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ABSTRACT

Introduction: Ensitrelvir, a novel oral inhibi-
tor of 3C-like protease of SARS-CoV-2, shows
efficacy and safety in participants with mild to
moderate COVID-19. Since urinary recovery of
ensitrelvir ranged from 12.9% to 21.8% across
dose groups given 20-1000 mg in a single-
ascending dose study, renal excretion contrib-
utes to the elimination of ensitrelvir. Therefore,
the effect of renal impairment on the pharma-
cokinetics and safety of ensitrelvir needed to be
evaluated.
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Methods: This study (NCT05363215) was a
phase 1, open-label, nonrandomized, parallel-
group study. The effect of renal function on the
pharmacokinetics of ensitrelvir was investigated.
Ensitrelvir was administered as a single dose of
375 mg to participants with normal renal func-
tion and those with mild, moderate, and severe
renal impairment. The participants with normal
renal function were matched to each participant
with moderate renal impairment with respect
to sex, age, and body mass index. The unbound
fractions in plasma after administration of ensi-
trelvir were also evaluated. For the safety assess-
ment, the nature, frequency, and severity of
treatment-emergent adverse events were evalu-
ated and recorded.

Results: The plasma concentrations of partici-
pants with renal impairment were higher than
those of participants with normal renal func-
tion. The ratios (90% confidence intervals) of
the area under the plasma concentration-time
curve from O to infinity (AUC_,¢ in partici-
pants with mild, moderate, and severe renal
impairment compared to normal renal function
were 1.4374 (1.1716-1.7636), 1.4885 (1.1883-
1.8646), and 1.6021 (1.2782-2.0080), respec-
tively. The plasma protein-unbound fraction
was similar regardless of the plasma ensitrelvir
concentration or renal function. Ensitrelvir was
well tolerated in participants with mild to severe
renal impairment and normal renal function.

A\ Adis


http://crossmark.crossref.org/dialog/?doi=10.1007/s40121-024-00946-x&domain=pdf
http://orcid.org/0000-0001-9569-716X
https://doi.org/10.1007/s40121-024-00946-x

598

Infect Dis Ther (2024) 13:597-607

Conclusion: Ensitrelvir was well tolerated by
participants with renal impairment. There was
no clinically meaningful increase on exposure
to ensitrelvir in participants with renal impair-
ment, indicating that no dose adjustment would
be required due to renal function.

Keywords: Ensitrelvir; Renal impairment
study; COVID-19

Why carry out this study?

On administration of ensitrelvir, a novel oral
inhibitor of 3C-like protease of SARS-CoV-2,
the urinary recovery ranged from 12.9% to
21.8% after a single dose of 20 to 1000 mg.

Impaired renal function may affect the phar-
macokinetics of drugs that are eliminated by
the kidney, thus requiring dose adjustment or
restriction.

What was learned from the study?

Ensitrelvir was well tolerated by participants
with renal impairment.

No dose adjustment should be required
because of renal function for ensitrelvir use
because its safety was confirmed within the
range of increased exposure.

INTRODUCTION

Ensitrelvir is an inhibitor of the novel 3C-like
protease of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which is essential
for viral replication [1]. Ensitrelvir showed anti-
viral activity against a broad spectrum of SARS-
CoV-2 variants including the omicron strain and
coronavirus families [1] in preclinical studies. In
a clinical study, ensitrelvir demonstrated favora-
ble antiviral efficacy, potential clinical benefit
and acceptable safety in the phase 2b part [2]

and phase 3 part [3] of a randomized phase 2/3
study following a two-dose regimen. In the mul-
tiple-dose administration, ensitrelvir at 375 mg
was given as the loading dose on Day 1 followed
by 125 mg as the maintenance dose on Days 2 to
5 (375/125 mg) or at 750 mg as the loading dose
on Day 1 followed by 250 mg as the mainte-
nance dose on Days 2 to 5 (750/250 mg). Under
the Emergency Regulatory Approval System, ens-
itrelvir was approved in Japan on November 22,
2022, for patients who are > 12 years old with
mild to moderate SARS-CoV-2 infection, regard-
less of risk factors or vaccination status, with a
dose regimen for the treatment of COVID-19 of
5-day oral administration of 375/125 mg [4].

