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Objectives: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has become established in the hu-
man population, making the need to develop safe and effective treatments critical. We have developed the
small-molecule antiviral ensitrelvir, which targets the 3C-like (3CL) protease of SARS-CoV-2. This study evaluated
the in vitro and in vivo efficacy of ensitrelvir compared with that of another SARS-CoV-2 3CL PI, nirmatrelvir.

Methods: Cultured cells, BALB/cAJcl mice and Syrian hamsters were infected with various SARS-CoV-2 strains,
including the ancestral strain WK-521, mouse-adapted SARS-CoV-2 (MA-P10) strain, Delta strain and
Omicron strain. Ensitrelvir efficacy was compared with that of nirmatrelvir. Effective concentrations were deter-
mined in vitro based on virus-induced cytopathic effects, viral titres and RNA levels. Lung viral titres, nasal tur-
binate titres, body-weight changes, and animal survival were also monitored.

Results: Ensitrelvir and nirmatrelvir showed comparable antiviral activity in multiple cell lines. Both ensitrelvir
and nirmatrelvir reduced virus levels in the lungs of mice and the nasal turbinates and lungs of hamsters.
However, ensitrelvir demonstrated comparable or better in vivo efficacy than that of nirmatrelvir when present
at similar or slightly lower unbound-drug plasma concentrations.

Conclusions: Direct in vitro and in vivo efficacy comparisons of 3CL PIs revealed that ensitrelvir demonstrated
comparable in vitro efficacy to that of nirmatrelvir in cell culture and exhibited equal to or greater in vivo efficacy
in terms of unbound-drug plasma concentration in both animal models evaluated. The results suggest that en-

sitrelvir may become an important resource for treating individuals infected with SARS-CoV-2.

Introduction

Coronavirus disease 2019 (COVID-19) has become a health chal-
lenge worldwide, resulting from the emergence of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). The establish-
ment of SARS-CoV-2 in the human population makes the need for
the development of safe and effective treatments to prevent or
limit COVID-19 critical. It is reasonable to assume that a combin-
ation of vaccination and oral antiviral medications will provide
the most beneficial approach for managing SARS-CoV-2 infection
and COVID-19.

SARS-CoV-2, a member of the family Coronaviridae, has a vir-
ion particle that contains four structural proteins, including the
spike (S) protein.! The S protein forms a trimeric structure that
is anchored to the viral membrane and directly contacts the cel-
lular receptor angiotensin-converting enzyme 2 (ACE2) on the
host cell via its receptor-binding domain.? The biological proper-
ties of S protein make it the primary target for vaccine develop-
ment against COVID-19. However, since the beginning of the
COVID-19 pandemic, multiple virus variants have emerged, in-
cluding five variants of concern: Alpha, Beta, Gamma, Delta and
Omicron variants. The variants have characteristic mutations
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that especially accumulate in the S protein.” This variation and
the risk of vaccines losing their efficacy as the viruses evolve in-
crease the need for other treatment options for individuals who
may become infected with SARS-CoV-2.

There are several antivirals targeting SARS-CoV-2 that have
been approved or are under development. These can be categor-
ized as monoclonal antibodies (mAbs) or small molecules that
aim to interfere with virus replication. Currently, mAbs require
administration in a hospital setting, and because they target
the S protein, they may lose their clinical efficacy, as observed
with the Omicron variants.*> Unlike vaccines and mAbs, oral anti-
virals are direct-acting and less susceptible to viral mutations and
changes in the S protein. Oral therapeutic agents approved for
use, or showing potential, target the viral RNA-dependent RNA
polymerase (RdRp) or 3C-like (3CL) protease. Clinically developed
agents include molnupiravir, targeting RdRp, and nirmatrelvir,
targeting 3CL protease.®® Molnupiravir is the prodrug form of
the antiviral nucleotide analogue, p-b-N“-hydroxycytidine (NHC).
Another RdRp-targeting drug is remdesivir, a nucleotide ana-
logue prodrug that was originally developed to treat individuals
with Ebola virus infections.

