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General Introduction

Various RNA virus, including dengue virus (DENV)!: % and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)’ infections have occurred and
become prevalent all over the world® °. Vaccines have been developed to suppress
infection and aggravation, but therapeutic drugs are also required to control infectious
diseases.

DENV causes a widespread endemic disease known as dengue fever and dengue
hemorrhagic fever, which is one of the most serious infectious diseases in tropical and
subtropical areas®®. Approximately 390 million DENV infections, resulting in 96 million
cases of clinical disease, occur each year worldwide" 2. DENV is transmitted by
mosquitoes primarily Aedes aegypti (Ae. aegypti) and Aedes albopictus (Ae. albopictus)’.
Moreover, the increasing habitat range of the DENV mosquito vectors, Ae. aegypti and
Ae. albopictus, has resulted in an increase in the global spread of DENV® 1°. Some DENV
vaccines have been licensed!!"!>; however, it is not yet possible to fully control DENV
infections. Also, despite global efforts, no antiviral drug is available for the clinical
treatment of DENV infection'® and there is a demand for the development of antiviral
drugs.

SARS-CoV-2, the etiological agent of coronavirus disease 2019 (COVID-19),
was first identified in Wuhan, Hubei Province, People’s Republic of China in December
2019. The World Health Organization (WHO) declared the SARS-CoV-2 outbreak a
Public Health Emergency of International Concern on 30 January 2020 and subsequently
a pandemic on 11 March 2020. COVID-19 remains a global health crisis with over 649
million confirmed cases and over 6.6 million reported deaths worldwide as of 21
December 20223, Vaccination against SARS-CoV-2 has been promoted throughout the
world. However, some of virus encoding proteins affect on virus infectivity and
pathogenicity and allow the virus to evade host immune surveillance. Thus, SARS-CoV-
2 may continue to be a problematic health issue. Although there are some approved oral
therapeutic drugs (molnupiravir and nirmatrelvir/ritonavir), there are concerns about
insufficient efficacy, safety, drug interactions, etc., and the development of new
therapeutic drugs is highly desirable.

Antiviral drugs are developed through many processes. At the early stage of drug
discovery, in vitro compound screening was performed using enzyme assay which
specifically possessed in virus or virus replication inhibitory assay with virus-infected
cells to acquire seeds of antiviral drug candidate. The antiviral activity of initial seed

compounds are usually insufficient, therefore it is necessary to modify the structure of

1



seed compounds to improve their antiviral activity. Furthermore, it is important to
maintain a constant plasma or viral target organ concentration of compound in vivo to
show antiviral activity, therefore, it is also required to optimize the structure in
consideration of pharmacokinetics such as metabolic stability, oral absorption, and
distribution. Antiviral drug candidates with improved antiviral activity and
pharmacokinetics proceed to the next stage of drug discovery. At the late stage of drug
discovery, compounds which show not only in vitro efficacy such as viral enzyme
inhibitory activity or antiviral activity in cells, but also in vivo efficacy in infection models
using animals such as mice and hamsters in pharmacological evaluation, are selected as
antiviral drug candidates that may show therapeutic efficacy in the clinical phase.

In this study, to develop novel antiviral drugs against DENV and SARS-CoV2,
appropriate assays for evaluation of antiviral activity were established. In Chapter I,
assays for anti-DENV compound screening at the early stage of drug discovery were
established and the seeds of antiviral drug candidate against DENV infection were
identified. In Chapter II, at the late stage of drug discovery, in vivo efficacy of ensitrelvir
(S-217622), COVID-19 therapeutic drug candidate, was evaluated using a SARS-CoV-2

infection mouse model.



Chapter I: Identification of Compound-B, Compound-X, and Compound-Y
as novel anti-dengue virus agents

Introduction

DENV is a positive-sense single-stranded RNA virus belonging to the
Flaviviridae family and the genus Flavivirus and has four known serotypes. The genus
Flavivirus also includes West Nile virus (WNV), Japanese encephalitis virus (JEV),
yellow fever virus (YFV), and Zika virus (ZIKV), which all cause disease in humans'’.
DENV contains an 11-kilobaese (kb) positive-sense, single-stranded RNA genome
consisting of a single open reading frame encoding three structural proteins (C, prM, and
E), which form the viral particle, and seven non-structural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5), which participate in viral RNA genome replication® '3-2,
Among these non-structural proteins, NS5 contains the N-terminal guanylyl transferase
(GTase) and methyltransferase (MTase) domains®"2? and the C-terminal RNA-dependent
RNA polymerase (RdRp) domain®* .

In this study, a cell-based assay using DENV type 2 (DENV2) infected BHK-21
cells was established and antiviral activity of about 7,000 compounds retrieved from
Shionogi & Co., Ltd. antiviral compounds library, including compounds with activities
against hepatitis C virus (HCV) and human immunodeficiency virus (HIV), were
investigated to find a novel seeds of antiviral drug candidate at the early stage of drug
discovery.

As a result, three novel compounds (Compound-B, Compound-X, and
Compound-Y) with anti-DENV activity were identified. Further investigation has been
performed about these compounds by generating compound-resistant DENV2 and

analyzed the amino acid substitutions found in these compound-resistant viruses.



Materials and methods

Cells and viruses

Baby hamster kidney cell line BHK-21 cells and human lung adenocarcinoma
epithelial cell line A549 cells were maintained in high-glucose Dulbecco's modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C, 5% COx.
C6/36 cells were maintained in Eagle's minimum essential medium (EMEM)
supplemented with 10% FBS, nonessential amino acids, and sodium pyruvate at 28 °C,
5% COs. The following DENV serotypes were used in this study: DENVI
(D1/hu/PHL/10-07), DENV2 (D2/hu/INDIA/09-74, accession number LC367234),
DENV3 (D3/hu/Thailand/00-40), and DENV4 (D4/hu/Solomon/09-11). Other
flaviviruses, i.e., WNV (NY99 strain), YFV (17D-204 strain), ZIKV (MR766 strain), and

JEV (Beijing-1 strain) were used for counter screening.

Reagents

Ribavirin, mycophenolic acid, and sinefungin were purchased from Sigma-
Aldrich Corporation (St. Louis, MO, USA). All compounds used for screening were
synthesized by Shionogi & Co., Ltd. (Osaka, Japan). These compounds were dissolved in
dimethyl sulfoxide (DMSO) and maintained as stock solutions.

Cell viability assays

The MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide)
assay was performed to calculate cell viability following viral infection according to
methods previously described®. In the case of DENV, BHK-21 cells (3.0 x 10* cells/well)
suspended in EMEM supplemented with 2% FBS were seeded into 96-well plates with
diluted compounds in each well. After incubation for 1 hour (h) at 37°C, DENV2 was
added at a multiplicity of infection (MOI) of 0.01. Following incubation for 4 days, the 5
mg/mL MTT reagent (Sigma-Aldrich Corporation) was added to each well and the plate
was incubated at 37 °C for 2 h. After incubation, the culture supernatants were removed
and cell lysis solution (2-propanol with 10% Triton-X 100, and 0.31% HCI) was added.
Absorbance at a wavelength of 560 nm and reference wavelength of 690 nm was
measured using a microplate reader (model 680; Bio-Rad Laboratories, Hercules, CA,
USA), and then the 50% effective concentration (ECso) was calculated using the two-
point method. Cell toxicity was assessed with the same condition as in the measurement
of anti-DENV activity, and the 50% cytotoxicity concentration (CCso) was calculated
using the two-point method. In the case of other flaviviruses, BHK-21 cells were cultured
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in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% FBS
and then seeded at a concentration of 2.0 x 10* cells/well of YFV or 2.5 x 10° cells/well
for WNV, JEV, and ZIKV. Each virus was infected 4—10 of 50% tissue culture infectious
dose (TCIDso)/well and the assay endpoint was 3 days.

Selection of compound-resistant DENV?2

DENV2-infected and non-infected BHK-21 cells were seeded into the same
wells in the presence of compound. When a cytopathic effect (CPE) was observed,
DENV2-infected culture supernatants were transferred to non-infected BHK-21 cells in
the presence of the compound. Passages were performed every 2-3 days. The
concentration of Compound-B was 3.4 uM for the first 6 days and was increased to 6.8
puM for an additional 14 days incubation. The concentration of Compound-X was 11.8
uM for 10 days followed by 23.5 uM for 20 days, and the concentration of Compound-Y
was 11.0 uM for 10 days followed by 22.0 uM for 20 days. The passaged viruses were
collected and cloned by the plaque method (described below). The supernatants from
DENV2-infected cells after 20 or 30 days in the absence of compounds were used as
controls (passaged-DENV2).

Genome sequence analysis

Full genome sequence analysis was performed using an Ion PGM system (Life
Technologies, Carlsbad, CA, USA), as previously described?. Briefly, viral RNA was
extracted using the Pure-Link Viral RNA/DNA mini kit (Thermo Fisher Scientific, San
Jose, CA, USA) and the double-stranded complementary DNA (cDNA) was synthesized
with a sequence-tagged random hexamer (5'-CGC TCT TCC GAT CTN NNN NN-3")%’
using the PrimeScript Double Strand cDNA Synthesis Kit (Takara Bio, Inc., Shiga, Japan).
Double-stranded cDNA was amplified with KOD-plus-Neo DNA polymerase (Toyobo,
Co. Ltd., Tokyo, Japan) and a tag sequence primer (5'-CGC TCT TCC GAT CT-3'). The
polymerase chain reaction (PCR) products were fragmented using a Covaris S2 focused-
ultrasonicator (Covaris, Woburn, MA, USA) and used to prepare a 400-baseread library
using the lon Plus Fragment Library kit (Life Technologies, Gaithersburg, MD, USA) and
E-Gel SizeSelect 2% agarose gels (Life Technologies). Emulsion PCR was performed
using the Ion PGM Template Hi-Q OT2 400 kit (Life Technologies). Sequencing was
performed using an lon PGM sequencer with an lon PGM Sequencing 400 kit and the lon
318 Chip V2 (Life Technologies). Data analysis was performed with CLC Genomics
Workbench ver. 7.5.1 software (CLC bio Japan, Tokyo, Japan).



Construction of recombinant and mutant DENV?2 infectious clones

Recombinant DENV2 (D2/hu/INDIA/09-74) was synthesized by modifying
rDENV-1(02-20)/pMW119%®. DENV2 genomic RNA was extracted from the culture
supernatant of the DENV2-infected C6/36 cells using the PureLink viral RNA/DNA mini
kit (Thermo Fisher Scientific), and viral cDNA was obtained using SuperScript III
Reverse Transcriptase (Thermo Fisher Scientific) with random hexamers. The RNA viral
genome was amplified with KOD-plus-Neo DNA polymerase (Toyobo, Co. Ltd.) with
the primers listed in Table 1. Each cDNA was inserted into a pMW119 vector using an
In-Fusion HD cloning kit (TaKaRa Bio, Inc.), according to the manufacturer's protocol.
Four intermediate clones containing 1) the T3 promoter with the DENV2 genome of 1—-
2,208 nucleotides (nt) (DENV2-1/pMW119), ii) 2,195-5,431 nt (DENV2-2/pMW119),
ii1) 5,426-8,754 nt (DENV2-3/pMW119), or iv) 7,420-10,723 nt (DENV2-4/pMW119)
were constructed. Next, a plasmid containing the whole DENV2 genome
(DENV2/pMW119) was constructed using the four intermediate plasmids described
above and the cloning reaction was performed. A point mutation for prM, NS4A, and
NS4B were inserted in the intermediate clones by amplifying with the primers listed in
Table 2 and replaced with DENV2/pMW119. A point mutation fragment for E, NS1, and
NS5 was amplified with the primers listed in Table 2 and inserted into DENV2/pMW119.

In vitro transcription, transfection, and preparation of viral solutions

The T3 promoter and DENV2 genomic region in DENV2/pMW 119 were amplified
using the two primers, T3p Fw (5’-CTG CAA GGC GAT TAA GTT GGG TAA C-3°)
and D2 10723nt Rv (5’-AGA ACC TGT TGA TTC AAC AGC A-3). DENV2
genomic RNA was generated as previously described?®. Briefly, the synthesized DENV2
genomic RNA was used to transfect BHK-21 cells with Lipofectamine MessengerMAX
reagent (Thermo Fisher Scientific). The cell culture supernatants were collected when a
CPE was observed.



