78,79]. Accordingly, N114D and D115A substitutions in this motif were shown
to abolish flavivirus infection [95]. Consistent with this previous finding, 5 SNV
substitutions, N114S, and D115G, as well as H109P, R110C, and G111R, N1148S, around
the PS-binding site in the FG loop influenced the cellular entry of the pseudotyped VSIV
(Figs. 7 and 10c). These SNV substitutions may directly alter the PS-binding site,
resulting in the reduced ability of hTIM-1 to interact with PS on the viral envelope.

Five SNV substitutions (L34P, C46W, W47R, C57S, and V62I) between B-strands
B and C’, which are not directly involved in the PS-binding pocket, also reduced the viral
entry into cells. In addition, 4 of these amino acids (i.e., positions 34, 46, 47, and 62) are
not even exposed on the surface of the hTIM-1 molecule. It is assumed that these SNV
substitutions might potentially cause structural distortions of the IgV domain, leading to
reduced interaction with PS and/or viral GPs. For example, the L34P substitution might
affect the flexibility of the BC loop since this amino acid position is located at the root of
the BC loop inside the molecule (Fig. 10a). The C46W and C578S substitutions might also
alter the conformation of the molecule since these amino acid substitutions abolish the
disulfide bond (C46-C57) between B-strand C and the FG loop, which plays an important
role in maintaining the PS-binding pocket [78]. It is previously reported that single amino
acid substitutions at position 48 in African green monkey-derived TIM-1 affected the
infectivity of VSIVs pseudotyped with filovirus GPs [76]. Interestingly, this position is
close to the 2 SNV substitutions (C46W and W47R in B-strand C), resulting in the
reduction of the virus infectivity in the present study, suggesting that these consecutive
amino acid residues (i.e., positions 46-48) are important for the hTIM-1 function as an
attachment receptor for viral infection.

Interestingly, the [124T substitution in B-strand G connecting to the FG loop reduced
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the viral entry. Although this amino acid position is located far from the PS-binding site,
the 1124T substitution might affect the stability of the FG loop, indirectly reducing the
PS-binding activity. It might also be possible that the 1124 T substitution reduced the
interaction with EBOV, MARYV, LLOV, and JUNV GPs since the infectivity of VSIVAG*-
VSIV was only limitedly affected by this substitution. It was also noted that the V621
substitution significantly reduced the cellular entry of VSIVAG*-JUNV but not the other
viruses. It is also noted that the SS51L substitution reduced the hTIM-1-mediated
enhancement of pseudotyped lentivirus bearing chikungunya virus GP [75], but this
substitution resulted in no significant change in the VSIV pseudotyped with filovirus and
arenavirus GP in the present study. A previous study demonstrated that hTIM-1 binds to
the receptor binding domain of EBOV GP in addition to PS, although the interaction site
between EBOV GP and hTIM-1 is still elusive [80]. Importantly, the present data may
also suggest the mechanisms underlying the binding of hTIM-1 to viral GPs. Crystal
structures of the complex of GPs and hTIM-1 will be needed to determine its molecular
basis.

It was found that the expression of WT hTIM-1 significantly enhanced the cellular
entry of VSIVAG*-JUNV but not -LASV in HEK293T cells (Fig. 7). This difference
might be attributed to the differences in the host cell receptors for these arenaviruses.
JUNV and LASV are known to utilize transferrin receptor 1 and a-dystroglycan (aDG)
as attachment receptors on the cell surface, respectively [13,96]. A previous study
demonstrated that the exogenous hTIM-1 expression enhanced the entry of VSIVAG*-
LASV in aDG-knockout HEK293T cells but not in original HEK293T cells [96]. From
these findings, they suggested that VSIVAG*-LASV might bind to aDG more efficiently
than hTIM-1, and hTIM-1 might serve as an attachment factor for LASV only in the
absence of functional aDG. In the present study, although none of the hTIM-1 molecules
significantly enhanced the VSIVAG*-LASYV infectivity in HEK293T cells, the entry of
this virus might be affected if using different cell lines such as an aDG-knockout cells.
Additional studies are needed to clarify the significance of hTIM-1 SNVs on arenavirus
infections.