The SARS-CoV-2 3CL protease is an essential viral protein in-
volved in the processing of the SARS-CoV-2-encoded polyprotein
and viral replication.’ Importantly, 3CL protease is conserved
among coronaviruses, but no human host-cell proteases with
the same substrate specificity have been identified.” The charac-
teristics and biological importance of 3CL protease makes it an
ideal antiviral target in SARS-CoV-2.

We have developed the antiviral compound ensitrelvir fumaric
acid (5-217622 fumaric acid, hereinafter ensitrelvir), which, like
nirmatrelvir, targets the 3CL protease of SARS-CoV-2. Ensitrelvir
exhibits anti-SARS-CoV-2 activity in non-clinical settings using
cultured cells and mouse infection models,'® and significantly re-
duced viral titres in nasal lavage fluid in Phase 2a and Phase 2b
studies.!™!?

The current study evaluated the in vitro and in vivo efficacy of
ensitrelvir compared with that of nirmatrelvir. The efficacies were
evaluated in vitro using various cell lines and different
SARS-CoV-2 variants and in vivo using mouse and hamster model
systems.

Materials and methods

Ethics

The study design and execution were compliant 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). All animal protocols were ap-
proved by the Director of Shionogi Pharmaceutical Research Centre
Institute (Shionogi & Co., Ltd., Toyonaka, Japan) based on the review by
the Institutional Animal Care and Use Committee (Approval Nos.
$21068D-0015, S21199D-0007 and S20121D-0113). The institutional
animal facilities were Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) International accredited.

Cell lines and SARS-CoV-2 variants

Transmembrane serine protease 2 (TMPRSS-2)-expressing VeroE6 (VeroE6/
TMPRSS2) cells'® were obtained from the Japanese Collection of Research
Bioresources (JCRB) Cell Bank (Osaka, Japan). HEK293T/ACE2-TMPRSS2 cells

were obtained from GeneCopoeia (Rockville, MD, USA). The VeroE6/TMPRSS2
and HEK293T/ACE2-TMPRSS2 cells were maintained in culture medium of
DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% heat-inactivated FBS (Sigma-Aldrich Co. Ltd., St. Louis, MO, USA) and
1% penicillin-streptomycin (Thermo Fisher Scientific). Human nasal cavity
MucilAir™ cells and MudilAir™ medium were purchased from Epithelix
(Plan-les-Ouates, Switzerland). The National Institute of Infectious
Diseases (NIID) of Japan provided the hCoV-19/Japan/TY/WK-521 strain
(WK-521, Pango Lineage A), which was originally isolated from a traveller re-
turning from Wuhan at the end of January 2020.1* The mouse-adapted
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 SARS-CoV-2 strains hCoV-19/Japan/
TY11-927/2021 (Delta, Pango Lineage B.1.617.2), hCoV-19/Japan/
TY38-873/2021 (Omicron, Pango Lineage BA.1) and hCoV-19/Japan/
TY40-385/2022 (Omicron, Pango Lineage BA.2) were provided by NIID,
Japan. All the SARS-CoV-2 viruses were propagated on VeroE6/TMPRSS2
cells. Virus stocks were prepared and titred using TCIDsp assays with
VeroE6/TMPRSS2 cells.

Anti-SARS-CoV-2 test compounds

Ensitrelvir (Shionogi & Co. Ltd., Osaka, Japan) was synthesized as previ-
ously described.* Nirmatrelvir was also synthesized at Shionogi & Co.,
Ltd. Remdesivir and NHC, the active ingredients of the prodrug molnupir-
avir, were obtained from MedChemExpress (Monmouth Junction, NJ,
USA). The permeability glycoprotein (P-gp) inhibitor CP-100356 was pur-
chased from Sigma-Aldrich Co. Ltd.