Table 1. Primer list for construction of DENV2 infectious clones

Primer name

Sequence 5°->3’

Template

Constructed plasmid

D2_Int Fw
pMW_D2 2208nt Rv

AGTTGTTAGTCTACGTGGACCGA
CCAAGCTTGGATCCAAAATCCC

DENV2 ¢cDNA

D2 2202nt pMW_Fw

D2 15nt T3 pMW_Rv

TGGATCCAAGCTTGGCGTAATCA
CGTAGACTAACAACTCCCTTTAGTGAGGGTTAATTCC

rDENV-1(02-20)/pMW 119

DENV2-1/pMW119

pMW_D2 2195nt Fw

pMW_D2 5431nt Rv

GTACCCGGGATTTTGGATCCCTG

CCAAGCTTCTCGAGTTGAAATGTATCCT

DENV2 cDNA

D2 5425 pMW_Fw

D2 2203 pMW Ry

ACTCGAGAAGCTTGGCGTAATCATG
CAAAATCCCGGGTACCGAGCTCGAA

rDENV-1(02-20)/pMW 119

DENV2-2/pMW119

pMW_D2 5426nt Fw

pMW_D2 8758nt Rv

ATTCGAGCTCGAGTAGAGATGGG
CCAAGCTTCTCTAGTGCACATCC

DENV2 cDNA

D2 8752 pMW_Fw

D2 5433 pMW Ry

ACTAGAGAAGCTTGGCGTAATCATGG
TACTCGAGCTCGAATTCACTGGC

rDENV-1(02-20)/pMW 119

DENV2-3/pMW119

pMW_D2 7420nt Fw

D2_10723nt Ry

GTACCCGGGCCCATTTCCACATTG
AGAACCTGTTGATTCAACAGCA

DENV2 ¢cDNA

D2 10709 pMW_Fw
D2 7428 pMW_Rv

GAATCAACAGGTTCTCCGCGGAAGCTTGGCGTAATCATGGTC
AATGGGCCCGGGTACCGAGCTCGAATTCA

rDENV-1(02-20)/pMW 119

DENV2-4/pMW119

D2 10709 pMW_Fw

GAATCAACAGGTTCTCCGCGGAAGCTTGGCGTAATCATGGTC

D2 2218nt Ry

CTCCTCCCAGGGATCCAAAATCCCAG

DENV2-1/pMW119

D2 2204nt Fw

D2 5430nt Ry

GATCCCTGGGAGGAGTGTTCACATC
TCGAGTTGAAATGTATCCTCTAGC

DENV2-2/pMW119

D2 5416nt Fw

D2_7889nt Ry

TACATTTCAACTCGAGTAGAGATGGGTG
CCTCCTTTTGTTAGGCCTTTGACTTC

DENV2-3/pMW119

D2 7875nt Fw

D2_10723nt Ry

CCTAACAAAAGGAGGGCCAGGAC
AGAACCTGTTGATTCAACAGCA

DENV2-4/pMW119

DENV2/pMW119




Table 2. Primer list for the mutation of the DENV?2 infectious clones

mutation

Sequence 5°->3°

Template

DENV2/pMW119

insertion site

prM M371 Fw

Rv

CCCTCATTGCCATGGACCTTGGT

CCATGGCAATGAGGGTACACATG

DENV2-1/pMW119

Sac [-BamH |

NS4A C87S  Fw

GAATGTGCAGCATAATCACGGC

TTATGCTGCACATTCCCAGAGTCATTTTTC

DENV2-3/pMW119

Xho I-Stu I

NS4B A119S  Fw

CACATTATTCTATCATAGGGCCAGGAC

TGATAGAATAATGTGCTACCAATAAAAGAAGG

DENV2-3/pMW119

Xho I-Stu I

NS4B T2441 Fw

GAACACAATCAACACAAGAAGGGGAAC

GTGTTGATTGTGTTCTTCATGATGG

DENV2-3/pMW119

Xho I-Stu I

E S186F Fw

Rv

Fw

Rv

CGGCCAGTGAATTCGAGCTCGGTAC

TCTCGGAAAGCACTCCATCGTGAC

GAGTGCTTTCCGAGAACGGGCCT

CTCCTCCCAGGGATCCAAAATCCCAG

DENV2-1/pMW119

Sac [-BamH |

NS1 L206P Fw

Fw

Rv

CTGGGATTTTGGATCCCTGGGAGGAGTG

GTCATTAGGCGCGCTTTCTATCCAA

AGCGCGCCTAATGACACATGG

CCCATCTCTACTCGAGTTGAAATGTAT

DENV2-2/pMW119

BamH I-Xho I

NS1N246D  Fw

CTGGGATTTTGGATCCCTGGGAGGAGTG

DENV2-2/pMW119

Rv

GCAAAATCCTTTGGAATTATCATCTCA

Fw

TCCAAAGGATTTTGCTGGACCAGTAT

Rv

CCCATCTCTACTCGAGTTGAAATGTAT

BamH I-Xho I

NS5 VI30A  Fw

TAACCTTAGCGACCGGGCCCATTTCCACATTG

DENV2-4/pMW119

Rv

AACGTCAGCTCCACTTTGAAGACGCA

Fw

AGTGGAGCTGACGTTTTCTTTACC

CTTCATCCCACCTTGGGCCCCCATTGTTGC

Apa l-Apal




Replicon assay

The DENV2 replicon plasmid, DENV2-nanoLuc/pMW 119 was generated based
on DGL2%. The reporter gene was recombined from Gaussia luciferase to nanoLuc and
DENV1 genomic sequence was recombined into DENV2 genomic sequence. DENV2-
nanoLuc/pMW119 and pGL4.54 (Promega Corporation, Madison, WI, USA) were co-
transfected into BHK-21 cells using Lipofectamine 3000 (Thermo Fisher Scientific). At
4 hours post transfection (hpt), cells were re-seeded into a 384-well plate, including each
concentration of compound. At 72 hpt, nanoLuc and firefly lucicferase (fLuc) activity
were measured using the Nano-Glo Dual-Luciferase Reporter Assay System (Promega
Corporation), and the ECso was calculated using the two-point method. These assays were

performed in duplicate and repeated three times.

Total cellular RNA extraction and quantitative reverse transcription PCR (RT-
qPCR)

DENV2-infected BHK-21 or A549 cells were washed with phosphate-buffered
saline (PBS) and lysed with RNA lysis buffer [4 M guanidine thiocyanate, 10 mM
Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) (pH 7.5), 1% 2-
mercaptoethanol; 100 uL/well]. Cell lysis solutions were passed through a Wizard SV96
DNA binding plate (Promega Corporation) by vacuum suction. The binding plate was
washed with RNA wash solution [60 mM potassium acetate, 10 mM Tris-HCI (pH 7.5),
60% ethanol; 1 mL/well] and the RNA was eluted with double-distilled water (100
pL/well). RT-qPCR was performed using the EXPRESS One-Step SuperScript qRT-PCR
kit, universal (Thermo Fisher Scientific). The primer sets for DENV2, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and Actin Beta (ACTB) (VIC-MGB 4448489) were
purchased from Life Technologies. The primer and probe sequence for DENV2 and
GAPDH were DENV2 Fw (5’-AGT GGA CAC GAG AAC CCAAGA-3’), DENV2 Rv
(5’-TTC GGC CGT GAT TTT CAT TAG-5"), DENV2 probe (5’-FAM-AAA AGA AGG
CAC GAA GAA-MGB-3’), BHK GAPDH_Fw (5’-GGT CGG AGT GAA CGG ATT
TG-3’), BHK GAPDH Rv (5’-AGT GAA GGC AGC CCT GGT AA-3’°), and
BHK GAPDH probe (5’-VIC-CCG TAT TGG ACG CCT G-MGB-3’). DENV2 RNA
copies were normalized to GAPDH mRNA copies for BHK-21 cells and ACTB for A549
cells. Antiviral activity of compounds was measured 48 hours post-infection (hpi) for
BHK-21 cells and 72 hpi for A549 cells and the ECso or 90% effective concentration

(ECoq0) were calculated using the two-point method.



Plaque titration and cloning

Plaque titration and cloning were performed using BHK-21 cells. For plaque
titration, the cells were incubated with diluted DENYV for 1 h, washed with PBS, combined
with 1% methylcellulose EMEM containing 2% FBS, and incubated for 4 days. The
methylcellulose medium was removed and Masked Form A (pH 7.2-7.6) (Japan Tanner
Co., Osaka, Japan) was added to cell fixation. After washing with PBS, the cells were
stained with 0.1% crystal violet. Plaque cloning was performed as described above. After
DENYV infection, the cells were overlaid with RPMI 1640 medium containing 4% FBS
and 0.9% SeaPlaque agarose (Lonza, Basel, Switzerland) and incubated for 5 days.
Afterward, the cells were stained by incubation with MTT at 37 °C for 4 h. Single colonies
were collected with a pipet and used for inoculation of BHK-21 cells to obtain cloned

viruses.

Sequence alignment analysis of the NS1, NS4A, and NS5 MTase domain of flavivirus
The amino acid sequence of the NS1, NS4A, and NS5 MTase domain coding
region of DENV1—4 was estimated from genome sequences obtained in my laboratory.
The sequences of JEV, WNV, YFV, and ZIKV were downloaded from the GenBank
database (https://www.ncbi.nlm.nih.gov/genbank/). Multiple alignment analysis was
performed with GENETYX software v. 11 (Genetyx Corporation, Tokyo, Japan).

DENV2 MTase assay

The DENV2 MTase assay was performed using a modification of a previously
reported method®® *!. Recombinant MTase plasmid, contained in the pGEX-6P-1 vector
(GE Healthcare, United Kingdom), was expressed in BL21 (DE3) pLysS competent cells
(Stratagene, La Jolla, CA, USA), and purified using a GSTPrap FF column (GE
Healthcare). Briefly, BL21 (DE3) pLysS competent cells transformed with the expression
plasmid were grown in LB at 37 °C to 0.6~0.8 O.D. at 600 nm, induced with 0.4 mM
isopropyl--D-thiogalactopyranoside (IPTG) at 16 °C overnight, and harvested by
centrifugation. Cell pellets were resuspended and sonicated in Buffer A [20 mM Tris-HCI
(pH 7.5), 200 mM sodium chloride, 2 mM B-mercaptoethanol, 10% glycerol] plus
lysozyme, DNase and a protease inhibitor cocktail. After centrifugation, the lysate
supernatant was loaded onto a GSTPrap FF column. The GST tag was cleaved 4 h at 4 °C
by PreScission protease and the DENV MTase was eluted with Buffer A. The eluted
protein was exchanged from Buffer A to Buffer B [50 mM Tris-HCI (pH 7.5), 40%
glycerol, 1 mM dithiothreitol (DTT)] by using a HiTrap Desalting column (GE

Healthcare). The protein was further concentrated using an Amicon Ultra tube (Millipore,
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Billerica, MA).

The RNA substrate used for the MTase assay was a 200 nt DENV2 5°-
untranslated region (UTR) RNA. The DENV2 cDNA template was prepared by reverse
transcription using SuperScript III Reverse Transcriptase (Invitrogen) with the genomic
RNA of DENV2 and a random hexamer. The reverse transcription reaction mixture was
used as a template for PCR amplification using a 200 nt DENV2 5’-UTR RNA segment.
The PCR product of the 200 nt DENV2 5°-UTR RNA segment was generated by using
the following primers: T7 DENV2 1-17nt Fw: 5’-CAG TAATAC GAC TCA CTATTA
GTT GTT AGT CTA CGT G-3°, DENV2 200-174nt_Rv: 5°-AGT GAG AAT CTC TTT
GTC AAC TGT TGC-3°. DENV2 5’UTR 200 nt RNA was generated using a
MEGAshortscript T7 Transcription Kit (Invitrogen) from the PCR product. /n vitro
synthesized RNA was capped using [a->2P] guanosine triphosphate (GTP) (PerkinElmer)
and a vaccinia virus capping enzyme (Cellscript, Madison, WI) in the absence or presence
of cold S-adenosyl-L-methionine (SAM) according to the manufacturer’s instructions.
The resulting 5'-labeled G[*2-P] pppA and m7G[*2-P] pppA-RNA were used as substrates
for N-7 and 2’-O methylations, respectively. For the removal of unincorporated [o->*P]
GTP, the capping reactions were passed through a Micro Bio-Spin 30 Column (Bio-Rad
Laboratories, Hercules, CA, USA).

The N-7 methylation was performed in assay buffer containing 50 mM Tris-HCI
(pH 7.5), 20 mM sodium chloride, GTP capped 200 nt DENV2 5’-UTR RNA, 0.2 uM
SAM, and 400 nM MTase at 30 °C for 20 minutes (min). The 2’-O methylation was
performed in assay buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM potassium
chloride, 2 mM magnesium chloride, | mM DTT, m7GTP capped 200 nt DENV2 5’-UTR
RNA, 0.2 uM SAM and 400 nM MTase at 30 °C for 60 min. All methylation reactions
were stopped by incubation at 95 °C for 5 min followed by purification using a Micro
Bio-Spin 30 Column. The reaction products were digested with nuclease P1 overnight
and analyzed on polyethyleneimine cellulose thin-layer chromatography (TLC) plates
(Millipore, Billerica, MA, USA) using 0.45 M ammonium sulfate as the solvent. The
radioactive cap structure separated on the TLC plates was quantified by BAS-2500
(Fujifilm, Japan).