In another study that investigated single amino acid substitutions in the hTIM-1 IgV
domain using an alanine scanning method, 8 substitutions (Y38A, F55A, R106A, G111A,
F113A, N114A, D115A, and K117A located on the BC, CC’ and FG loops) were found
to decrease the efficiency of GP-mediated EBOV entry into cells [71]. However, no
significant change in the VSIVAG*-EBOV infectivity was found in the hTIM-1 SNV
mutants with Y38H and R106H substitutions in the present study, while 2 substitutions
(H109A and R110A located on the FG loop) that affected the virus infectivity in the
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present study did not decrease the GP-mediated EBOV entry into cells in a previous study
[71]. Such differences suggested that the polarity of amino acids at these positions may
be important for the interaction between hTIM-1 and PS and/or viral GPs.

The present study suggests that hTIM-1 polymorphisms may affect cell
susceptibility to viral infections. Eleven SNV substitutions were found to reduce the
cellular entry of VSIV pseudotyped viruses, but it is indeed still unclear which process
(i.e., viral attachment, internalization, or membrane fusion) was affected by these
substitutions. Although these SNV substitutions are thought to reduce viral attachment,
further studies are needed to clarify the mechanisms of the SNV-associated dysfunction
of hTIM-1. Another limitation of this study is that pseudotyped VSIVs were used, and the
hTIM-1-mediated cellular entry might be largely dependent on the VSIV envelope. 1
assume that biological properties, such as the lipid composition of the envelope and
density of viral glycoproteins on the viral particle, are different between pseudotyped
VSIVs and authentic filoviruses/arenaviruses. To further investigate the association of
genetic polymorphisms in hTIM-1 and viral infections, both in vitro and in vivo
experiments using the authentic viruses are needed in the future. It would also be of
interest to investigate the hTIM-1 SNVs for other physiological roles such as immune-

regulatory function.
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Summary

hTIM-1 is known to promote cellular entry of enveloped viruses. Previous studies
suggested that the polymorphisms of hTIM-1 affected its function. Here, SNVs of hTIM-
1 were analyzed to determine their ability to promote cellular entry of viruses, using
pseudotyped VSIV. hTIM-1 sequences were obtained from a public database (Ensembl
genome browser) and 35 missense SNVs in 3 loops of the hTIM-1 IgV domain were
identified, which had been reported to interact with the Ebola virus glycoprotein GP and
PS in the viral envelope. HEK293T cells transiently expressing wildtype hTIM-1 or its
SNV mutants were infected with VSIVs pseudotyped with filovirus or arenavirus GPs,
and their infectivities were compared. Eleven of the thirty-five SNV substitutions reduced
the efficiency of hTIM-1-mediated entry of pseudotyped VSIVs. These SNV substitutions
were found not only around the PS-binding pocket but also in other regions of the
molecule. Taken together, these results suggest that some SNVs of the hTIM-1 IgV
domain have impaired ability to interact with PS and/or viral GPs in the viral envelope,

which may affect the hTIM-1 function to promote viral entry into cells.
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Conclusion

It has been suggested that the genetic polymorphisms of host cell receptors might be
one of the factors affecting the susceptibility of humans to viral infections. However, the
genetic polymorphisms such as SNVs that potentially influence cell susceptibilities to
SARS-CoV-2 and hemorrhagic fever viruses have not been fully characterized. In this
thesis, I focused on the effects of the SNV substitutions of host cell receptors on cell
susceptibilities to these viruses.

In Chapter I, I investigated SN'Vs of human ACE2, the principal receptor of SARS-
CoV and SARS-CoV-2, and demonstrated that some ACE2 SNV substitutions affected
the cell susceptibility to these CoVs. Since previous studies suggested that 29 SNV
substitutions in ACE2 altered the binding affinity between ACE2 and RBD of the SARS-
CoV-2 S protein, I analyzed the actual effects of these SNV substitutions on the cellular
entry of SARS-CoV and SARS-CoV-2 using pseudotyped VSIVs and found that some of
the SNV substitutions positively or negatively affected the entry of these CoVs into cells.
By further assessing the infectivities of SARS-CoV-2 VOC:s in the same way;, it was found
that the effects of the ACE2 SNV substitutions might be slightly different among VOCs.
The ACE2 SNV substitutions that affected the entry of these viruses were found at the
amino acid positions reported to be important for the interactions with the viral S protein
and also at some other positions that were involved in the stabilization of the ACE2
structure. The present data support the notion that human ACE2 SNVs that influence the
affinity to the S protein and/or the overall structure of the ACE2 molecule may affect cell
susceptibilities to SARS-CoV and SARS-CoV-2 including VOCs.