Virus replication inhibition assay using cell lines

Ensitrelvir, nirmatrelvir, remdesivir and NHC were diluted with DMSO
(Nacalai Tesque, Kyoto City, Japan). Antiviral activity of the agents against
SARS-CoV-2 was assessed in the VeroE6/TMPRSS2 cells by monitoring viral
RNA levels in the infected cells using quantitative RT-PCR (qRT-PCR) as-
says. The VeroE6/TMPRSS2 cells were suspended in culture medium con-
sisting of DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin, seeded into 96-well plates (1.5x10“ cells/well)
and incubated at 37°C with 5% CO, overnight. The next day, the cells
were infected with hCoV-19/Japan/TY/WK-521 strain at 100 TCIDso/well
in viral assay medium of MEM (Thermo Fisher Scientific), containing 2%
FBS and 1% penicillin-streptomycin and incubated at 37°C with 5% CO,
for 1 h. Post-adsorption, the inoculum was removed and viral assay me-
dium containing the diluted compounds was added. The infected cells
were incubated at 37°C with 5% CO, for 1 day, followed by extraction
of the viral RNA from the cell lysate using TRIzol LS (Thermo Fisher
Scientific) and a Direct-zol-96 RNA Kit (Zymo Research, Irvine, CA, USA).
The viral RNA was quantified by real-time PCR using an Applied
Biosystems QuantStudio 5 system (Thermo Fisher Scientific) with
SARS-CoV-2-specific primers and probes.*°

Antiviral activity against SARS-CoV-2 in HEK293T/ACE2-TMPRSS2 cells
was assessed by monitoring cell viability based on induced cytopathic ef-
fects (CPEs). The HEK293T/ACE2-TMPRSS2 cells were suspended in the vir-
al assay medium and seeded with the diluted compounds into 96-well
plates (1.5x10% cells/well). The cells were then infected with hCoV-19/
Japan/TY/WK-521 strain at 3000 TCIDsp/well and cultured for 3 days at
37°Cwith 5% CO,. Cell viability was assessed using a CellTiter-Glo 2.0 as-
say (Promega, Madison, WI, USA). The luminescent signal (Relative Light
Unit) was measured using an EnSpire multiplate reader (PerkinElmer
Japan Co., Ltd.), and the percent inhibition of CPE induced by
SARS-CoV-2 was calculated. Cell-control wells were not infected nor trea-
ted with any test or reference substance. Virus-control wells were in-
fected with virus but not treated with a test or reference substance.
The concentrations of substances achieving 50% inhibition (ECso) or
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Table 1. In vitro efficacy of ensitrelvir in cell lines compared with that of nirmatrelvir, remdesivir and NHC

Cells SARS-CoV-2 Assay Ensitrelvir Nirmatrelvir Remdesivir NHC
VeroE6/TMPRSS2 WK-521 gRT-PCR 91.1+26.4 1320+150 906 + 243 606+128
ECq0 (nmol/L)
VeroE6/TMPRSS2 +P-gp inhibitor WK-521 gRT-PCR 33327 21.5+4.0 17.5+3.2 1450+130
ECq0 (nmol/L)
HEK293T/ACE2-TMPRSS2 WK-521 CPE 27+2 41+13 122 4000+3500
ECso (nmol/L)
Results are presented as mean+SD calculated from three independent experiments.
+P-gp inhibitor, 0.75 pmol/L CP-100356.
Table 2. In vitro efficacy of ensitrelvir in human airway epithelial cells compared with that of nirmatrelvir, remdesivir and NHC
Cells SARS-CoV-2 Assay Day (p.i.) Ensitrelvir Nirmatrelvir Remdesivir NHC
MucilAir (nasal) Delta Viral titre 2 51.4+18.2 329429 35.9+9.7 3830+890
ECq0 (nmol/L) 3 117+26 46.8+10.2 359+14.0 6720+3910
MucilAir (nasal) Omicron(BA.1) Viral titre 1 66.0+£12.5 37.6+17.2 8.97+6.64 2350+890
ECqo (nmol/L) 2 160+57 69.2+14.1 21.1+9.0 3660+920

Results are presented as mean +SD calculated from three independent experiments.

90% inhibition (ECgp) against SARS-CoV-2 replication were calculated
using software XLfit 5.3.1.3 (fit model: 205). The mean and SD values
were calculated based on three independent experiments.