11



Results

Compound screening for anti-DENV2 activity and identified three novel anti-
DENV2 compounds

A screening system based on a DENV-infected cell-based assay was developed
to identify novel low-molecular-weight compounds with anti-DENV activities. DENV2-
infected BHK-21 cells were used for this assay, because a CPE consisting of rounding of
the cells was observed and these cells were unresponsive to the MTT reagent. The
antiviral activity was measured with the MTT assay using cell damage associated with
viral infection as an index. MTT assay conditions were optimized using ribavirin and
mycophenolic acid, which have established anti-DENV activities in vitro®2. After
screening of about 7,000 compounds from the compound library for anti-DENV activity,
Compound-B which possess a benzimidazole skeleton (Figure 1A) and Compound-X and
Compound-Y, which have quinolone skeleton (Figure 1B and 1C) were found.

The ECso of Compound-B against DENV2 was 1.32 uM, and a slight cell
cytotoxicity was observed (CCso = 13.5 uM) (Table 3). Compound-B was also effective
against the three other serotypes of DENV, DENVI, 3, and 4, with ECses of 1.81 uM,
2.66 uM, and 4.12 pM, respectively. Moreover, Compound-B also showed anti-DENV2
activity in human cell line; A549 cells. In the additional assays using DENV2 replicon,
Compound-B effectively inhibited DENV2 subgenomic replication. Next, the antiviral
activities of Compound-B against the flaviviruses including WNV, JEV, YFV, and ZIKV
were investigated; however, no antiviral activities against these flaviviruses were
observed up to 18.9 uM (data not shown). These results suggest that the antiviral activity
of Compound-B is specific for DENV.

The ECsos of Compound-X and Compound-Y against DENV2 were 3.88 uM
and 9.19 uM, respectively (Table 4). No cytotoxicity was observed even at the highest
concentration of 50 uM for both compounds. The viral RNA reduction assay using A549
cells revealed that both Compound-X and Compound-Y had anti-DENV?2 activities with
ECsos 0f'3.33 uM and 5.28 uM, respectively. To clarify whether the quinolone compounds
inhibit viral replication, a DENV2 subgenomic replicon was applied to examine the
suppression effect of these compounds by measurement of gene expression of a reporter
gene. Compound-X and Compound-Y showed a concentration-dependent inhibition at 72
hpt of DENV2 replicon plasmids with ECsp of 27.7 uM and 20.9 pM, respectively.
Although the efficacies of Compound-X and Compound-Y were reduced compared with
those observed by the MTT assay, virus replication inhibitory activity was observed.

These quinolone compounds were equally effective against DENV1 but less effective
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against DENV3 and DENV4, and the ECsos of Compound-X were 4.58 uM, 10.9 uM,
and 13.3 uM, and Compound-Y were 4.94 uM, >50 uM, and 21.6 uM, against DENV1,
DENV3, and DENV4, respectively (Table 5). Furthermore Compound-X was effective
against other flaviviruses, including ZIKV, JEV, and WNV but not YFV; however,

Compound-Y was not effective against the other flaviviruses.

Isolation of compound-resistant DENV2 clones

To identify the target sites of Compound-B, Compound-X, and Compound-Y,
DENV2 was cultured in the presence of the compounds to generate resistant viruses.

Compound-B-resistant DENV2 were isolated after 20 days incubation in the
presence of Compound-B (3.4-6.8 uM). Three DENV2-resistant clones were obtained by
plaque cloning. The plaque sizes of these three clones were smaller than that of passaged-
DENV2 (Figure 2). To measure the fold resistance of these clones to Compound-B, an
MTT assay was conducted. With the same MOI, the efficacies of ribavirin and
mycophenolic acid against these three clones were almost comparable with that of the
passaged-DENV2. In contrast, compared with the passaged-DENV2, the three isolated
clones were resistant to Compound-B by 2.40-3.05-fold (Table 6).

The Compound-X-resistant DENV2 was isolated after incubation with
Compound-X at 11.8 uM for 10 days followed by 23.7 uM for 20 days. Compound-Y-
resistant DENV2 was isolated in a similar manner as Compound-X where DENV2 was
incubated with Compound-Y at 11.0 uM for 10 days followed by 22.0 uM for 20 days.
Subsequently three clones of each were obtained by plaque cloning. The efficacy of each
compound against each isolated resistant DENV2 sample was measured using the MTT
assay. Ribavirin and mycophenolic acid showed almost the same efficacy against the
compound-resistant DENV2 and passaged-DENV2 (Table 7). The drug sensitivity was
reduced 2.86 to 4.11 times for Compound-X against Compound-X-resistant DENV2
compared with passaged-DENV2, and 2.91 to 3.25 times for Compound-Y against
Compound-Y-resistant DENV2 compared with passaged-DENV2. Notably Compound-
X and Compound-Y-resistant viruses also exhibited cross-resistance to each other. For
example, drug sensitivity was reduced 3.22 to 3.98 times for Compound-X against
Compound-Y-resistant DENV2 compared with passaged-DENV2 and 2.41 to 2.97 times
for Compound-Y against Compound-X-resistant DENV2 compared with passaged-
DENV2.
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Table 3. Efficacy of Compound-B against DENYV in the MTT assay, RT-qPCR assay,
and subgenomic replicon assay and cell toxicity

Data represent mean values + Standard deviation (SD) of at least three independent

experiments.
BHK-21 MTT
ECso (uM) CCso (LM)

DENV2 DENV1 DENV3 DENV4
Compound-B 1.32+£0.19 1.81£0.15 2.66 £0.08 4.12+0.15 13.5+3.1
Ribavirin 26.6 0.6 31.8+1.6 603+ 1.7 100 +4 > 400
Mycophenolic acid ~ 0.123£0.004 0.127 £0.001 0.139+0.001 0.253 £0.008 >3

A549 RT-qPCR BHK-21 replicon

ECso (uM) ECso (M)

DENV2 DENV2
Compound-B 1.84£0.15 3.10+1.47
Ribavirin 99.9+42.8 36.4+6.3
Mycophenolic acid  0.191 +0.007 0.189 +0.072
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Table 4. Efficacy of Compound-X and Compound-Y against DENV2 in the MTT
assay, RT-qPCR assay, and subgenomic replicon assay and cell toxicity
Data represents the mean value + SD of at least three independent experiments. NT: Not

tested.
BHK-21 A549 BHK-21 BHK-21
MTT RT-gPCR replicon MTT

ECso (uM) ECso (uM)  ECso (uM)  CCso (uM)
Compound-X 3.88£1.10 3.33£0.50  27.7+£22 >50
Compound-Y 9.19+£3.19 528+0.23 209+2.1 >50
Ribavirin 40.2+2.4 21.2+0.9 66.5+1.0 >400
Mycophenolic acid 0.125+0.011  NT NT >3
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Table 5. Efficacy of Compound-X and Compound-Y against DENV1, 3, and 4 and
other flaviviruses in the MTT assay

Data represents the mean value + SD of at least three independent experiments.

ECso (uM)

DENVI1 DENV3 DENV4
Compound-X 458 +1.58 109+ 1.6 13.3+29
Compound-Y 494 £2.68 >50 21.6£0.9
Ribavirin 27.0+4.1 50.5+5.6 49.0+8.7
Mycophenolic acid ~ 0.174+0.060  0.169+0.051  0.175 £ 0.060

ECso (uM)

ZIKV JEV WNV YFV
Compound-X 16.7+1.5 123+14 103+04 >50
Compound-Y >50 >50 >50 >50
Ribavirin 415+1.8 325+£20 209+20 31.2+33
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Figure 1. Chemical structure of compounds
(A) Compound-B, (B) Compound-X, and (C) Compound-Y.
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Passaged-DENV2 Resistant #1 Resistant #2 Resistant #3

Figure 2. Plaque sizes after infection with passaged-DENV2 and Compound-B-
resistant DENV2
Passaged-DENV2 and Compound-B-resistant DENV2 #1-3 were infected to BHK-21

cells and plaque titration was performed. The cells were stained with crystal violet.
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Table 6. Efficacy of the compounds against Compound-B-resistant DENV2
Data represent mean values + SD of at least three independent experiments. FR: Fold

resistance v.s. passaged-DENV2.

Passaged- )
DENV2 Compound-B-resistant DENV2
#1 #2 #3
Compound-B ECso 2.79+0.12 8.07 £ 0.69 8.50 £ 0.49 6.67+0.04
(uM)
FR - 2.90 3.05 2.40
Ribavirin ECso 349+29 30.8+3.5 31.7£3.9 28.7+5.1
(uM)
FR - 0.88 0.91 0.82
Mycophenolic ~ ECso 0.126 £ 0.01 0.120 + 0.01 0.119 +0.01 0.115+0.01
acid (M)
FR - 0.95 0.95 0.92
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Table 7. Efficacy of the compounds against Compound-X-resistant DENV2 and

Compound-Y-resistant DENV2

Data represents the mean value + SD of at least three independent experiments. FR: Fold

resistance versus passaged-DENV2.

Passaged- .
DENV2 Compound-X-resistant DENV2
#1 #2 #3
Compound-X ECso 6.98 +1.41 195+24 21.5+0.1 28.7+5.8
(uM)
FR - 2.86 3.25 4.11
Compound-Y ECso 10.6 £0.5 25.6+2.1 283+0.3 31.7+4.6
(uM)
FR - 241 2.67 2.97
Ribavirin ECso 39.5+49 352+3.6 36.5+1.8 39.7+5.5
(uM)
FR - 0.89 0.93 1.00
Mycophenolic ECso 0.124 +£0.006 0.124+£0.008  0.125+0.005  0.124 +£0.003
acid (M)
FR - 1.00 1.01 1.00
Compound-Y -resistant DENV2
#1 #2 #3
Compound-X ECso 27.5+4.7 23.8+2.6 222 +3.7
(uM)
FR 3.98 3.50 3.22
Compound-Y ECso 345+14 309+1.9 342+43
(uM)
FR 3.25 291 3.21
Ribavirin ECso 41.5+49 36.9+2.9 372+2.6
(uM)
FR 1.05 0.93 0.94
Mycophenolic ~ ECsg 0.1224£0.002  0.124+0.004  0.123 £0.001
acid (M)
FR 0.98 1.00 0.99
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Genome analysis of compound-resistant DENV2

Full genome analysis was performed using lon PGM to identify mutation sites
in the compound-resistant DENV2 samples.

Several amino acid substitutions in the three Compound-B-resistant DENV2
clones were identified. All three clones carried cystatin-to-serine at amino acid position
87 (C87S) in NS4A; one clone carried the mutations methionine-isoleucine at amino acid
position 37 (M371) in prM, alanine-to-serine at amino acid position 119 (A119S) in NS4B,
or threonine-to-isoleucine at amino acid position 244 (T2441) in NS4B (Table 8). Other
mutations were confirmed threonine-to-lysine at amino acid position 120 (T120K) in E
and tyrosine-to-cysteine at amino acid position 97 (Y97C) in NS4A proteins; however,
these mutations were also observed in the passaged-DENV2.

The isolated Compound-X-resistant DENV2 and Compound-Y-resistant
DENV2 contained multiple mutations. Among these mutations common to Compound-
X-resistant and Compound-Y-resistant DENV2 were serine-to-phenylalanine at amino
acid position 186 (S186F) in E and valine-to-alanine at amino acid position 130 (V130A
in NS5 (Table 9). Three amino acid substitutions, T120K in E, methionine-to-threonine
at amino acid position 85 (M85T) in NS4A, and glycine-to-alanine at amino acid position
124 (G124A) in NS4B, were also found in passaged-DENV2. In terms of the noncommon
mutations, asparagine-to-aspartic acid at amino acid position 246 (N246D) in NS1 was
found in Compound-X-resistant DENV2, leucine-to-proline at amino acid position 206
(L206P) in NS1 was found in Compound-Y-resistant DENV2, and methionine-to-valine
at amino acid position 196 (M196V) in E was found in one clone of Compound-Y-
resistant DENV?2.

The NS4A C87S mutation was resistant to Compound-B

Since some mutations in prM, NS4A, and NS4B were observed in Compound-
B-resistant DENV2, infectious DENV?2 clones with single amino acid substitutions were
constructed. Then, viral growth at the cellular viral RNA level and the plaque size of the
mutant strains were compared with that of the wild-type (WT) strain. The cellular viral
RNA levels of each substituted infectious clone were measured every 12 h until 72 hours
post-infection (hpi) (Figure 3A). The viral RNA levels increased until 60 hpi following
development of a CPE. The viral proliferations of the prM M37I and NS4B A119S mutant
strains at the viral RNA level were similar to that of the WT strain. In contrast, the viral
proliferation of the NS4A C87S and NS4B T2441 mutant strains was lower than that of
the WT strain at all time points. Notably at the viral RNA level, expression of the NS4A
C87S mutant strain was less than a quarter of that of the WT strain at 48 hpi. The plaque
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sizes of the prM M37I, NS4B A119S, and NS4B T244I mutant strains were almost the
same as that of the WT strain, while the plaque size of the NS4A C87S mutant strain was
slightly smaller than that of the WT strain (Figure 3B). Analyses of the cellular viral RNA
level and plaque size showed that the NS4A C87S mutant strain had the slowest
proliferation rate among the WT and other mutant strains.