The urinary recovery of ensitrelvir ranged
from 12.9% to 21.8% after single oral adminis-
tration of ensitrelvir at 20 to 1000 mg in the ini-
tial single-ascending dose study [5]. An in vitro
study suggested that ensitrelvir is not a substrate
for renal transporters, such as organic cation
transporter (OCT) 2, multidrug and toxin extru-
sion (MATE) 1 and MATE-2K [6]. Ensitrelvir can
be given to a wide range of patients including
those with renal impairment. However, impaired
renal function may affect the pharmacokinet-
ics of drugs which are eliminated by the kid-
ney, and some drugs require dose adjustment or
restriction of use [7-9]. Therefore, the purpose
of this study was to evaluate the effect of renal
impairment on the pharmacokinetics and safety
of ensitrelvir in participants with mild, moder-
ate, and severe renal impairment.

METHODS

Study Participants and Design

This study was designed in accordance with
the FDA draft guidance on pharmacokinetics
in participants with impaired renal function
[10]. The renal function was classified based on
the FDA draft guidance [10], and renal impair-
ment participants were assigned according
to their estimated glomerular filtration rate
(eGFR), which was calculated by modification
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of diet using the renal disease (MDRD) formula
[11] and the participant’s body surface area at
screening (day — 28 to day - 2 relative to day
1): normal renal function (control participants
eGFR>90 ml/min, n==8), mild impairment (eGFR
60-89 ml/min, n=8), moderate impairment
(eGFR 30-59 ml/min, n=8), and severe impair-
ment (eGFR<30 ml/min, n=8). Participants with
severe renal impairment were not included if
they required hemodialysis. Each of the eight
participants with normal renal function (control
participants) was matched to a participant with
moderate renal impairment with respect to sex,
age (x5 years), and BMI (£ 10%).

A Phase 1, open-label, nonrandomized, par-
allel-group study was conducted to access the
pharmacokinetics, safety, and tolerability of ens-
itrelvir in participants with mild, moderate, and
severe renal impairment and participants with
normal renal function. The participants received
a single oral administration of ensitrelvir 375 mg
(three 125-mg tablets). This clinical study was
conducted from July 2022 to May 2023.

Ethical Compliance

This study (NCT05363215) was conducted in
accordance with the study protocol approved
by the Declaration of Helsinki and Council for
International Organizations of Medical Sciences
International Ethical Guidelines, the Institu-
tional Review Board, the International Council
for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use Good Clin-
ical Practice Guidelines, and other regulations
and applicable laws. The Institutional Review
Board also approved the study. All participants
in this study signed a written informed consent
form before participation [12-14].

Bioanalytical Procedure

Plasma ensitrelvir concentrations were deter-
mined by liquid chromatography with tandem
mass spectrometry (LC/MS/MS). Acetonitrile
was used for the protein precipitation. API4000

(Sciex, Framingham, MA) was used for the LC/
MS/MS analysis. The determination method was
validated over a range of 200-200,000 ng/ml,
and the lower limit of quantification (LLOQ) of
the method was 200 ng/ml.

Blood and Urine Collection

Pharmacokinetic blood samples were collected
at 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 16, 24,
48, 72, 96, 120, 144, 192, 240, 288, and 336 h
postdose. Blood samples for protein binding
were collected at 3 and 24 h postdose. Phar-
macokinetic urine samples were collected at
0-24, 24-48, 48-72, 72-96, 96-120, 120-144,
144-168, 168-192, 192-216, 216-240,
240-264, 264-288, 288-312, and 312-336 h
postdose.