Virus replication inhibition assay using human airway
epithelial cells

Human nasal epithelial cells (MucilAir™; Epithelix Sarl, Switzerland) were
seeded at approximately 5.0x10° cells/well into a 24-well Transwell
plate and then infected with the SARS-CoV-2 Delta strain (hCoV-19/
Japan/TY11-927/2021) or SARS-CoV-2 Omicron BA.1 strain (hCoV-19/
Japan/TY38-873/2021) at approximately 5000 TCIDsp/well. The cells
were incubated at 37°C in a 5% CO, incubator for 2 h. After incubation,
the cells were washed with MucilAir™ culture medium to remove un-
absorbed viruses and transferred to a 24-well Transwell plate containing
serially diluted compound solutions prepared in 700 plL of MucilAir™ cul-
ture medium. The infected cells were incubated at 37°C in 5% CO,. The
cell culture fluids were collected at 2 and 3 days post infection (p.i.) for
the Delta strain and 1 and 2 days p.i. for the Omicron strain. The collected
samples were stored at —80°C until use. The samples were subjected to
viral titration using VeroE6/TMPRSS2 cells.’® The concentrations achieving
ECg0 against SARS-CoV-2 replication were calculated using the two-point
method. The mean and SD values were calculated based on three inde-
pendent experiments.

Animals and in vivo models

Female BALB/cAJcl mice were purchased from CLEA Japan, Inc. (Tokyo,
Japan). Male Syrian hamsters were purchased from Japan SLC, Inc.
(Shizuoka, Japan). All the mice and hamsters were maintained in an en-
vironment controlled at 20°C-26°C, 30%-70% relative humidity, and a
12 hlight/dark cycle. The mice were housed 4-5/cage, and the hamsters
were housed 2/cage. The animals received a standard chow diet of CE-2
(CLEA Japan, Inc.) and were provided water ad libitum.

The mice (20-22 weeks of age) were intranasally infected as previous-
ly described with 3.0x 103 TCIDso of the MA-P10 strain.'%'> The mice
were then orally treated twice a day for 5days starting 1day p.i.

Dosing included 16 or 32 mg/kg ensitrelvir in 0.5% methylcellulose
(MC), 300 or 1000 mg/kg nirmatrelvir in 0.5% MC with 2% Tween 80,°
or vehicle (0.5% MC). The pharmacokinetic (PK) analysis of nirmatrelvir
in mice is described in the Supplementary Methods (available as
Supplementary data at JAC Online), and the findings are shown in
Figure S1. The PK data for ensitrelvir in mice were previously reported.'*
Mice were monitored daily for weight and survival through 14 days p.i.
(n=5/group). Mice were euthanized on Days 2, 3 and 4 p.i., and their lungs
dissected and homogenized as previously described (n=4-5/group).'°

The hamsters (7-9 weeks of age) were intranasally infected as previ-
ously described with 1.0x10* TCIDso of SARS-CoV-2 Omicron BA.2.16718
The hamsters were then treated twice a day at an 8/16 h interval for
5 days starting 1 day p.i. Dosing included oral ensitrelvir (12.5 or 50 mg/
kg) in 0.5% MC, oral vehicle (0.5% MC), subcutaneous nirmatrelvir [250
or 750/250 mg/kg (initial dose 750 mg/kg; subsequent doses 250 mg/
kg)1in 0.5% MC, or subcutaneous vehicle (0.5% MC). The PK analysis of nir-
matrelvir in hamsters is described in the Supplementary Methods, and
the findings are shown in Figure S1. The PK data of ensitrelvir in hamsters
were previously reported.'®1° As we found the bioavailability of the crys-
talline form of nirmatrelvir to be low following oral administration, it was
administered subcutaneously in the current study in order to produce
long-lasting drug exposure. The hamsters were monitored daily for
weight and survival through 14 days p.i. (n=3-4/group). Hamsters were
euthanized at 2 and 4 days p.i., their lungs and nasal turbinates were dis-
sected, and lung homogenates and nasal turbinate homogenates pre-
pared (n=6-8/group).® Viral titres of lung and nasal turbinate
homogenates were determined using TCIDsq assays with VeroE6/
TMPRSS?2 cells as previously described.*®