Because the NS4A C87S mutant strain proliferation was markedly reduced, the
susceptibility of each mutant strain with a single amino acid substitution and the WT
strain to Compound-B was incompatible with examination by MTT assay. Therefore, the
antiviral activity of Compound-B against each DENV2 mutant strain with a single amino
acid substitution was measured based on the cellular viral RNA levels using BHK-21 cells.
The efficacy of ribavirin, used as a reference compound, against these mutant strains was
comparable. Compound-B had the same efficacy against the prM M37I and NS4B A119S
mutant strains, and a slightly lower efficacy against the NS4B T2441 mutant strain (1.71-
fold) (Table 10). Most importantly, among all mutant strains with a single amino acid
substitution, the NS4A C87S mutant strain had the highest resistance to Compound-B
(3.02-fold). Together, these results demonstrated that the NS4A C87S mutation was the
primary cause of resistance to Compound-B and that the target region of Compound-B is
the C87 of the viral NS protein NS4A.
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Table 8. Amino acid mutations in Compound-B-resistant DENV?2

Viral protein prM E NS4A NS4B
Residue and position M37  T120 M85 C87 Y97 Al19  T244

Passaged-DENV2 M K T C C A T
#1 M K T S Y A T

Compound-B-resistant
M K M S C A T

DENV2

#3 I K M S Y S I
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Table 9. Amino acid mutations in Compound-X-resistant DENV2 and Compound-

Y-resistant DENV2
Viral protein E NS1 NS4A NS4B NS5
Residue and position T120 S186 M196 L206 N246 M85 G124 V130

Passaged-DENV2 K S M L N T A \%
Compound-X- #1 K F M L D T A A
resistant #2 K F M L D T A A
DENV2 #3 K F M L D T A A
Compound-Y- #1 K F v P N T A A
resistant #2 K F M P N T A A
DENV2 #3 K F M P N T A A
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Figure 3. Analysis of viral proliferation of the single amino acid substitutions
associated with Compound-B-resistant DENV?2

(A) Cellular viral RNA of single amino acid substitutions of DENV2 infectious clones at
1,12,24,36,48, 60, and 72 hpi. DENV2 RNA copies were normalized to GAPDH mRNA
copies. Data represent mean values £ SD of at least three independent experiments.
Significance was analyzed by the Student's #-test and indicated by asterisks (* P < 0.05).
(B) Plaque sizes after infection with DENV2 infectious clones with single amino acid

substitutions. The cells were stained with crystal violet.
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Table 10. Efficacy of Compound-B against the single amino acid substitutions of

DENYV?2 infectious clones

Data represent mean values + SD of at least three independent experiments. FR: Fold

resistance v.s. WT.

WT prM NS4A NS4B NS4B
M371 C87S A119S T2441
Compound-B ECso 1.02+0.05 1.51+0.12 4.01+0.37 140+0.05 2.07+0.06
(uM)
ECyo 252+031 286+045 7.60+£029 3.01+£0.03 4.30+0.25
(uM)
FR of 1.13 3.02 1.14 1.71
ECqo
Ribavirin ECso 8.72+0.81 10.1+0.7 14.1+1.6 159+1.3 13.4+0.7
(M)
ECo 403+10.5 35.1+1.7 425+34 36.4+4.2 39.9+0.8
(uM)
FR of 0.87 1.05 0.90 0.99
ECqo
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The NS5 V130A mutation in a DENV?2 infectious clone moderately contributed to
resistance against Compound-X and Compound-Y

Since multiple mutations were observed in Compound-X-resistant and
Compound-Y-resistant DENV2, infectious DENV2 clones with single amino acid
substitutions were constructed. NS1 N246D and NS1 L206P mutations were observed in
Compound-X-resistant DENV2 and Compound-Y-resistant DENV2, respectively,
therefore, each mutation was combined with NS5 V130A to construct two double mutants.
The antiviral activity of the DENV2 clones with each mutation was measured using the
MTT assay. The drug sensitivity of each single mutation clone, E S186F, NS1 L206P, and
NS1 N246D showed almost no change toward Compound-X and Compound-Y compared
to WT (Table 11). The NS5 V130A mutation had a slight effect on drug sensitivity, as the
efficacy of Compound-X was reduced by 1.42 times, and Compound-Y was reduced by
1.53 times compared with WT. Furthermore, for the NS1 N246D/NS5 V130A double
mutant, the sensitivity was further reduced by 2.76 times for Compound-X and 2.71 times
for Compound-Y compared to WT. In comparison, the efficacies of Compound-X and
Compound-Y were not further reduced when tested against the NS1 L206P/NS5 VI130A
double mutants. In addition, the cellular viral RNA levels of each substituted infectious
clone were measured every 24 h until 72 hpi (Figure 4). Viral replication of each
infectious clone containing a single mutation (E S186F, NS1 L206P, NS1 N246D, and
NS5 VI130A) were lower at the RNA level than that of the WT strain. The viral
proliferation of the NS1 L206P/NS5 V130A double mutant clone was also lower than the
WT strain. In contrast, the viral proliferation of the NS5 V130A/NS1 N246P double
mutant strain was slightly higher than that of WT strain.
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Table 11. Efficacy of Compound-X and Compound-Y against the DENV2

infectious clones containing amino acid substitutions

Data represents the mean value + SD of at least three independent experiments. FR:

Fold resistance versus passaged-DENV2.

WT E S186F NS1 L206P NS1 N246D

Compound-X ECso 10.9+2.0 7.94+0.51 9.40+2.61 114+£22

(uM)

FR - 0.74 0.83 1.04
Compound-Y ECso 170+ 1.8 14.0+0.8 13.9+3.0 17.0+£2.2

(uM)

FR - 0.82 0.80 0.99
Ribavirin ECso 50.3+4.6 56.2+14 53.5+7.7 56.4+6.6

(uM)

FR - 1.12 1.05 1.11
Mycophenolic ~ ECsg 0.129+0.005  0.141+0.004  0.139+0.016  0.142+0.017
acid (M)

FR - 1.09 1.07 1.10

NS5 VI30A NS1 L206P NS1 N246D
NS5 V130A NS5 V130A

Compound-X ECso 159+49 129+3.8 29.6 +2.7

(uM)

FR 1.42 1.16 2.76
Compound-Y ECso 26.4+6.0 243+6 46.0+2.3

(uM)

FR 1.53 1.40 2.71
Ribavirin ECso 61.3+49 52.8+7.5 66.8 +0.9

(uM)

FR 1.22 1.04 1.33
Mycophenolic ~ ECsg 0.161 £0.031 0.138+0.016  0.185+0.022
acid (M)

FR 1.23+£0.18 1.07£0.07 1.43£0.10
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Figure 4. Analysis of the replication of DENV2 containing amino acid substitutions
associated with Compound-X and Compound-Y-resistant DENV2
Cellular viral RNA from the DENV2 infectious clones containing amino acid
substitutions was analyzed at 24, 48, and 72 hpi in BHK-21 cells. DENV2 RNA copies
were normalized to GAPDH mRNA copies. Data represents the mean value + SD of at
least three independent experiments. Significance was analyzed by the Student’s #-test
and indicated by asterisks (*P < 0.05, **P < 0.01).
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Discussion

In this study, a cell-based screening of a library of low molecular weight
compounds, including anti-HCV and -HIV compounds, was conducted and Compound-
B, Compound-X, and Compound-Y as potential novel anti-DENV agents were identified.

Compound-B has a benzimidazole skeleton that inhibits the HCV RdRp encoded
in the NS protein NS5B**35. HCV is a member of the genus Hepacivirus, family
Flaviviridae, which is closely related to DENV. Therefore, it is assumed that Compound-
B acts on DENV RdRp encoded in the C-terminal region of the NS protein NS5. However,
the results of an RdRp inhibition assay*® showed that Compound-B had no inhibitory
activity against DENV2 RdRp (data not shown).

Compound-B-resistant DENV2 clones were isolated, and their whole genome
was sequenced. In the resistant viruses, no mutation was observed in the RdRp region,
whereas several mutations were observed in the E, prM, NS4A, and NS4B proteins.
Subsequently, DENV2 infectious clones with single amino acid substitutions were
generated, and their properties of these mutants were characterized. Comparisons of viral
proliferation revealed that the NS4A C87S mutation decreased viral proliferation.
Moreover, all three isolated drug resistant clones carried this mutation. In virus passage,
viruses with high proliferation rates should appear, but when the viruses are cultured in
presence of the compound with antiviral activity, those with reduced proliferation may
appear as a result of resistance to the compound. As the NS4A C87S mutant strain had
slower proliferation than the WT strain, the NS4A C87S mutation was considered highly
likely to contribute to Compound-B resistance. In fact, this mutant was the most highly
resistant to Compound-B. This result suggested that NS4A C87 is the target region of
Compound-B.

Among the flaviviruses, NS4A protein homology is not very high. Compared
with DENV2, homologies of the NS4A protein sequences of DENV1, 3, and 4 are 59%,
61%, and 66%, respectively. And homologies of NS4A protein sequences of the other
flaviviruses WNV, JEV, ZIKV, and YFV compared with DENV2 are 51%, 43%, 44%,
and 33%, respectively. The homology of NS4A with DENV?2 is lower in other flaviviruses
than in DENV1, 3, and 4, which I speculate is a possible to reason why Compound-B did
not show efficacy against other flaviviruses in the MTT assay. Moreover, NS4A C87 is
conserved in DENV1, 2, and 3, but not in DENV4 (Figure 5). Therefore, it is suggested
that the anti-DENV activity of Compound-B against DENV4 was lower than that against
the other DENVs.

NS4A is a small hydrophobic protein comprising 150 amino acids that associate
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with the endoplasmic reticulum (ER) membrane through three predicted transmembrane
domains (pTMDs), including pTMD1 and pTMD3 which penetrate the ER membrane,
and pTMD2 which is embedded in the ER membrane. NS4A is involved in the viral
replication complex by anchoring replicase components to the intracellular membranes®’.
Although some studies have investigated the function of NS4A, the role of this protein
remains largely unknown. The first 50 amino acid residues at the cytosolic N-terminal
domain of NS4A interact with vimentin®** 3. pTMD] is the major determinant for NS4A
oligomerization and related NS4A-NS4B interactions*” *!. pTMD3 interacts with the
mitochondrial antiviral signaling (MAVS) protein and inhibits type I interferon (IFN)
production through the inhibition of retinoic acid-inducible gene-I (RIG-1)-MAVS
interactions and interferon regulatory factor 3 (IRF3) activation*?. It was recently reported
that 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGCR) co-localized with
NS4A and NS3, which are viral components involved in viral replication and localized at
replicative complexes*’. However, at present, there are no reports on the function of
pTMD?2, in which a Compound-B-resistant mutation was observed. As pTMD2 exists in
the ER lumen in part embedded in the ER membrane, it is likely that analysis of pTMD?2
function will be difficult. Therefore, it is also likely that Compound-B will be useful to
clarify the function of NS4A pTMD?2. Future functional analysis of NS4A will help to
elucidate the precise mechanism of action of Compound-B as well as to create more
efficacious compounds with anti-DENV activities through inhibition of NS4A function.

Compound-X and Compound-Y both of which contain a quinolone skeleton and
demonstrated inhibitory activity against DENV2 replication activity using a DENV2
replicon assay, suggesting that they at least inhibit a virus replication step. The two
laboratory-generated compound-resistant DENV2 clones demonstrated cross-resistance
to each other, suggesting that the mechanisms responsible for the antiviral activity of these
compounds may be similar. However, the antiviral activity profiles of these two
compounds were found to be different. Compound-X was effective against other
serotypes of DENV and other flaviviruses, including ZIKV, JEV, and WNV but not YFV.
Compound-Y was effective against DENV1 and DENV4 but not DENV3 and the other
flaviviruses.