Pharmacokinetic Assessments

The mean and standard deviations (SD) for
plasma ensitrelvir concentrations were cal-
culated by group and sampling time. In this
study, the plasma ensitrelvir concentrations
below the LLOQ value (200 ng/ml) were treated
as zero for calculating the mean and SD for
plasma ensitrelvir concentrations. Non-com-
partmental analysis was used to calculate the
following pharmacokinetic parameters based
on the plasma ensitrelvir concentrations:
Chax time to maximum plasma concentration
(Thax), area under the plasma concentration-
time curve from time zero to the time of last
quantifiable concentration after dosing (AUC
o-1ast)r AUCq_inp, terminal elimination half-life
(t1/2,,), terminal elimination rate constant (A ),
and mean residence time (MRT). In addition,
the unbound fraction in plasma (f,) was also
assessed at 3 and 24 h following a single-dose
administration of ensitrelvir. The cumulative
amount of drug excreted unchanged in the
urine (4,), fraction of dose excreted unchanged
into urine (F,,), and renal clearance of ensitrel-
vir (CLy) were estimated for each participant or
patient with urinary excretion data. The phar-
macokinetic parameters were calculated using
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Phoenix WinNonlin version 8.3 (Certara L.P.,,
Princeton, NJ, USA).

Statistical Analyses

Analysis of variance (ANOVA) was conducted
using SAS version 9.4 (SAS Institute Inc., Cary,
NC, USA) using the Proc Mixed procedure,
which included terms for renal status as a
fixed effect for the In-transformed values of
the pharmacokinetic parameters. Point esti-
mates and 90% confidence intervals (Cls) were
calculated for the ratios of parameters for par-
ticipants with mild, moderate, and severe renal
impairment compared with participants with
normal renal function.

Safety

Safety was assessed including the analysis of
all treatment-emergent adverse events (TEAEs),
which were categorized according to the System
Organ Class and Preferred Term of MedDRA ver-
sion 25.0. The nature, frequency, and severity of
TEAEs were evaluated and recorded.

RESULTS

Study Participants and Baseline
Demographics

A total 34 participants were enrolled, and 32
participants completed this study. Two partici-
pants in the moderate renal impairment group
were withdrawn prior to treatment because the
target number of participants had already been
reached for this group. The demographic and
baseline characteristics of the 32 participants
who completed the study are summarized in
Table 1. Overall, the mean age (SD) at informed
consent was 64.2 (10.15) years. The majority of
participants were male (65.6%). The mean (SD)
BMI was 29.0 kg/m? (3.90). The differences in
demographics between the groups for moderate
renal impairment and normal renal function
were included in the defined criteria for the
demographically matched-control design [i.e.,
sex, age (x5 years), and BMI (x 10%)].

Pharmacokinetics

Mean (SD) plasma concentration profiles fol-
lowing a single-dose oral administration of ensi-
trelvir 375 mg are shown in Fig. 1. The plasma
concentrations for the participants with renal
impairment tended to be higher than those in
the participants with normal renal function.
A summary of the PK parameters is listed in
Table 2. AUC was higher in participants with
poorer renal function. The geometric mean CLy
values for normal, mild, moderate, and severe
participants were 0.0561, 0.0327, 0.0406, and
0.0325 1/h, respectively. The comparisons of PK
parameters between renal impairment groups
and the normal group are presented in Table 3.
As results of ANOVA, the geometric mean ratios
(corresponding 90% confidence intervals [Cls])
of C,.x for participants with mild, moder-
ate, and severe renal impairment compared to
healthy control participants with normal renal
function were 1.3239 (1.0409-1.6837), 1.3274
(1.0608-1.6611), and 1.1141 (0.8737-1.4206),
respectively, and those of AUC_;¢ for partici-
pants with mild, moderate, and severe renal
impairment compared to healthy control partic-
ipants with normal renal function were 1.4374
(1.1716-1.7636), 1.4885 (1.1883-1.8646), and
1.6021 (1.2782-2.0080), respectively.

The results of the unbound fraction (f,) are
listed in Table 4. The geometric means f, at 3 h
and 24 h following a single-dose administra-
tion of ensitrelvir in the normal and the mild,
moderate, and severe impairment groups were
0.0125-0.0172 and 0.0118-0.0165, respectively;
they were similar regardless of renal function.