Evaluation of ensitrelvir and nirmatrelvir protein binding
in vitro

Blood was collected from female BALB/cAJcl mice and male Syrian ham-
sters (5-6 weeks, non-fasted) and centrifuged to obtain the serum.
Pooled serum from female BALB/cAJcl mice (8 weeks, fasted) was pur-
chased from CLEA Japan, Inc. for the protein-binding study of ensitrelvir
in mice.
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Figure 1. Invivo efficacy of ensitrelvir compared with that of nirmatrelvir
in a mouse lethality model. Female BALB/cAJcl mice were nasally in-
fected with the mouse-adapted SARS-CoV-2 (MA-P10) strain and then or-
ally administered various doses of ensitrelvir (ETV), nirmatrelvir (NTV) or
vehicle (0.5% MC solution) every 12 h (twice daily) for 5 days. The first ad-
ministration was performed 1 day p.i. (a) Mouse survival was monitored
daily. n=5 mice/group. P values were calculated using log-rank test ver-
sus vehicle. *P<0.05 and **P<0.001. (b) Body-weight values are pre-
sented as a percentage of initial body weight through to Day 14 p.i. The
graph bars represent the mean +SD of 5 mice/group. (c) Lung viral titres
were determined using TCIDsqg assays on the days p.i. indicated. Each
point represents the mean+SD of n=4-5 mice. The dashed line repre-
sents the lower limit of quantification (LLOQ) of 1.80 log;o TCIDse/mL. P
values were calculated using Tukey’s test. *P<0.05 versus vehicle; **P<
0.01 versus vehicle; ***P<0.001 versus vehicle; tP<0.05 versus
1000 mg/kg NTV; t1P<0.01 versus 1000 mg/kg NTV; +11P<0.001 versus
1000 mg/kg NTV. This figure appears in colour in the online version of JAC
and in black and white in the print version of JAC.

Radiolabelled ensitrelvir, [*C]-ensitrelvir, was synthesized at Shionogi
& Co., Ltd. (Osaka, Japan). After preparation of the serum samples con-
taining 5 or 50 pg/mL [**C]-ensitrelvir (n=3 each), 0.8 mL of the samples
were transferred to a Centrifree Ultrafiltration device (Merck Millipore

Table 3. Protein binding rate of ensitrelvir and nirmatrelvir in mice and
hamsters

Protein binding rate (%)

Animal Ensitrelvir Nirmatrelvir
Mouse 97.6 33.1
Hamster 98.3 40.4

Corporation, Burlington, MA, USA) and then centrifuged at 37°C for
3 min. A portion of the serum samples (50 pL) and all the filtrate were
weighed in counting vials. The radioactivity levels were determined using
a TRI-CARB 3100TR liquid scintillation counter (PerkinElmer Co., Ltd.,
Waltham, MA, USA). The protein binding ratio was then calculated using
the following equation:

Binding Ratio (%) = (1 = Cfiwrate/Cserum scmpte) x 100

where Cigrate aNd Cserum sample represent the concentration of radioactiv-
ity in the filtrate and the concentration of radioactivity in the serum sam-
ples, respectively.

In the evaluation of nirmatrelvir, protein binding ratios were evaluated
using equilibrium dialysis assays. Serum samples containing 4 pM nirma-
trelvir (n=2) were loaded into an equilibrium dialysis device and dialysed
against PBS (pH 7.4). After incubation at 37°C for 24 h, the peak areas of
nirmatrelvir in the serum and PBS samples were determined by LCMS. The
protein binding ratio was calculated using the following equation:

Binding Ratio (%) = (1-Peak Aredpss somple/PaK Aredserym sample) X 100

where Peak Aredpgs sample aNd Peak Aredserum sample Fepresent the peak
area of ensitrelvir in the PBS samples and serum samples, respectively.

Plasma concentration analysis

To evaluate the plasma concentration of ensitrelvir and nirmatrelvir in the
mice and hamsters, blood samples were collected 24, 48 and 72 h after
the first dosing (n=4-8/group per timepoint) and centrifuged to obtain
the plasma. The plasma concentrations of ensitrelvir and nirmatrelvir
were determined by LC/MS/MS analysis using a SCIEX API5000 or Triple
Quad 6500+ system (Sciex, Framingham, MA, USA) after protein precipi-
tation with acetonitrile (MeCN).