Several mutations obtained from Compound-X-resistant DENV2 and
Compound-Y-resistant DENV2 were introduced into the infectious DENV2 clone, and
the effect of each mutation on the sensitivity of each compound was examined. It was
shown that the NS5 V130A mutation contributed the most to the decrease in sensitivity

of the quinolone compounds.
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Figure 5. Amino acid sequence of flaviviruses NS4A
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NS5 is an approximately 900 amino acid encoding protein, containing MTase
and GTase domains in the N-terminal region and an RdRp domain in the C-terminal.
V130 of NS5 is found in the MTase and GTase domains. The DENV genome has a
guanine cap structure at the 5'-end, and the cap is methylated at its N7- and 2'O-positions.
Therefore, N7- and 2'0O-MTase assays using purified protein from the DENV2 MTase
domain were performed following a method with minor modifications to that was
previously described®® 3!, In the N7- and 2'0O-MTase enzyme inhibitory assays, sinefungin,
the S-adenosylmethionine analog of the MTase substrate, showed enzyme inhibitory
activity at concentrations under 1 pM. However, the quinolone compounds did not exhibit
any inhibition, even at 100 uM (Figure 6A and B). The N7- and 2" O-methylated bands
were reduced at 1,000 uM by Compound-Y, but other bands were also reduced.
Furthermore, I also attempted to use full-length NS5 in the MTase assay, but no MTase
enzyme inhibitory activity was observed by the quinolone compounds (data not shown).
Therefore, I concluded that these quinolone compounds have no direct MTase inhibitory
activity in this assay. As NS5 V130 is close to the S-Adenosyl-L-homocysteine (SAH)
pocket**, I had preliminarily attempted to dock the quinolone compounds to DENV2 NS5
MTase domain. It was shown that the quinolone compounds have the possibility of
binding nearby the SAH pocket (data not shown); however, the quinolone compounds did
not represent MTase inhibitory activity as described above. Thus viral proteins and/or
some host proteins may be needed to examine the MTase inhibitory effect by the
quinolone compounds.

The valine at amino acid position 130 of NS5 is conserved in DENV2, DENV4,
ZIKV, JEV, and WNYV, but a lysine (K130) is present at this position in DENV1 and
DENV3, and a threonine (T130) is present in YFV (red rectangle in Figure 7A). Despite
these amino acid differences, the anti-flavivirus activities of Compound-X and
Compound-Y were equally effective against DENV1 and DENV2, but less effective
toward DENV3, DENV4, and other flaviviruses. Additionally, the results of NS5 V130A
mutation analysis showed a low level of resistance towards both Compound-X and
Compound-Y. Therefore, it is likely that these quinolone compounds may have antiviral
activities involving other as yet unidentified amino acid residues. Incorporation of an
additional NS1 N246D mutation, which is not well conserved among four serotypes of
DENYV, and other flaviviruses (Figure 7B), with the NS5 VI130A mutation in DENV2
allowed a recovery of viral replication and further reduction of the sensitivity to the
quinolone compounds, suggesting that NS1 N246 and NS5 V130 may interact. NS1 is a
352 amino acid protein that forms a dimer in DENV-infected cells*’ and is essential for

viral replication with an unknown function through its interactions with NS4A and
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NS4B*:47 NS1 also exists as a hexamer when it is secreted extracellularly*s. However,
to date, no direct interaction between NS1 and NS5 has been reported. In this study, the
MTase assay using NS5 MTase domain was performed as previously described®* 3!, The
MTase assay using only NS5 MTase domain or full-length NS5 do not exhibit enzyme
inhibitory activity by the quinolone compounds in this assay. In the process of
intracellular viral replication, the replication complex plays an important role, therefore,
it seems to be necessary to examine MTase activity in the presence of both NS1 and NS5
proteins and possibly other viral proteins and certain host proteins. In future studies, the
mechanism(s) of action responsible for the antiviral efficacy of these quinolone
compounds will be investigated.
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Figure 6. DENV2 MTase activity inhibitory assay using Compound-X and

Compound-Y
DENV2 MTase assay using TLC plate for (A) N7 methylation and (B) 2°-O methylation.

NC or PC means negative control or positive control for each reaction.
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(A) The black background indicates amino acids conserved in all flaviviruses, and the
gray background shows amino acids shared in 50% or more of flaviviruses. The red
rectangle indicates amino acid at position 130 of NSS5. (B) The black background
indicates amino acids conserved in all flaviviruses, and the gray background shows amino
acids shared in 50% or more of flaviviruses. The red rectangles indicate amino acid at
position 206 and 246 of NSI.
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Summary

At the early stage of drug discovery, compound screening using a cultured cell
infection system was performed to discover seeds of novel antiviral drug candidates
against DENV and identify their mechanisms of action. MTT assay, which uses cell
viability as an index, was performed as a screening method because DENV infection
causes cell death in BHK-21 cells. First, using DENV2-infected BHK-21 cells, MTT
assay was established and compound screening was performed using about 7,000
compounds retrieved from Shionogi & Co., Ltd. compound library.

As the result, three novel small molecules were identified which inhibit DENV
replication. One novel compound with a benzimidazole skeleton, named Compound-B,
was demonstrated antiviral activity specific to four DENV serotypes (ECso: 1.32—4.12
uM). Analysis of a single amino acid substitution of Compound-B-resistant DENV2
revealed that mutation C87S in the NS4A contributes to resistance to Compound-B.
Another two novel compounds with anti-DENV?2 activity, tentatively named Compound-
X and Compound-Y were identified as anti-DENV compound. Both compounds possess
a quinolone skeleton, and the ECsos of Compound-X and Compound-Y against DENV2
were 3.88 uM and 9.19 uM, respectively. Using mutational analysis, compounds-resistant
DENV?2 was obtained and a mutation V130A in the NS5 MTase domain was identified as
cause of resistant to the quinolone compounds. However, these compounds did not inhibit
MTase activity. In addition, incorporation of an additional NS1 N246D mutation with the
NS5 V130A mutation in DENV?2 resulted in recovery of viral replication and a further
reduction of the sensitivity to the quinolone compounds by an unknown mechanism.

In this study, I discovered three novel anti-DENV compounds with novel
mechanisms of action. The anti-DENV activity of these compounds is at micromolar level,
therefore it is necessary to further improve the in vitro antiviral activity to show antiviral
activity in vivo. These compounds target a previously unreported amino acid sites and are
expected to lead to the development of novel antiviral drugs with novel mechanisms of

action.
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Chapter II: Efficacy of ensitrelvir against SARS-CoV-2 in a delayed-treatment

mouse model
Introduction

COVID-19 is more likely to be severe in high-risk patients, including those with
advanced age, cardiovascular disease, respiratory disease, renal disease, diabetes mellitus,
obesity or immunodeficiency. Such patients present with rapidly progressive pneumonia,
accompanied by symptoms including shortness of breath and dyspnea, and may require
supplemental oxygen and even mechanical ventilation or extracorporeal membrane
oxygenation. Severe COVID-19 disease is also characterized by thromboembolic disease
and exhibits high mortality. The pandemic has led to severe pressure on and collapse of
healthcare systems worldwide*. Development of vaccines against SARS-CoV-2 is an
important strategy for preventing infection and transmission. However, the identification
and development of antiviral agents to treat SARS-CoV-2 infections and prevent disease
progression are also critical, especially in regard to breakthrough infections, unvaccinated
individuals and situations in which the target pathogen is continually changing
antigenically. Much of the initial effort aimed at identifying effective antivirals against
COVID-19 has focused on identifying existing drugs for repurposing by screening their
antiviral activity against SARS-CoV-2 in vitro. Unfortunately, this strategy has had
limited success with frequent conflicting clinical outcomes™’.

Ensitrelvir (formerly named as S-217622) is a candidate compound that has been
developed for the treatment of patients with COVID-19 and is an inhibitor of the SARS-
CoV-2 3C-like (3CL) protease’!. Ensitrelvir is created through structural optimization of
seeds compound from SARS-CoV-2 3CL protease inhibitor in collaboration research
between Hokkaido University and Shionogi & Co., Ltd. Ensitrelvir has strong antiviral
activity in vitro and excellent pharmacokinetic profiles such as metabolic stability and
oral absorption. The compound evaluation technology constructed in Chapter I is
incorporated into the construction of an in vitro antiviral activity evaluation system for
SARS-CoV-2 at Hokkaido University. Ensitrelvir has been shown to exhibit in vitro
efficacy against various SARS-CoV-2 variants, including alpha, beta, gamma, delta, and
omicron strains, and demonstrates in vivo efficacy in mice when administered
immediately after SARS-CoV-2 infection®!. The current study evaluated the inhibitory
effect of ensitrelvir on SARS-CoV-2 replication in mice using a delayed-treatment model
at the late stage of drug discovery. Mice infected with a gamma strain of SARS-CoV-2

were administered ensitrelvir or vehicle 24 hpi. Furthermore, using a mouse-adapted
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SARS-CoV-2 strain that is highly pathogenic for mice™, the effects of ensitrelvir was
evaluated on symptoms such as lethality, weight loss, and inflammation in the lungs
caused by viral infection. The findings should provide valuable insight into the in vivo
efficacy of ensitrelvir in a model system using kinetics of intervention representative of

real-world clinical settings.
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Materials and methods

Ethics

The study complied with the Standards for the Reliability of Application Data
(Article 43, Enforcement Regulations, Law for the Assurance of Quality, Efficacy, and
Safety of Pharmaceuticals and Medical Devices). The animal protocols were approved by
the Shionogi Pharmaceutical Research Center Institute Director (Shionogi & Co., Ltd.,
Toyonaka, Japan) based on the report of the Institutional Animal Care and Use Committee
(Approval No. S21140D-0001 and S21068D-0008). The animal facilities were accredited
by the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) International.

Cell line and SARS-CoV-2 viruses

Transmembrane serine protease 2 (TMPRSS-2)-expressing VeroE6
(VeroE6/TMPRSS2) cells® were obtained from the Japanese Collection of Research
Bioresources Cell Bank (Osaka, Japan) and maintained in DMEM (Thermo Fisher
Scientific) containing 10% heat-inactivated FBS (Sigma-Aldrich) and 1% penicillin-
streptomycin solution (Thermo Fisher Scientific). The SARS-CoV-2 gamma strain
(hCoV-19/Japan/TY7-501/2021, Pango lineage P.1) was obtained from the National
Institute of Infectious Diseases (NIID), Tokyo, Japan. The SARS-CoV-2 MA-P10 strain®
(mouse-adapted hCoV-19/Japan/TY/WK-521/2020, Pango lineage A) was obtained from
the Division of Molecular Pathobiology, International Institute for Zoonosis Control,
Hokkaido University, Sapporo, Japan. The viruses were propagated in VeroE6/TMPRSS2
cells to prepare virus stocks, which were stored at —80°C. Viral titers were determined in
VeroE6/TMPRSS2 cells using TCIDsg assays.

Animals

Female BALB/cAlJcl mice were obtained from CLEA Japan, Inc. (Tokyo, Japan).
All mice were maintained in a controlled environment of 20-26°C and 30-70% relative
humidity with a 12 h light/dark cycle. Mice were housed 45 per cage with a standard
chow diet of CE-2 (CLEA Japan, Inc.) and water was available ad libitum. Frozen virus
stocks were diluted with Dulbecco’s PBS (DPBS; Thermo Fisher Scientific) to prepare
suspensions of 2.00 x 10° or 2.00 x 10% TCIDso/mL for the gamma strain and 6.00 x 10*
TCIDso/mL for MA-P10. The mice were intranasally inoculated under anaesthesia at 5,
20, or 40 weeks of age with 50 puL of virus suspension per mouse. The animals were

subsequently treated as described. Mice with >20% loss of initial body weight were
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euthanized, according to humane endpoints.

Ensitrelvir preparation and dosing

The anti-SARS-CoV-2 test compound of ensitrelvir was used as an ensitrelvir
fumaric acid co-crystal (C22H17CIF3NoO2-C4HsO4; Shionogi & Co. Ltd., Osaka, Japan)
and freshly prepared in 0.5% (w/v) methylcellulose 400 cP (MC) solution (Fujifilm Wako
Pure Chemical Corp., Osaka, Japan). According to a previous report’!, the ensitrelvir was
orally administered twice daily, every 12 h, for 2, 3, or 5 days, as indicated, starting 24
hpi. The ensitrelvir was dosed at 0, 4, 8, 16, 32, or 64 mg (free-form mass)/kg of body
weight, as indicated, in dosage volumes of 10 mL/kg of body weight.

Lung specimen/tissue collection and lung homogenate preparation

Mice (n = 3-5 per group) were euthanized 1, 2, 3, or 4 days post-infection (dpi)
and their lungs removed. After homogenization of the lung samples with 2 mL of DPBS,
the homogenates were centrifuged at 1,750 x g for 5 min at 4°C and filtered through a

0.45-pm filter. Homogenate aliquots were stored at —80°C until use.