Safety and Tolerability

All treated participants (32 participants, 94.1%
of the enrolled participants) were included
in the safety population. All treated partici-
pants received a single oral dose of ensitrel-
vir (375 mg). The overall summaries of TEAEs
and treatment-related AEs are shown in
Tables 5 and 6, respectively. In total, TEAEs
were reported for five participants (15.6%). Of
these, TEAEs were reported for three (37.5%)
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Table 1 Baseline demographics
Parameter [unit] Normal function (N=8) Mild Moderate Severe Total N=32
impairment impairment impairment
(V=8) (N=8) (V=8)
Age at IC [years]; mean (SD) 66.4 (7.60) 64.3 (12.24) 66.1(10.23) 59.9 (10.64)  64.2(10.15)
Sex; 7 (%)
Male 6(75.0) 3(37.5) 6(75.0) 6(75.0) 21 (65.6)
Female 2(25.0) 5(62.5) 2(25.0) 2(25.0) 11 (34.4)
Childbearing potential 0 0 0 1(12.5) 1(3.1)
Post-menopausal 1(12.5) 5(62.5) 1(12.5) 1(12.5) 8(25.0)
Surgically sterile 1(12.5) 0 1(12.5) 0 2(6.3)
Ethnicity; 7 (%)
Hispanic or Latino 4(50.0 5(62.5) 4(50.0) 5(62.5) 18 (56.3)
Not Hispanic or Latino 4(50.0) 3(37.5) 4(50.0) 3(37.5) 14 (43.8)
Race; 7 (%)
White 6(75.0) 7 (87.5) 7(87.5 7 (87.5) 27 (84.4)
Black or African American 2(25.0) 1(12.5) 1(12.5) 1(12.5) 5(15.6)
Asian 0 0 0 0 0
American Indian or Alaska 0 0 0 0 0
Native
Native Hawaiian or Other 0 0 0 0 0
Pacific Islander
Multiple Race 0 0 0 0 0
Height [cm], mean (SD) 168.75 (10.62) 164.58 (9.73) 167.35(5.22) 168.19 (12.97) 167.2
(9.67)
Weight [kg], mean (SD) 78.06 (14.27) 78.55(9.42) 77.88(14.44) 90.05(12.27) 81.1
(13.21)
BMI [kg/m”], mean (SD) 27.28 (3.40) 29.06 (3.29) 27.68 (4.20) 31.89 (3.55)  28.98(3.90)

BMIbody mass index, /C informed consent, SD standard deviation

participants with mild renal impairment and
two (25.0%) participants with moderate renal
impairment. No participants with severe renal
impairment or normal renal function expe-
rienced TEAEs. There were no deaths and no
nonfatal serious TEAEs reported during the
study. Also no AESIs and no TEAEs leading to

withdrawal from the study were reported. No
severe TEAEs or treatment-related TEAEs were
reported. All TEAEs and treatment-related
TEAEs were categorized as mild or moderate.
Ensitrelvir was well tolerated in participants
with renal impairment. Detailed results are
shown in Supplemental Table S1 and S2.
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«Fig.1 Mean (standard deviation) pharmacokinetic pro-
files of normal renal impairment participants and partici-
pants with renal impairment following single-dose admin-
istration of ensitrelvir 375 mg. Plasma concentrations of
participants with normal renal impairment, filled circles;
with mild renal impairment, open circles; with moderate
renal impairment, filled triangles; with severe renal impair-
ment, open triangles. The figures are in linear (upper) and
semilogarithmic (lower) scales

DISCUSSION

Information about pharmacokinetics and
safety for participants with renal impairment
is essential for drug development and appro-
priate clinical utilization of drugs that are
excreted by the kidney. As ensitrelvir, which
is a novel oral inhibitor of 3C-like protease of
SARS-CoV-2, was recovered in urine at about
20% from the phase 1 study [5], the effect of
renal function on enstirelvir was evaluated in
this clinical study.

The plasma ensitrelvir concentrations of par-
ticipants with renal impairment were higher
than those of the participants with normal
renal function. This result suggested that expo-
sure increases with decreased renal function
although the plasma concentration data in one
participant with normal renal function was
much lower than for other participants (Sup-
plemental Figure S1, the participant with nor-
mal renal function whose data were plotted
with black circles). The C,,,, and AUC,,_; for the
participant were 7.24 pg/ml and 707.0 pg-h/ml,
so there might have been a slight effect on the
results. As for the statistical analysis, the C,,,,
AUC g, and ty, , for participants with mild
impairment were increased by 1.32-, 1.44-, and
1.19-fold; those for participants with moderate
impairment were increased 1.33-, 1.49-, and
1.24-fold; and those for participants with severe
impairment were increased by 1.11-, 1.60-, and
1.61-fold compared to that for participants
with normal renal function, respectively. These
data suggested that the AUC and ¢t,,, , tended
to increase with poorer renal function. On the
other hand, considering that the phase 2/3
study demonstrated tolerability of ensitrelvir at
750 mg once followed by 250 mg once daily for