Statistical analysis

Statistical analysis was performed using SAS Version 9.4 software (SAS
Institute, Cary, NC, USA). The significance level was set at P=0.05 for two-
sided tests. The uniformity of mean body weight was confirmed among
the different experimental groups at the time of group assignment using
one-way analysis of variance. Endpoint viral titres in the lungs and nasal
turbinates were determined using a logarithmic scale. Tukey’s method
was applied to assess the effects of ensitrelvir and nirmatrelvir on viral ti-
tres in the lungs and nasal turbinates. Survival time comparisons be-
tween each ensitrelvir-treated or nirmatrelvir-treated group and the
vehicle-treated group were analysed using a log-rank test. The proportion
of current body weight to initial body weight was imputed at 80% for all
timepoints post-death for mice that died during the experimental period.
The multiplicity of statistical tests for survival-time analyses were ad-
justed using the fixed-sequence procedure.
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Table 4. Plasma concentrations of ensitrelvir and nirmatrelvir in mice and hamsters

Plasma concentration

Mouse ETV 16 mg/kg ETV 32 mg/kg NTV 1000 mg/kg
t-Ca4n (Ng/mML) 4820+2500 20700+10400 1010+910
t-C4gn (Ng/mL) 22400+7500 37700+16200 2050+610
t-C72n (Ng/mL) 26100+12200 56300422700 2230+650
f-Ca4n (ng/mL) 116 +60 497 +250 676+609
f-Csgn (Ng/mL) 538+180 905+389 1370+410
f-C72n (ng/mL) 626+293 1350+ 540 1490+ 430

Hamster ETV 12.5 mg/kg ETV 50 mg/kg NTV 250 mg/kg NTV 750/250 mg/kg
t-Cosn (Ng/mL) 587+183 7770+ 4660 635+375 1370+190
t-Cugn (Ng/mL) 4490+1310 29300+5100 1290+60 1710470
t-C72n (ng/mL) 7530+3960 16700+ 4000 1920+ 600 1900+ 660
f-Casn (Ng/mL) 9.98+3.11 132479 3784224 817+113
f-C4gn (Ng/mML) 76.3+22.3 498 +87 769+36 1020+280
f-C72n (ng/mL) 128 +67 284+68 11404360 1130+390

ETV, ensitrelvir; NTV, nirmatrelvir; t-C, total concentration; f-C, unbound drug concentration; Cy«n, plasma concentration at xx h after the first admin-

istration of antiviral agent; f-Cyxh=t-Cyxn X (100%—protein binding rate).

Results

In vitro efficacy of ensitrelvir compared with that of
nirmatrelvir, remdesivir and NHC

The anti-SARS-CoV-2 efficacy of ensitrelvir was initially evaluated
against the SARS-CoV-2 ancestral strain (WK-521) in VeroE6/
TMPRSS2 cells with and without the P-gp inhibitor CP-100356
(0.75 pmol/L) and in HEK293T/ACE2-TMPRSS2 cells and com-
pared with that of nirmatrelvir, remdesivir and NHC (Table 1).
Nirmatrelvir efficacy is known to be affected by P-gp.'® Because
nirmatrelvir and remdesivir serve as major substrates for the
plasma membrane multidrug transporter P-gp, these antivirals
require a P-gp inhibitor, such as CP-100356, to inhibit the efflux
of the antivirals from Vero cells, which express high levels of
P-gp.%° Ensitrelvir and nirmatrelvir showed comparable antiviral
activity using VeroE6/TMPRSS2+ P-gp inhibitor and HEK293T/
ACE2-TMPRSS?2 cells. The antiviral activities of ensitrelvir, nirma-
trelvir and remdesivir improved 2.74-, 61.4- and 51.8-fold, re-
spectively, with the addition of the P-gp inhibitor, CP-100356,
as indicated by the decreased ECqyg values (Table 1).

In vitro efficacy of ensitrelvir against SARS-CoV-2 Delta
and Omicron BA.1 variants in MucilAir™ cells

The in vitro efficacy of ensitrelvir was evaluated against
SARS-CoV-2 Delta and Omicron BA.1 variants in human airway
epithelial (MucilAir™) cells and compared with that of nirmatrelvir,
remdesivir and NHC (Table 2). Ensitrelvir and nirmatrelvir showed
comparable antiviral activity in the human primary airway epithe-
lial cells infected with the SARS-CoV-2 variant strains (Table 2).