Viral titer and RNA analysis

VeroE6/TMPRSS2 stocks were thawed and passaged several times in complete
DMEM in 5% CO; at 37°C. Seventy-five microlitres of viral assay medium consisting of
minimal essential medium (MEM) (Thermo Fisher Scientific) supplemented with 2%
heat-inactivated FBS and 1% penicillin-streptomycin was added to the wells of 96-well
plates. The cells were diluted to 1.5 x 10° cells/mL with viral assay medium and then
seeded at 100 pL/well. Lung homogenates were serially diluted with viral assay medium.
The diluted samples (25 pL) were added to the wells, and the plates were incubated in
5% CO; at 37°C for 4 days. After incubation, virus-induced CPE was evaluated under a
microscope. Viral titers were expressed as logio TCIDso/mL. If no CPE was observed at
the lowest dilution, the titer was defined as 1.80 logio TCIDso/mL. For RNA quantitation
by RT-qPCR, lung homogenates (100 pL/sample) were placed in 96-well plates and
inactivated with 300 puL of TRIzol LS (Thermo Fisher Scientific) for 1 min at room
temperature. Total RNA was extracted from the inactivated samples using a Direct-zol-
96 RNA Extraction Kit (Zymo Research, Irvine, CA, USA) according to the
manufacturer’s protocol. The samples were then analyzed using a MicroAmp Optical
384-Well Reaction Plate with Barcode (Thermo Fisher Scientific) and Applied
Biosystems QuantStudio 5 Real-Time PCR System in conjunction with an EXPRESS
One-Step SuperScript qRT-PCR Kit, universal (Thermo Fisher Scientific). The PCR
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reaction mixes included 2 pL of extracted RNA, 0.4 uM Invitrogen forward primer 2019-
nCoV_NI1-F (5-GAC CCC AAA ATC AGC GAA AT-3'; Thermo Fisher Scientific), 0.4
puM Invitrogen reverse primer 2019-nCoV_NI-R (5'-TCT GGT TAC TGC CAG TTG
AAT CTG-3'; Thermo Fisher Scientific) and 0.25 uM probe 2019-nCoV_N1-P (5'-FAM-
ACC CCG CAT TAC GTT TGG TGG ACC- TAMRA-3’; Eurofins, Tokyo, Japan) in total
reaction volumes of 10 pL. The thermal cycling profile included one cycle of 50°C, 15
min; 95°C, 20 s followed by 40 cycles of 95°C, 3 s; 55°C, 30 s. Invitrogen synthetic
single-stranded DNA (5'-ATA ATG GAC CCC AAA ATC AGC GAA ATG CAC CCC
GCATTA CGTTTG GTG GAC CCT CAG ATT CAA CTG GCA GTAACC AGA ATG
GAG-3'; Thermo Fisher Scientific) was 10-fold serially diluted and used to generate a

standard curve. The samples were analyzed in duplicate.

Viral replication inhibition assay

Ensitrelvir and remdesivir (MedChemExpress, Monmouth Junction, NJ, USA)
were weighed and dissolved in DMSO (Nacalai Tesque, Nakagyo-ku, Japan) to prepare
20 mmol/L solutions, which were then 3-fold serially diluted with DMSO. The diluted
ensitrelvir and remdesivir solutions were subsequently diluted 100-fold with viral assay
medium consisting of MEM supplemented with 2% FBS and 1% Penicillin-Streptomycin.
One hundred microliters of the serially diluted ensitrelvir and remdesivir solutions were
added to a 96-well plate. The SARS-CoV-2 MA-P10 strain virus stock solutions were
diluted with viral assay medium to appropriate concentrations and dispensed at 50
uL/well into the 96-well plate containing test and reference substances. Then
VeroE6/TMPRSS2 cells (50 pL), which were adjusted to 3.0 x 10° cells/mL, was
dispensed into each well. The infectious dose of virus was 1.00 x 10* TCIDso/well with a
multiplicity of infection of 0.067. The final concentrations of ensitrelvir were 0.0046,
0.014, 0.041, 0.12, 0.37, 1.1, 3.3, and 10 umol/L. The final concentrations of remdesivir
were 0.0091, 0.027, 0.082, 0.25, 0.74, 2.2, 6.7, and 20 umol/L. The plate was mixed with
a plate mixer and incubated at 37°C in a CO> incubator for 3 days. The assay was
performed in duplicate for each substance concentration.

The inhibitory effects of the test and reference substances on CPE induced by
SARS-CoV-2 were measured based on cell viability as previously repoted’!. Briefly, after
three days of incubation, 60 pL of CellTiter-Glo 2.0 Assay Reagent (Promega
Corporation) was added to each well. After mixing, the cells were incubated at room
temperature for approximately 30 min, and 200 pL of each sample was dispensed into a
new white 96-well plate. The luminescent signal (Relative Light Unit [RLU]) was

measured using an EnSpire multiplate reader (PerkinElmer) with the following
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parameters: mode of measurement by rows = bi-directional, measurement height = 0.2
mm, and measurement time = 0.1 second/well. The % inhibition of CPE induced by

SARS-CoV-2 was calculated using the following formula:

% inhibition = (X — Z1)/(Y — Z1) x 100
Where X = RLU of the test substance well; Y = the average RLU of cell control wells;
and Z1 = the average RLU of virus control wells. The cell-control wells were without
virus infection and not treated with any test or reference substance; the virus-control wells
were infected with virus but not treated with test or reference substance. The
concentrations achieving ECso were calculated using software XLfit 5.3.1.3 (fit model:

205). Finally, the mean and SD values were calculated for three independent experiments.

Evaluation of body weight, lung weight, lung histopathology, and nucleocapsid
immunohistochemistry

Mouse survival and body weights were monitored and recorded at the indicated
timepoints. Specifically, 20-week-old mice (n =5) infected with the SARS-CoV-2 gamma
strain and 40-week-old mice (n = 4-8) infected with MA-P10 were examined for survival
and weighed daily from Day 0 through to Day 14. Whole-lung weight of 40-week-old
mice infected with MA-P10 (n = 5-10) was measured 4 dpi. For histopathological
analysis, left lungs of 40-week-old mice infected with MA-P10 (n = 3-5) were fixed in
10% neutral buffered formalin 4 dpi, paraffin-embedded, sectioned at 3 pm thickness, and
stained with haematoxylin and eosin (H&E). Pathological evaluation was performed by
modifying the Owen’s report®*. Blinded histopathological evaluations for alveolar
epithelial degeneration or necrosis, bronchial or bronchiolar epithelial degeneration or
necrosis, vascular endothelial degeneration or necrosis, alveolar/interstitial inflammation,
bronchial or bronchiolar inflammation, perivascular inflammation, and thrombosis were
independently performed by two pathologists. The lung pathology parameters were
scored 0 (normal), 1 (minimal), 2 (mild), 3 (moderate), and 4 (marked). Total
histopathological scores for individual mice were calculated by adding the individual
histopathological scores, and mean total histopathological scores were calculated for each
group. Disparate scores between the pathologists were resolved by the first pathologist
rescoring the specimen.

Immunohistochemical (IHC) staining of the left lungs of 40-week-old mice
infected with MA-P10 was also performed 4 dpi. Briefly, deparaftinized sections were
treated with citric acid buffer (pH 6.0) for 10 min at 121°C using an autoclave for antigen
retrieval. The sections were incubated with 3% hydrogen peroxide followed by blocking
with normal goat serum. The sections were incubated overnight at 4°C with a primary
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rabbit polyclonal antibody against the SARS-CoV-2 nucleocapsid protein (1:1,000; Cat.
No. ab281297; Abcam, Cambridge, UK). The sections were then incubated for 30 min at
room temperature with a horseradish peroxidase-labelled secondary polyclonal antibody
(Cat. No. 414341; Nichirei Biosciences Inc., Tokyo, Japan). The target antigen was
detected using 3,3'-diaminobenzidine as a chromogen. The sections were counterstained
with haematoxylin and evaluated under a microscope. Semi-quantitative grading of the
IHC staining was performed using the following outcomes: —, no staining detected; +,

minimal staining; +, mild staining; ++, moderate staining; +++, marked staining.

Cytokine/chemokine analysis

Cytokine/chemokine levels of tumor necrosis factor-a (TNF-a), interleukin (IL)-
1B, IL-6, IFN-y, and monocyte chemoattractant protein-1 (MCP-1) were measured in lung
homogenates of 40-week-old mice that were non-infected (n = 2) or infected with MA-
P10 and treated twice daily for 3 days with vehicle (MC; n = 3) or ensitrelvir (8 or 32
mg/kg body weight; n = 5) starting 24 hpi. The lungs were then harvested and
homogenates processed 4 dpi. Mouse TNF-o Immunoassay (MTAO00B), Mouse IL-1f3
Immunoassay (MLB00C), Mouse IL-6 Immunoassay (M6000B), Mouse INF-y
Immunoassay (MIF00), and Mouse/Rat CCL2/JE/MCP-1 Immunoassay (MJEOOB)
Quantikine enzyme-linked immunosorbent assay (Enzyme-linked immunosorbent assay
[ELISA]) kits were purchased from R&D Systems (Minneapolis, MN, USA). The assays
were performed according to the manufacturer’s instructions. The plates were read using
an EnSpire microplate reader (PerkinElmer) at 450 nm, using 570 nm for correction. The
results were quantitated using 4-parameter logistic curve-fit against 2-fold serially diluted

standards of each cytokine/chemokine.

Statistical analysis

Statistical analysis was performed using SAS Version 9.4 software (SAS
Institute, Cary, NC, USA). The two-sided significance level was set at P = 0.05. Mean
body weight uniformity among the different experimental groups was confirmed by one-
way analysis of variance (ANOVA). Endpoint analysis of lung viral titers was measured
using a logarithmic scale. To assess ensitrelvir effects on viral titers, the RNA and
cytokine/chemokine levels in the lungs of each ensitrelvir-treated group were compared
with that of the vehicle-treated group at each timepoint. Dunnett’s method was applied to
adjust for multiplicity of multiple testing. Survival time comparisons between each
ensitrelvir-treated group and the vehicle-treated group were analyzed by log-rank test.

Proportion comparisons of current body weight to initial body weight between the
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experimental groups at each timepoint were analyzed using one-way ANOVA with equal
variance assumption, including the fixed effect of group and contrast method by the
analyzed timepoints. For mice that died during the experimental period, the proportion of
current body weight to initial body weight was imputed at 80% for all timepoints post-
death. The fixed-sequence procedure was used to adjust the multiplicity of statistical tests
for survival time and body weight analyses.
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Results

Effect of ensitrelvir on viral titers and RNA levels in lungs of 5-week-old
BALB/cAJcl mice infected with the SARS-CoV-2 gamma strain

To initially evaluate the in vivo effect of ensitrelvir on SARS-CoV-2, 5-week-old
mice were infected with 1.00 x 10* TCIDsg of the SARS-CoV-2 gamma strain and then
orally administered various doses of ensitrelvir or vehicle twice daily starting 24 hpi.
While all the mice survived, the subsequent analysis revealed that ensitrelvir had a dose-
dependent antiviral effect on the viral titers of the SARS-CoV-2 gamma strain in the lungs
of infected mice (Figure 8A). Both 32 and 64 mg/kg ensitrelvir treatments resulted in
significant reduction of viral titers 2 and 3 dpi as compared with that of vehicle treatments
(P <0.0001). In addition, 8 and 16 mg/kg ensitrelvir treatments significantly reduced lung
viral titers at 3 dpi (P < 0.05 and P < 0.01, respectively). Likewise, ensitrelvir dose-
dependently reduced viral RNA levels of the SARS-CoV-2 gamma strain (Figure §B).
Compared with the vehicle-treated group, treatment with ensitrelvir significantly reduced
the amount of viral RNA in the lungs of infected mice 2 and 3 dpi at doses of 16 mg/kg
(P <0.01 and P < 0.05, respectively), 32 mg/kg (P < 0.01 and P < 0.0001, respectively)
and 64 mg/kg (P <0.0001 and P < 0.0001, respectively). A significant reduction was also
observed with 8 mg/kg ensitrelvir treatment as compared with the vehicle-treated group
at 3 dpi (P < 0.05). When 5-week-old BALB/cAJcl mice were infected with 1.00 x 10°
TCIDso of the SARS-CoV-2 gamma strain, their body weight declined to approximately

90% of their original mass on 3 or 4 dpi, which was quickly recovered (data not shown).