In Chapter 1I, SNVs in the hTIM1 molecule, which is known as an attachment
receptor for enveloped viruses, were investigated. I focused on 35 SNVs in 3 loops of the
hTIM1 IgV domain, which interact with EBOV GP and PS in the viral envelope and
demonstrated that 11 of the 35 SNV substitutions reduced the ability to promote the
cellular entry of VSIVs pseudotyped with filovirus and arenavirus GPs. Furthermore,
soluble forms of hTIM-1 proteins containing each SNV substitution that significantly
reduced the entry of VSIV pseudotyped with EBOV showed less neutralizing activities
against this virus. Of the amino acid positions associated with the 11 SNVs, 5 positions
were found to be located on the PS binding site and 6 positions located far from this site.
Taken together, these results suggest that the 11 SNVs of the hTIM-1 molecule have
impaired function to interact with PS and/or viral GPs and may influence cell
susceptibilities to filovirus and arenavirus infections.

The present thesis provides the evidence that SNVs of host cell receptors are

potentially one of the molecular factors affecting cell susceptibilities to viral infections.
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This study includes information on not only the SNVs related to reduced or enhanced
viral entry into cells but also the mechanisms underlying the binding of viral proteins to
host cell receptors and will be of interest to a cross-section of the researchers in virology,
molecular biology, and genetics. Further studies such as large-scale epidemiological
surveys of genetic variations on this topic will be needed to confirm the significance of

genetic polymorphisms on the pathogenesis of viral infections.
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Summary in Japanese (FID(CE )

WA, Flaa F T A NZPLIRT VAN R EIC X B HTEURGYE O FEE 0
MR AREE FOREL o T3, TROLDY AN RITEERKEL T
TR CIHIERE LCRION DS —F T, RS L < IXBE CRE 3 2 FEF] D
GAIFET B RG> TE, ZDERD | o2& LT, BERTDOELGT
LRB T ANA~DEZWECEELICEHSG L T A AREELSEZE 2z LN TV 5,
7 AN ADE BRI T B BE. v A v AR IR L o ZEEICEA L
MIEAN~DRAZEIET %, Lo T, HEZBEEROELRTFLREIZ, VA4 L XD
IR ASHRICGEER2 525 5 E 2 b5, RfFFE TR, 7 4 v 2OHMAEE AR
FRICGEE L R T IE FEMlEZ A ko —EHEZR (SNV) IKEHL 7=,

avF v AR (CoVs) FHCIET 2 BEAESMWEFREHEEF a7 4 LR
(SARS-CoV) B X U SARS-CoV-2 I3 b MCHEHEAMAZFI X I T L85
NTwad, Thbd CoVs DAL Z7EHYE (SEAE) 3. HEMEKE Lo T v
VATV AR 2 (ACE2) # EEAZAMRE L CHIlENICR AT %, &
N FE TIT, ACE2 D 29 fld SNV 2% SARS-CoV-2 ® S FHH'E & DG A BT Ic
BEEZBILRRBINT W, LaL, 205D SNV BAERIC SARS-CoV
F X U° SARS-CoV-2 DAIR AZIFRICEE % 5 2 2 » B XS 21> T
o lz, FH—FETIX. ACE2 @ SNV 2° SARS-CoV ¥ X UF SARS-CoV-2 DA
BAGIERICE 2 252 % in vitro THENT L 72, 216D CoVs IZXT L TR WEAZ
% 7/R 3 HEK293T Mific, b M HRoBP4AEM ACE2 F 72134 SNV AR 28 A
L7z ACE2 EinF % —MEIc I X4, KEEORNREY A L2 (VSIV) O G &
HE% SEHEICEMRLZY 2 — N2 A4 Ty 4 v 2Tkt 2 &% ik L 72,
Z DFER. H505R ZERIZM ST D CoVs DBGM: 2 FEICHER T 2 FHAURE X
N7z, 72, SARS-CoV DEYM: 13, G352V I X N Y515C BHEIKRIC X - THY,
D355N ZEIRIC X o THFI T2 C L AR I 7z, T 51T, SARS-CoV-2 DA
& (Alpha, Beta, Gamma ¥ X Uf Delta #) @ S & HEIC D\ TRIBRD T % 1T
2728 T A, E35K ZEIKD Beta B X O Gamma R DD AFEICIKR N &
520 otz, TOFERIE. SNV 235 2 5 52T SARS-CoV-2 D& EHk[H
THEPICRRZZERZTRBLTS, UEOKRE XY, ACE2 ® SNV 2 SARS-
CoV ¥ X UF SARS-CoV-2 IZx) 3 2 Mifl/RZ M 1c B % 5 2 5 alRelEdim & v 7z,