In vivo efficacy of ensitrelvir against mouse-adapted
SARS-CoV-2 strain infection in mice compared with that
of nirmatrelvir

The in vivo efficacy of ensitrelvir against the MA-P10 strain in in-
fected mice was compared with that of nirmatrelvir. Ensitrelvir

at 16 and 32 mg/kg, and nirmatrelvir at 1000 mg/kg resulted in
improved survival rates in the mice [Figure 1(a)]. However,
300 mg/kg nirmatrelvir failed to demonstrate any improvement
in the survival rates. Furthermore, treatment of MA-P10
strain-infected mice with 16 and 32 mg/kg ensitrelvir and
1000 mg/kg nirmatrelvir improved the body-weight loss induced
by SARS-CoV-2 infection [Figure 1(b)]. Ensitrelvir at 16 and 32 mg/
kg and nirmatrelvir at 1000 mg/kg also demonstrated antiviral
activity in the lungs of the mice at 4 days p.i. [Figure 1(c)]. The
antiviral activity at 32 mg/kg ensitrelvir was greater than that
of 1000 mg/kg nirmatrelvir, while 16 mg/kg ensitrelvir was equal
to or greater than that of 1000 mg/kg nirmatrelvir. Ensitrelvir had
higher protein binding rates in mice, at 97.6%, compared with
that of nirmatrelvir, at 30.1% (Table 3). The unbound concentra-
tion of 32 mg/kg ensitrelvir in the plasma of mice at 24, 48 and
72 h post-treatment was comparable to that of 1000 mg/kg nir-
matrelvir (Table 4).

In vivo efficacy of ensitrelvir against Omicron BA.2
infection in Syrian hamsters compared with that of
nirmatrelvir

The in vivo efficacy of ensitrelvir was compared with that of nir-
matrelvir in Syrian hamsters infected with the Omicron BA.2
strain. Ensitrelvir at 12.5 and 50 mg/kg, and nirmatrelvir at 250
and 750/250 mg/kg improved body-weight loss induced by
SARS-CoV-2 infection [Figure 2(a)]. At 2 days p.i., 50 mg/kg ensi-
trelvir, and 250 and 750/250 mg/kg nirmatrelvir demonstrated
antiviral activity in the lungs of hamsters, but 12.5 mg/kg ensi-
trelvir failed to show antiviral activity [Figure 2(b)]. Meanwhile,
all the compound dosing groups showed antiviral activity in ham-
ster lungs at 4 days p.i. In comparison, all compound dosing
groups showed antiviral activity in the nasal turbinates of the
hamsters at 2 and 4 days p.i. [Figure 2(b)]. In particular, at
4 days p.i., 12.5 and 50 mg/kg ensitrelvir showed greater antiviral
activity in the nasal turbinates compared with that of
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Figure 2. Invivo efficacy of ensitrelvir compared with that of nirmatrelvir
against Omicron BA.2 in a hamster infection model. Syrian hamsters were
intranasally infected with 1.0x10* TCIDso of SARS-CoV-2 Omicron BA.2.
The hamsters were treated twice a day at an 8 h/16 h interval for
5 days starting 1 day p.i. with various doses of oral ensitrelvir (ETV), sub-
cutaneous nirmatrelvir (NTV) or vehicle (0.5% MC solution). Hamsters
were monitored daily. (a) Body-weight values are presented as a percent-
age of initial body weight through to Day 14 p.i. The graph bars represent
the mean=+SD. n=4/infected group; n=3/non-infected group. (b)
Hamster lungs (lower airway) and nasal turbinates (upper airway) were
harvested and prepared 2 and 4 days p.i. Viral titres were determined
using TCIDso assays. Each point represents the mean+SD of n=6-8/
group. The dashed line represents the LLOQ of 1.80 logyo TCIDso/mL. P va-
lues were calculated using Tukey’s test. **P<0.01 versus vehicle; ***P<
0.001 versus vehicle; “#P<0.01 versus 12.5 mg/kg ETV; 5P <0.05 versus
250 mg/kg NTV; tP<0.05 versus 750/250 mg/kg NTV; +1P<0.01 versus
750/250 mg/kg NTV. This figure appears in colour in the online version
of JAC and in black and white in the print version of JAC.

nirmatrelvir. Ensitrelvir also had higher protein binding rates, at
98.3%, in hamsters compared with that of nirmatrelvir, at
40.4% (Table 3). The unbound concentration of 50 mg/kg ensi-
trelvir in the plasma of hamsters at 24, 48 and 72 h post-
treatment was lower than that of 250 and 750/250 mg/kg
nirmatrelvir.