Effect of ensitrelvir on body weight of 20-week-old BALB/cAJcl mice infected with
the SARS-CoV-2 gamma strain

Host factors, including age, are key determinants of disease severity and
progression for COVID-19, both in humans® and mice®® *’. Therefore, I evaluated the
effect of ensitrelvir in older (20-week-old) mice infected with SARS-CoV-2. As an
indicator of disease progression, the mice were monitored for body weight loss caused by
infection with 1.00 x 10° TCIDsy of the SARS-CoV-2 gamma strain (Figure 9). Body
weight loss was observed in vehicle-treated mice infected with the SARS-CoV-2 gamma
strain starting at 3 dpi; however, the weight loss was significantly suppressed from 3 to 8
dpi with administration of >8 mg/kg ensitrelvir (P < 0.05). Furthermore, the body weight
of ensitrelvir-treated mice was not significantly different from that of non-infected control

mice. No mortality was observed in any of the experimental groups.
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Figure 8. Effect of ensitrelvir on viral titers and RNA levels in 5-week-old female
BALB/cAJcl mice infected with SARS-CoV-2 gamma strain (hCoV-19/Japan/TY7-
501/2021)

The mice were nasally infected with 1.00 x 10* TCIDso of the SARS-CoV-2 gamma strain
and then orally administered various doses of ensitrelvir or vehicle (0.5% MC solution)
every 12 h (twice daily) for two days. The first administration was performed 24 hpi. (A)
Viral titers in lungs of mice were determined using VeroE6/TMPRSS2 cells. Each point
represents the mean + SD of five mice. The dashed line represents the lower limit of
quantification (LLOQ, 1.80 logio TCIDso/mL). P-values were calculated by Dunnett’s
method versus vehicle. *P < 0.05, **P < 0.01, ***P < (0.0001. (B) Viral RNA levels in
the lungs of mice were determined using RT-qPCR. Each point represents the mean + SD
of five mice. The dashed line represents the LLOQ (4.92 logio copies/mL). P-values were
calculated by Dunnett’s method versus vehicle. *P < 0.05, **P < 0.01, ***P < 0.0001.
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Figure 9. Effect of ensitrelvir on the body weight of 20-week-old female BALB/cAJcl
mice infected with SARS-CoV-2 gamma strain (hCoV-19/Japan/TY7-501/2021)

The mice were nasally infected with 1.00 x 10° TCIDso of the SARS-CoV-2 gamma strain
and then orally administered various doses of ensitrelvir or vehicle (0.5% MC solution)
every 12 h (twice daily) for five days. The first administration was performed 24 hpi.
Results are presented as the percentage of current body weight as compared with that of

initial body weight prior to infection. Each point represents the mean + SD of five mice.
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Effect of ensitrelvir on 40-week-old BALB/cAJcl mice infected with SARS-CoV-2
MA-P10

To further increase the severity of SARS-CoV-2 infection in the test system, aged
(retired; 40-week-old) mice were infected with 3.00 x 10° TCIDsy of the mouse-adapted
SARS-CoV-2 MA-P10 strain®2. Infected mice were orally administered various doses of
ensitrelvir or vehicle twice daily for 5 days starting 24 hpi. The mice were then monitored
for survival and body weight loss. The results showed that ensitrelvir improved the
survival rates of mice in a dose-dependent manner (Figure 10A). While improved survival
was not observed with 4 mg/kg ensitrelvir as compared with that of vehicle-treated mice,
survival time significantly improved for infected mice treated with 8 mg/kg (P < 0.05),
16 mg/kg (P < 0.001), and 32 mg/kg (P < 0.001) ensitrelvir. Ensitrelvir treatment also
suppressed the body weight loss observed in mice treated with vehicle and did so in a
dose-dependent manner (Figure 10B). Significant protection from body weight loss
compared with that of the vehicle-treated group was observed 2 dpi with 32 mg/kg
ensitrelvir (P <0.01), 3 dpi with 16 mg/kg (P <0.01) and 32 mg/kg (P <0.001) ensitrelvir,
and 4 and 5 dpi with 8 mg/kg (P <0.01), 16 mg/kg (P <0.001), and 32 mg/kg (P <0.001)
ensitrelvir.

Ensitrelvir also effectively reduced MA-P10 titers in the lungs of infected 40-
week-old mice (Figure 11A). Ensitrelvir treatment at 8 mg/kg significantly reduced lung
viral titers compared with that of vehicle treatment at 4 dpi (P < 0.05), while treatment
with 32 mg/kg ensitrelvir reduced viral levels at 2 dpi (P < 0.01), 3 dpi (P <0.0001), and
4 dpi (P <0.0001). This in vivo activity was consistent with the in vitro effect of ensitrelvir
inhibiting CPE in MA-P10-infected VeroE6/TMPRSS2 cells. Briefly, the mean ECso of
ensitrelvir against MA-P10 + SD, based on three independent experiments, was 0.12 +
0.04 pmol/L compared with that of 1.6 = 0.1 umol/L for remdesivir.

Treatment of SARS-CoV-2 MA-P10-infected 40-week-old mice 24 hpi with
ensitrelvir also resulted in dose-dependent suppression of inflammatory
cytokine/chemokine production 4 dpi, including TNF-a, IL-1f, IL-6, and MCP-1 (Figure
11B). Ensitrelvir at a dose of 32 mg/kg restored the levels of all the cytokines examined
to those at or near levels observed in non-infected mice. In a previous study, the lung
weight of mice increased following influenza virus infection, along with increased
infiltration of inflammatory cells*®. Therefore, the lung weight of SARS-CoV-2 MA-P10-
infected mice were analyzed in the current study, and found it had increased compared
with that of non-infected mice. However, treatment with 32 mg/kg ensitrelvir
significantly suppressed the lung weight increases 4 dpi as compared with that of vehicle-
treated mice (Figure 11C). Furthermore, at 4 dpi, TNF-a, IL-6, and MCP-1 levels
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positively correlated with the viral titers, and IL-18, IL-6, and MCP-1 levels positively
correlated with the lung weights (Figure 12).

Consistent with the cytokine/chemokine and lung weight results, lung
histopathology revealed degeneration and necrosis of alveolar, bronchial, or bronchiolar
epithelium cells and vascular endothelial cells, as well as the presence of inflammation
and thrombus, in vehicle-treated mice infected with SARS-CoV-2 MA-P10 (Figure 11D).
In contrast, the severity of these infection- related pulmonary lesions was reduced in mice
treated with 32 mg/kg ensitrelvir starting 24 hpi. Furthermore, the amount of positive
immunostaining for virus nucleocapsid was reduced in MA-P10-infected mice treated

with 32 mg/kg ensitrelvir as compared with that of vehicle-treated mice.
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Figure 10. Effect of ensitrelvir on survival and the body weight of 40-week-old
female BALB/cAJcl mice infected with mouse-adapted SARS-CoV-2 MA-P10

The mice were nasally infected with 3.00 x 103 TCIDso of the SARS-CoV-2 MA-P10
and then orally administered various doses of ensitrelvir or vehicle (0.5% MC solution)
every 12 h (twice daily) for five days. The first administration was performed 24 hpi.
(A) Mouse survival was monitored daily, and survival curves generated using Kaplan-
Meier analysis. n = 4 mice/group for non-infected mice and n = 8 mice/group for
infected mice. P-values were calculated using log-rank test versus vehicle (multiplicity
was adjusted by fixed-sequence procedure). *P < (0.05 and **P < 0.001. (B) Body-
weight values are presented as a percentage of initial body weight for 2—5 dpi. The

graph bars represent the mean + SD of 4 mice/group for non-infected mice and 8
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mice/group for infected mice. P-values were calculated using ANOVA-test versus
vehicle (multiplicity was adjusted by fixed-sequence procedure). *P < (.01 and **P <
0.001.
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Figure 11. Effect of ensitrelvir on viral titer, cytokine/chemokine production, lung
weight, and lung pathology in 40-week-old female BALB/cAJcl mice infected with
mouse-adapted SARS-CoV-2 MA-P10

The mice were infected with 3.00 x 10° TCIDso of the SARS-CoV-2 MA-P10 and then
orally administered various doses of ensitrelvir or vehicle (0.5% MC solution) every 12
h (twice daily) for three days. The first administration was performed 24 hpi. (A) Viral
titers in the lungs were determined using VeroE6/TMPRSS2 cells. Each point represents
the mean + SD. The dashed line represents LLOQ of 1.80 logio TCIDso/mL. P-values
were calculated by Dunnett’s method versus vehicle. *P < 0.05, **P < 0.01, ***P <

0.0001. n = 5 mice/group except day 4 of the vehicle-treated group for which n = 3. (B)
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Cytokine/chemokine levels in mouse lungs 4 dpi were determined using ELISA assays.
The red lines indicate cytokine/chemokine levels detected in non-infected control mice
(n = 2). The graph bars represent the mean + SD. P-values were calculated by Dunnett’s
multiple comparison test versus vehicle. *P < 0.05, **P < 0.01, ***P < 0.00l. n =5
mice/group except the vehicle-treated group for which n = 3. (C) Lung weight of vehicle-
treated (n = 6) and ensitrelvir-treated (8 mg/kg and 32 mg/kg) (n = 10) mice 4 dpi. The
red lines indicate lung weight of non-infected control mice (n = 3). The graph bars
represent the mean + SD. P-values were calculated by Dunnett’s method versus vehicle.
*#P <0.01. (D) Histopathology of the lung assessed by H&E staining (upper panels) and
[HC staining of viral nucleocapsid (lower panels). Mice treated with 32 mg/kg ensitrelvir
(n = 3) exhibited less lung pathology and reduced IHC staining for virus capsid as
compared with that of the vehicle-treated group (n = 5). Non-infected control mice (n =
3) were negative for [HC staining. IHC Grade: —, Not detected; +, Minimal; +, Mild; ++,

Moderate; +++, Marked. Data from dead mice were excluded from the analysis.
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Figure 12. Correlation of virus titer and lung weight with cytokine/chemokine levels
Each dot represents an individual animal. Vehicle (black dots), 8 mg/kg ensitrelvir (light
blue dots), and 32 mg/kg ensitrelvir (dark blue dots).
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Discussion

The current study demonstrated that ensitrelvir reduced SARS-CoV-2 virus
levels in a dose-dependent manner compared with that of vehicle treatments, as indicated
by infectious viral titers and viral RNA levels in the lungs of infected mice. Furthermore,
the antiviral activity correlated with increased survival, reduced body weight loss,
reduced pulmonary lesions and suppression of inflammatory cytokine/chemokine levels.
Importantly, the observed in vivo effects of ensitrelvir occurred in a delayed-treatment
model system. Ensitrelvir shows high selectivity against the 3CL protease’! and the body
weight changes of infected mice were similar to that of non-infected mice administered
32 mg/kg ensitrelvir. Accordingly, no ensitrelvir-associated toxicity was observed in the
mice of this study.

Ensitrelvir is an inhibitor of the SARS-CoV-2 3CL protease, which is essential
for processing of the SARS-CoV-2-encoded polyprotein, as well as viral replication®”.
The 3CL proteases of SARS-CoV-2 and other coronaviruses, such as feline infectious
peritonitis virus and porcine deltacoronavirus, are known to antagonize innate immune
function, including the inhibition of type I IFN signaling and participation in the
transforming growth factor-B (TGF-P) signaling pathway®*®?. Furthermore, the 3CL
protease-mediated cleavage of NLR family pyrin domain containing 12 (NLRP12) may
explain the hyperinflammatory response observed in patients with severe COVID-19%3 64,
Elevated IL-6 levels have also been correlated with increased mortality in patients with
COVID-19%. Thus, the findings in the current study of ensitrelvir repressing IL-6
expression may suggest its potential for reducing mortality in patients with COVID-19.
The 3CL protease is an ideal antiviral target for SARS-CoV-2, its variants and potential
future viruses as it is conserved among coronaviruses. Moreover, it plays a critical role in
viral replication, yet there are no known human host-cell proteases with the same
substrate specificity®’.

According to a previous report, patients with COVID-19 have significantly
elevated levels of inflammatory markers, such as IL-1p and IFNy%®. In addition, the
concentration of MCP-1 and TNF-a in patients with severe illness are higher than those
in patients with mild COVID-19%, suggesting that cytokine storms contribute to disease
severity. Moreover, elevated levels of these inflammatory markers were also observed in
mouse lungs using my infection model, but their expression was suppressed by ensitrelvir
treatment. The positive correlation between inflammatory markers and viral titers
suggests that ensitrelvir, through its antiviral effect, is able to suppress the production of

components of the cytokine storm caused by SARS-CoV-2 infection, thus imparting a
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protective effect on lung structure.

Small-animal models that recapitulate SARS-CoV-2 infection and disease are
critical for studying COVID-19 and for evaluating potential vaccines and therapeutics.
The use of mice and mouse-adapted virus strains as model systems has been previously
documented®®>’. My current findings also demonstrate the utility of the model for SARS-
CoV-2 replication, infection, and pathogenesis studies, thus making it a powerful resource
for evaluating the efficacy of antivirals against SARS-CoV-2 and in preventing COVID-
19 progression. Nirmatrelvir, another 3CL protease inhibitor, shows antiviral activity in a
mice model when treatment is started 4 hpi**. In the current study, ensitrelvir also showed
antiviral activity in a delayed-treatment mouse model. This suggests that 3CL protease
inhibitors are effective against SARS-CoV-2 in mice, even after the initiation of infection.
These two compounds will be directly compared in future studies.