Human T-cell immunoglobulin mucin 1 (hTIM-1) ¥ 7 4 Vv RPGE KT & L TEEA
BILYRB—T T ANZADRERREEWEET 5 Z LB ON TS, hTIM-1 D IgV
domain ICTFET % 3 2D — THiE (BC. CCEBLUWFG V— 7)., THRT Y
ANA (BEBOV) O vRu—TFNIHET 2HRA77F Vvl v (PS) BX
CEREHERY (GP) IKHAT A x> TWnE, H  ETIE. TNbD

68



N—THEENICHEET 2 SNVERER 7 407 AL ZAB LT LF T4 L RITH
T ARSI 5 2 AR ER BT L, 3. Ao BEETFTF— & RXR—ZT
SNV OFFIERZRB L, 3 20— THENICT I/ BREfZ S 35 Ao
SNV ZEZHEH L7, s 35 SNV BEERZEH L, AR hTIM-1 %
72134 SNV ZE %8 A L 7= hTIM-1 &{x 1% HEK293T Mg ic —@E ic 3 X
7z, ThH D hTIM-1 FEMdic, 3 #EHo 7 4 v v 4 v 2 (EBOV, w—
TNT T ANVA [MARV], 327 4 VA [LLOV]) XU 2 HOT7LF v A
WA (7=v 7 ANA [JUNV], 7vH v A4 LR [LASV]) O GP %Ff0v = —
N2 A4 7 VSIV Z R X S EZ L IR L 72, 2 OfER. 7 D SNV (L34P,
C46W, W47R, C57S. H109P, N114S 5 X X DI115G) (X LASV % [x< 5 FFHD
7 ANZICHGE L T hTIM-1 RBIIC X 2 R 2 BRI S ¢ 5 2 & 235
o7z, 72, 1124T ZE{R (X EBOV. MARV, LLOV ¥ X Y JUNV @ GP, R110C
F X U GIIR £ #{KIZ EBOV. LLOV ¥ X I8 JUNV @ GP, V621 Z %4k JUNV
DGP DDV 2—FRATTANZADEGMEZ W X272, UEDORERIY,
SNV ZEAAR T A LV ZOMIIURANEG 2 27EIL. GP I X > TGEVWAEDH L Z L
B otz, EHIC, EBOV DR A HEEICHIE TS L EZ N7 SNV E
HEEGDUHEERTIM-1 EHEZEHL, a2 —F 24 774 v 2% wTHH]
TR FRAT U 72 A S, BPAER hTIM-1 & e L CHRAEEREZICIK TS5 2 &
Bahotze TANZADEGNMEZEITEE72 11 Hlo SNV 0 5 B, 51{HD SNV
DT I WA EEHIE PS #AHEEICAIE L, 6 o SNV O BEHT L Z DF
fr 2 & BN 72 SEIBICAZIE L T Tz, 20 OFERD 5 hTIM-1 501D 11 1T D
SNV ZZHE T, VAR vy_u—7 LD PS BLU GP & DHAERZEKT X
B, 7409 ANZRBIOTLF I A LRI T BHI0EZHICREY 5 2 %
AJREPE DRI X L7z,

Ko X v, E\EMEZEEROBLE LR T 4 v X ORIIER AR I
BhRE 2552 ERRBEINZ, 2RODH LWL, fEML ~<LvTcoy A4
NS BIEZ D B W IIREDEWICES T 26 TN O MEIHIc&kzok
Hffa g, £72. AHEOREEFF M ae F v A v 2B X OCHIMEAY 4 L 2D
FHREAR AR 35 X O BES 1 & DM BAEH A H = X 2 D5l 7 @ iH 1 b Sk
TINS5k, &7 7 LfEITICK B & F DERINZERMEICEET 5
F—2DEBE L bIC, VAN Z~DEZWLEFEICEED 3 BIn T4 R D
E, MR 72 12 AR OB T4 R DiE W & 7 4 L ZRBYYE DO FRATIRDL & DB
HEFEILOWT I L 2MALPMETH 5,
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