Discussion

The need for safe and effective treatments for individuals in-
fected with SARS-CoV-2 is critical, given the global health concern
caused by COVID-19. Ensitrelvir is a newly developed antiviral
that targets the 3CL protease of SARS-CoV-2. Ensitrelvir and nir-
matrelvir had comparable in vitro antiviral activity in the cell lines
evaluated, with the antiviral efficacy of ensitrelvir in human air-
way epithelial cells being comparable to that of nirmatrelvir
and greater than that of NHC. Meanwhile, nirmatrelvir and re-
mdesivir were more susceptible to the effects of P-gp than that
of ensitrelvir. In vivo, ensitrelvir improved survivability of
SARS-CoV-2-infected mice and exhibited antiviral activity at 16
and 32 mg/kg, which was equal to or greater than that of
1000 mg/kg nirmatrelvir. Ensitrelvir and nirmatrelvir each im-
proved body-weight changes induced by SARS-CoV-2 infection
in both mice and hamsters, including the Omicron BA.2 strain.
Similar to nirmatrelvir, ensitrelvir exhibited antiviral activity in
the lungs and nasal turbinates of hamsters.

Ensitrelvir and nirmatrelvir both exhibited in vitro and in vivo
efficacy; however, when ensitrelvir and nirmatrelvir were at
equivalent or slightly lower plasma concentrations of unbound
drug, ensitrelvir showed better in vivo efficacy. Generally, antiviral
compounds in plasma that are free from protein binding are dis-
tributed to tissues?! and likely to exhibit antiviral effects. As the in
vitro efficacy for ensitrelvir and nirmatrelvir was comparable, it is
possible that drug efflux transporters, such as P-gp, affected
overall in vivo efficacy. Furthermore, in the hamster infection
model, 12.5 mg/kg ensitrelvir was less effective in lowering
lung viral titres than 750/250 mg/kg nirmatrelvir but showed
greater antiviral activity against virus present in the nasal turbi-
nates. Previous reports have also shown that ensitrelvir tends
to lower virus titres in nasal turbinates.'® Although the reason
why ensitrelvir is so effective in the nasal turbinates is unknown,
its ability to easily suppress virus excreted from the nose may
contribute clinically to the suppression of virus transmission.

The use of small-animal models that recapitulate SARS-CoV-2
infection is critical when it comes to investigating COVID-19 and
evaluating potential therapeutic agents. The employment of
mice and mouse-adapted SARS-CoV-2 strains as model systems
has been previously described,®*>?%?* as has the use of ham-
sters.’®2% Qur current findings further demonstrate the utility
of mice and hamsters as small-animal models for SARS-CoV-2
replication and infection studies, confirming them as an import-
ant resource for evaluating the efficacy of antivirals targeting
SARS-CoV-2.

This study involved the direct comparison of the in vitro and
in vivo efficacy of ensitrelvir under clinical development with that
of nirmatrelvir, which also targets SARS-CoV-2 3CL protease.
Identifying and developing safe and effective antiviral therapies
is essential to expanding the arsenal available for combatting
the worldwide health threat of COVID-19. Because epidemic
strains of SARS-CoV-2 mutate and change over time, it is often dif-
ficult to compare therapeutic drug candidates that are evaluated
in different clinical trials. Therefore, the comparison of non-clinical
therapeutic effects is important for considering the potential of
each clinical therapeutic effect.

The current findings indicate that ensitrelvir has the potential
to suppress virus replication and prevent clinical disease caused
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by SARS-CoV-2 at levels equal to or better than that of nirmatrel-
vir. This suggests that ensitrelvir may become an important re-
source for individuals who become infected with SARS-CoV-2.
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