4 days (750/250 mg) (2, 3], which is double the
approved dose regimen (375 mg once followed
by 125 mg once daily for 4 days, 375/125 mg)
[4], there seems to be little concern for safety in
patients with renal impairment. Therefore, these
findings suggested that the increased AUC level
(<2-fold) would not require dose adjustment in
COVID-19 patients with renal impairment.

The unbound fraction was similar across
groups (0.0118 to 0.0172) of participants with
normal renal function and renal impairment
at 3 and 24 h following a single-dose admin-
istration, suggesting that the protein binding
was independent of ensitrelvir concentration
over the range of concentrations evaluated
in this study. In addition, the protein bind-
ing rate (=[1 - unbound fraction] x 100, i.e.,
98.3-98.8%) in humans was similar to that in
mice (97.6%) and hamsters (98.3%) [15]. There-
fore, it is thought that there are small differences
in protein binding between species.

Ensitrelvir would be eliminated from the
kidney via glomerular filtration as a free form
(not protein-bound form) since it is not a sub-
strate for OCT2, MATE1, and MATE-2K [6]. The
unbound fractions at 3 and 24 h after single-
dose administration did not differ regardless
of the level of renal function, and CL; was also
decreased in participants with renal impairment
compared to that in participants with normal
renal function. On the other hand, Feu did not
differ depending on the renal function. This
result suggests that there is no difference in
oral absorption, hepatic metabolism, and uri-
nary excretion with renal impairment. Since
the urinary excretion remains unchanged even
if elimination is delayed because of decreased
renal function, these results indicated that
it is unlikely that hepatic metabolism could
replace the delayed elimination due to renal
impairment.

The safety of ensitrelvir was assessed with
the 32 participants treated in this study. All
participants were treated with a single oral dose
of ensitrelvir (375 mg). Ensitrelvir was well tol-
erated in participants with renal impairment.
The administration of ensitrelvir (375 mg)
in renal impairment subjects demonstrated
acceptable safety and tolerability with no
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Table 2 Summary of pharmacokinetic parameters of ensitrelvir for each renal function group

Renal function group

Parameter Normal function Mild impairment Moderate impairment Severe impairment
N 8 8 8 8

C e (pg/ml) 15.5 (34.7) 20.5 (18.9) 20.5 (12.6) 17.2 (19.8)

T, (h)* 4.25 (2.00, 8.00) 2.25 (1.50, 8.00) 2.50 (1.00, 12.0) 2.75 (2.00, 6.00)
AUC, . (ug-h/ml) 977.3 (25.9) 1398 (20.7) 1445 (24.5) 1512 (23.4)
AUC, . (ugh/ml) 996.0 (26.0) 1432 (20.8) 1483 (26.0) 1596 (26.1)
t1). (h) 44.0 (27.3) 52.1(30.1) 54.7 (25.9) 70.7 (28.5)

2, (1/h) 0.0158 (27.3) 0.0133 (30.1) 0.0127 (25.9) 0.0098 (28.5)
MRT (h) 69.0 (20.7) 80.8 (21.8) 87.5(21.7) 105 (27.5)
CL/F (L/h) 0.376 (26.0) 0.262 (20.8) 0.253 (26.0) 0.235 (26.1)
V,/F (1) 23.9 (27.6) 19.7 (35.7) 19.9 (22.7) 24.0 (22.7)

A, (mg) 54.8 (29.5) 45.7 (44.7) 58.6 (20.6) 49.2 (26.5)

F., (%) 14.6 (29.5) 12.2 (44.7) 15.6 (20.6) 13.1(26.5)

CLy (I/h) 0.0561 (17.2) 0.0327 (44.7) 0.0406 (29.1) 0.0325 (18.3)

Geometric mean (coefficient of variation % for geometric mean)

*Median (Minimum, Maximum)