The current study did have certain limitations. For instance, differences do exist
between humans and mice. Importantly, ensitrelvir exhibits lower clearance and longer
half-lives in non-rodents compared with that in rodents’!. Accordingly, I performed twice-
daily administration of ensitrelvir to the mice, while once-daily administration in clinical
treatment. Furthermore, while evaluation of ensitrelvir included both a SARS-CoV-2
gamma and a mouse-adapted strain, no direct evidence was provided regarding its
efficacy against other SARS-CoV-2 variants. However, conservation of 3CL proteases
and their importance in the virus life cycle suggest that the in vivo efficacy of ensitrelvir
is likely against a broad range of SARS-CoV-2 strains, as well as potentially against other

coronaviruses. This hypothesis remains to be comprehensively investigated.
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Summary

SARS-CoV-2 is the etiological agent of COVID-19 and a devastating worldwide
health concern. Development of safe and effective treatments is not only important for
interventions during the current pandemic, but also for providing general treatment
options moving forward. Ensitrelvir have been developed as an antiviral compound that
targets the 3CL protease of SARS-CoV-2.

In this study, a delayed-treatment mouse model was used to clarify the potential
in vivo efficacy of ensitrelvir at the late stage of drug discovery. Female BALB/cAlcl
mice of different ages were infected with the SARS-CoV-2 gamma strain (hCoV-
19/Japan/TY7-501/2021) or mouse-adapted SARS-CoV-2 MA-P10 and then 24 hpi orally
administered various doses of ensitrelvir or vehicle. Based on infectious viral titers and
viral RNA levels in the lungs of infected mice, ensitrelvir reduced viral loads in a dose-
dependent manner. The antiviral efficacy correlated with increased survival, reduced
body weight loss, reduced pulmonary lesions, and suppression of inflammatory
cytokine/chemokine levels.

This study is the first evaluation of the in vivo anti-SARS-CoV-2 efficacy of
ensitrelvir in a delayed-treatment mouse model. In this model, ensitrelvir demonstrated
high antiviral potential and suppressed lung inflammation and lethality caused by SARS-
CoV-2 infection. The findings support the continued clinical development of ensitrelvir

as an antiviral agent to treat patients with COVID-19.
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Conclusion

This study provided a new insight that will contribute to the discovery of novel
antiviral drug candidates through the research of early drug discovery against DENV and
late drug discovery against SARS-CoV-2.

In Chapter I, at the early stage of drug discovery, cell-based assay using DENV2
infected BHK-21 cells was constructed and screened 7,000 compounds for finding seeds
of antiviral drug candidate. Compound-B, classified as an HCV RdRp inhibitor, possesses
a benzimidazole skeleton with antiviral activity against DENVI1, 2, 3, and 4 at the
micromolar level. Two novel compounds having quinolone skeleton, termed Compound-
X and Compound-Y, had anti-DENV2 activity at micromolar levels. Furthermore, their
targets were identified through the isolation of resistant viruses and analysis using
infectious clones with amino acid substitutions. It is presumed that the target of
Compound-B is NS4A C87 and that of Compound-X and Compound-Y is NS5 MTase
domain V130. The target amino acid sites of these compounds have not been previously
reported, therefore it is expected to create antiviral drugs with novel mechanisms of action.
It is expected that the information of this research will lead to the development of novel
antiviral drugs by improving the antiviral activity and the kinetics to create a compound
that exhibits in vivo efficacy. In the future, I will optimize the structure of the seeds of
antiviral drug candidate, create an in vivo infection model using the knowledge and
technology obtained from the mouse infection model conducted in Chapter II, and select
antiviral drug candidates that shows in vivo efficacy.

In Chapter I, in vivo evaluation against SARS-CoV-2 was performed at the late
stage of drug discovery, demonstrated therapeutic efficacy in delayed in vivo
administration of the COVID-19 therapeutic candidate compound ensitrelvir. In a mouse
infection model using SARS-CoV-2 gamma strain, I first evaluated the effect of
ensitrelvir on reducing viral titer in lung and suppression of body weight. Furthermore,
using mouse-adapted MA-P10 strain that show high pathogenicity to mice, the
suppression of lethality, lung disease, and cytokine/chemokine production by the
ensitrelvir treatment were observed, in addition to the effect of reducing virus titer in lung
and suppression of body weight loss, showed potential to improve clinical symptoms.
These results demonstrated its potential as an antiviral agent to treat COVID-19 patients
and support continued clinical development. Furthermore, ensitrelvir received emergency
approval as a therapeutic drug for the novel SARS-CoV-2 infection in Japan on November
22, 2022, and demonstrated clinical efficacy. The results of this study are expected to
have contributed significantly to the development of a therapeutic drug for COVID-19.
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In the future, I will confirm effect of ensitrelvir about prevention of infection and
suppression of transmission in vivo, which will lead to verification of the efficacy of
ensitrelvir in preventing and suppressing transmission of COVID-19 in clinical settings.

Treatment methods for various viral infections, not only DENV and SARS-CoV-
2, are limited, and the results of this research are expected to contribute to the

development of new antiviral drugs for other virus infection.
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Summary in Japanese (FI3CE &)

TAVE THiA 720 A VA JERGLE S SR TR RTT LT D R EE L
EMHIT 572000 7 FUBBLEMINTWDD, JEPEEDO L hr—/L|Z
ITIEREOHB O MATH D, 77 U A /LA (DENV) [ZEVHER K OVl 2T sk
2B DI BIRANIEYIED | D Th DT v T OT v 7 IO JFIK &7 A
VA TEH %D, DENV BEYYEIZT 2507 A WV AFKITFEL TR, £/, B
E R MR S EERE =2 1 7 A LA 2 (SARS-CoV-2) &, Hiflo o7 A L 2K
YUiE (COVID-19) OJFJFARTH 0 | 2019 45 11 HIZH[E TR S LT AR, R
W72 AT DN E BEAE S O AR AEICB W CIEF ICRA 2B L 7> T 5, B
SARS-CoV2 fER 2B T HIREEKIIFEL TWDH DD, N A+45dH D5 ik
e, UM AER 7 EIIRERH Y FiHty A LV AEOBRE N EEINL TN
5o

MUANAIKTEZ DT v AR THRB IS, AIZEYIMIBME CIX, invitro
IZBWT, A NABRE T HEERTEESC Y A VAR BT 5 7 A LA
B ERRIEE LT v AR EE AT ALEWMA 7 U —= 2 T EIT,
FLOANARKEHOL— R EBD Z EBMNETHDH, ZO—XF, ALEMDOE
RERZE 2848 | TR S 2 i b L. in vitro ICBIT 232 md s & L bia, %
W22 ENE, B ORI M7 & O3EpEhRE B JE L THL Y A L A EEH & 72 5 AIlSE
BINEEPE CIX, in vitro (BT DEHO I/ BT, w07 RAFEGE T )VED in vivo
IZBIT I Z R TIEDOF D, BIKR CIREDREZ T etz a7 54
AV ASRER DRI LD,

AMF5EIE DENV KON SARS-CoV-2 x5 & LT, iy A /v AIEDEAFIC
HETHHMAEESTHZ L EHIE LT, 612 TliX DENV Z%t5% L L7-Al
AW CH AT AN AEFEM DL — XOEHREEMm LT, -, & 1 &=
TlX SARS-CoV-2 %[5 & L C, COVID-19 {RIE#E M D= 3 h LILEILIZD
W, BIBERBRHIBIRE Ch D~ U REYE 7 L & VN2 in vivo T O3EENEEMN 2 5
it L7,

1 ETIE, BEEMERLERE AWM A7 UV —= 7 X 0 H b
DENV (L& E R L, BICZDOERA =X L2 OMNI Lz, LA A7 Y
—= 7 J51k L LT, DENV2 % (DENV2) O#EIZ LY ML a5 & 23
LA L —Hk O BHK-21 a2 7,000 [HO/bE¥ 2 EH S E T, #LEMIT X
% AR ZE O M A E 3 5 kR W o, FORES, BT DENV2 IGMEZ ROkl
fb&mE LT, XA IFY —VERERT2{LEM B KON, ¥/ 1 7k
AT HIEMXERNILEM Y 21 L=, {LEW B, {La®W X, (LEW Y
I% DENV2 (Zxt L CHEAOFEDIEE TH D 50%hEIE (ECso) 25 1.32,
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3.88, 9.19 uM OHLT A NV AIEMEE R L2, RIZ, AMLEWORERERAL % FlE 3
HZLEHEME LT, ALAWAEE F T DENV2 2/ L, {L&WmE Y A Vv 25y
MR T e ZA UANAT ) DB PTDOT X ) BBERE PG S, 380
SN ER LALEMDIERMOBRREHR T D70, UN—ATV = XT 47 A
EERWT, T VBERT ANV E/ER L ALt 2 st D2 b & 7
ili L7453 . DENV2 O X o /X7 T D IEEE & > /3 7 H 4A (NS4A) D C87S
DEBRPMEAEY B IR MR TICHFELET 22 RN oTc, Fi2
LA X IAEEMY I NSSDAF IV F T AT =T —F RAA D VI30A
DEBPNLZAD T DI TICHET L2 2N L,

51 B, AbiEE KT & R REK o L EMFEIC VT, SARS-CoV-2 D
3CHET BT T —RBEIER L LTALEMA Y ) —=o TGN b &M oKk
ErfmiltdsZickvBobnizo v Ll Zxg s LT, SARS-
CoV-2 @ invivo J&YLE 7 V% VTN 25 L 7o, AMEAIE, 56 1 & Tilal
LTAL AR B OIE I L Vi A VATEEN RH S, 2 ETITA R
7 v R EE LA 72 SARS-CoV-2 2 BAERITKE U T in vitro TOHENENR RS
TW5b, iz, L EME, BOWIER EOEYEET 0 7 7 A VMENTE
D, ¥ AEGET B TRREERICREG T2 2 L1280 HEIKFRNZ2RET
DA VAR NED STV, L L, BERBUE TIE. HLw A L R 3R 5 3%
QL% CldZe < | B b — ERFRZICER 5D S b5, £ 2 TRIFFE T
SARS-CoV-2 DR\ L —ERRIZIC = & b LV EAE 5 2 BMh Lf:l%—*f
D in vivo TOIZNZ TN L7=, BAKAIIZIE SARS-CoV-2 > ~kE~ 7 A |Z
%%ﬁﬁzmﬁﬁfzyvkthwﬁﬁéﬁ%b\%W?%wxi®@&&0
RERDIHI R 25 U7z, B2, =~ 7 202xf U CRiE R ME % 7~ 9 SARS-CoV-
2 <~ AR (MA-P10) 2 W T, = FLVELEEIZ LD . MA-P10 £
Y Lo TA T B, BB, (RERECD . I ORIES O FIZ k3 2 288 % 3 L
Too TOREFR, =¥ N UV EIVTEGR~ 7 ADRIN T A VATl 7 A LA
RNA &40, HEKAISED S, KRR AFEROUEE, KEBD O
ﬁ\Mﬁ£®ﬁ9\&U*fﬁ#%Fﬁ4VW%w4V@%$mﬂkﬁ%Lf
WH ZEEBOMNT LT,

PLEX Y| %1% Tid DENV2 EYsHla O Efr R 2 et & Lk am A 7
U —=2 712X VPl DENV {EMHEEZH T 2 FHLE Y R OF ORI Z [FE L,
BEOFHRA D= AL HT I IA N AEEH O — X5 R LT, AR
tH 47291 DENV &2 69 28 BL &M O Y A VW ATEEILZ uM L~ Th
0, BT ANVAIEROR EBMEEEZ 5NN, 5%, Yt
D& A el b L, 565 11 3= CEM Lz~ 7 At 7 L THE L6k - Bl
215 LT in vivo JEYRET WV EREE L, in vivo TOIENERTH T A /L A
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BT 2 Z LN sn s,

%11 FEClE COVID-19 RSB & L TRRB SN v MLV ELERR
& LT, SARS-CoV-2 J&Hk 24 HEEI 006 D GZH T 5 in vivo TOHLT A LA
TEMEL OYERSCE N R A MR LTc, AR TR ORI, = FLb
EAREBERICBWTHH T A NV AEREZR L, 23D COVID-19 SERZSET 5
BN R RET D 2 L&, COVID-19 1B & U CHREBIZE D AT —
IicETe Z E AR o7, I MLV ELIZ 2022411 H22 H, H
AIZFEBWT COVID-19 ([fRDIRIFI L L CBREKREE LN TEB Y . AiFZERK
RIL COVID-19 i DAIRIZ K< HEBR Lz L Bbind, 4%, FEREIRD in
vivo JEYLE TV TRYLTRIZNE, [cREIGIREOIR LR T 22 LI2k D,
ERRBIGIZIIT D COVID-19 OFB;, afEimdlRicd+s= v e
DEIEOBFECR T 5 Z L2 HiET,

AWFFETAR LIZPL T A b ARG O 32— RYRRTFERC in vivo (BT 2 HNFT
MG EEMO T A NVAIZIEHT D2 E T, AR TANVAIZKT DT A LA
OB L HWIRFS D,
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