Table 3 Statistical analysis of the effect of renal function on ensitrelvir pharmacokinetics

Parameter Mild impairment/normal Moderate impairment/normal  Severe impairment/normal
function function function
GLS mean 90% Clsofratio GLS Mean 90% ClIsofratio GLSMean 90% ClIs of ratio
Ratio Lower Upper Ratio Lower Upper Ratio Lower Upper
Cox (ng/ml) 13239 10409 1.6837 13274 1.0608 16611 1.1141 0.8737 14206
AUC 1., (ugh/ml)  1.4303 1.1668 1.7532 1.4780 1.1882 1.8385 1.5475 1.2494 19167
AUC, . (ugh/ml) 14374 11716 17636 14885 11883  1.8646 1.6021 12782 2.0080
£ () 1.1855 09252 15190 12434 09874 15658 1.6072 12627 2.0457

CI confidence interval, GLS mean geometric least squares mean

new safety concerns. In total, five participants
reported TEAEs. Only vessel puncture site hem-
orrhage was reported for>1 participants overall
(2 participants, 6.3% [1 participant from mild
renal impairment and 1 participant from mod-
erate renal impairment]). Anemia, dry mouth,
a decrease in the glomerular filtration rate,

and hypertriglyceridemia were each reported
by one participant (3.1%). No participants
with severe renal impairment or normal renal
impairment experienced any TEAEs. Treat-
ment-related TEAEs were reported for two
participants (6.3%) overall, one each for the
mild renal impairment and moderate renal
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Table 4 Summary of unbound fraction of ensitrelvir in each renal function group

Time" Renal function group

Normal function Mild impairment Moderate impairment Severe impairment
3h 0.0130 (12.7) 0.0143 (41.0) 0.0125 (26.4) 0.0172 (21.8)
24h 0.0118 (10.1) 0.0128 (15.8) 0.0141 (53.1) 0.0165 (25.7)

Geometric mean (coefficient of variation % for geometric mean)

*Time following a single oral administration of ensitrelvir 375 mg

Table 5 Overall summary of treatment-emergent adverse events for safety population

Category of event Normal renal ~ Mild renal Moderate renal  Severe renal Overall (N=32)
function impairment impairment impairment
(N=8) (N=8) (N=8) (N=8)
Any TEAE; 2 (%) 0 3(37.5) 2(25.0) 0 5(15.6)
Number of events 0 5 2 0 7
Any SAE; n (%) 0 0 0 0 0
Any TEAE leading to 0 0 0 0 0
withdrawal; 7 (%)
Any TEAE leading to death; 0 0 0 0 0
7 (%)
Any AESL; 7 (%) 0 0 0 0 0

AESI adverse event of special interest, SAE serious adverse event, TEAE treatment-emergent adverse event

Table 6 Overall summary of treatment-related adverse events for safety population

Category of event ~ Normal renal Mild renal Moderate renal Severe renal Overall (N=32)
function (N=8) impairment impairment (N=8) impairment
(N=8) (N=8)

Any treatment- 0 1(12.5) 1(12.5) 0 2(6.3)

related TEAE; »

(%)
Number of events 0 1 1 0 2
Any serious 0 0 0 0

treatment-related
TEAE; n (%)

AESI adverse event of special interest, SAE serious adverse event, TEAE treatment emergent adverse event

impairment groups. Treatment-related TEAEs All TEAEs and treatment-related TEAEs were
were reported for one participant (3.1%): dry categorized as mild or moderate. All treatment-
mouth and decreased glomerular filtration rate. related TEAEs were resolved.
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CONCLUSIONS

In conclusion, the effect of renal function on
the pharmacokinetics of ensitrelvir was evalu-
ated. The AUC of ensitrelvir tended to increase
with the degree of renal impairment, but there
was no clinically meaningful increase in expo-
sure to ensitrelvir with renal impairment. Thus,
no dose adjustment would be required regard-
less of renal function as the safety at double
the dose of the approved dose regimen was
confirmed. Also, a single 375-mg oral dose of
ensitrelvir was well tolerated in participants
with mild to severe renal impairment and in
those with normal renal function. These find-
ings provide valuable information for the clini-
cal use of ensitrelvir in COVID-19 patients with
renal impairment.
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