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Innovative Randomized Phase | Study and
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Inform Pivotal COVID-19 Trial of Nirmatrelvir
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Coronavirus disease 2019 (COVID-19) is a continued leading cause of hospitalization and death. Safe, efficacious
COVID-19 antivirals are needed urgently. Nirmatrelvir (PF-07321332), the first orally bioavailable, severe acute
respiratory syndrome-coronavirus 2 (SARS-CoV-2) MP" inhibitor against the coronaviridae family, has demonstrated
potent preclinical antiviral activity and benign safety profile. We report safety, tolerability, and pharmacokinetic data
of nirmatrelvir with and without ritonavir as a pharmacokinetic enhancer, from an accelerated randomized, double-
blind, placebo-controlled, phase | study. Two interleaving single-ascending dose (SAD) cohorts were evaluated in

a three-period crossover. Multiple-ascending dose (MAD) with nirmatrelvir/ritonavir twice daily (b.i.d.) dosing was
evaluated over 10 days in five parallel cohorts. Safety was assessed, including in a supratherapeutic exposure
cohort. Dose and dosing regimen for clinical efficacy evaluation in phase IlI/lll clinical trials were supported

by integrating modeling and simulations of SAD/MAD data with nonclinical data and a quantitative systems
pharmacology model (QSP). In SAD, MAD, and supratherapeutic exposure cohorts, nirmatrelvir/ritonavir was safe
and well-tolerated. Nirmatrelvir exposure and half-life were considerably increased by ritonavir, enabling selection

of nirmatrelvir/ritonavir dose and regimen for phase ll/Ill trials (300/100 mg b.i.d.), to achieve concentrations
continuously above those required for 90% inhibition of viral replication in vitro. The QSP model suggested that a
5-day regimen would significantly decrease viral load in SARS-CoV-2-infected patients which may prevent
development of severe disease, hospitalization, and death. In conclusion, an innovative and seamless trial design
expedited establishment of phase | safety and pharmacokinetics of nirmatrelvir/ritonavir, enabling high confidence in
phase lI/lll dose selection and accelerated pivotal trials’ initiation (NCT04756531).

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M Nirmatrelvir is a potent and specific inhibitor of MP™ enzyme
activity and antiviral activity across a diverse spectrum of coro-
naviruses. Administration in a murine severe acute respiratory
syndrome-coronavirus 2 model demonstrated dose-dependent
reduction of pulmonary viral titers and reduced tissue pathology.
WHAT QUESTION DID THIS STUDY ADDRESS?

M This first-in-human study in healthy adults used an innova-
tive and seamless operational and automated data analysis ap-
proach to evaluate safety, tolerability, and pharmacokinetics of
nirmatrelvir and selected dose regimen, and duration for phase
II/11I studies.

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

[ The safety, tolerability, and pharmacokinetics of nirmatrel-
vir in healthy adults and the dose selection is explained. This
study shows an innovative approach to inform and expedite the
development of nirmatrelvir.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?

[ This provides an example of a seamless phase 1 program
with model-informed drug development-based decision mak-
ing to support expedited start and conduct of phase II/III study
with at least 10-fold reduction in timeline compared with in-
dustry standards.
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Coronavirus disease 2019 (COVID-19) is a continued threat to
public health worldwide more than 2 years after its emergence.
Despite availability of effective vaccines,? infection rates re-
main high, and COVID-19 continues to be a leading cause of
hospitalization and death.? Intravenously administered mono-
clonal antibodies (casirivimab, imdevimab, bamlanivimab, ete-
sevimab, and sotrovimab) were the first outpatient therapies to
be made available under emergency use authorization (EUA) to
patients at high risk of severe COVID-19.*7 However, logistical
constraints could affect administration, and reduced effective-
ness has been observed for some monoclonal antibodies, lead-
ing the US Government to recommend not using them for some
severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2)
variants.*® More recently, a 3-day course of the intravenous
RNA polymerase inhibitor remdesivir also received EUA for
non-hospitalized patients at risk of severe disease.” Nirmatrelvir
(PAXLOVID™) is the first oral antiviral treatment authorized
for the treatment of COVID-19 under EUA." The nucleoside
inhibitor molnupiravir received EUA shortly after nirmatrelvir
in adults at risk of severe COVID-19 for whom other treatments
are unavailable or inappropriate.'’ At the time of this study, no
therapy that could be self-administered at home was available to
treat COVID-19; there was therefore an urgent need for safe and
efficacious orally administered therapies, particularly for indi-
viduals at high risk of severe illness.

The coronaviridae family, including SARS-CoV-2, encodes two
proteases from which functional proteins are generated through
proteolysis, one of which is the main protease (MP™).'>!? MP™ is
a promising target for viral inhibitors because it is crucial for pro-
cessing viral polyproteins into functional units,* is highly con-
served across SARS-CoV-2 and other coronaviruses,'>® and has
limited potential for off-target activity with no identified human
analogs.17

Nirmatrelvir, designed to be orally administered, demonstrated
potent and specific inhibition of MP™ enzyme activity and anti-
viral activity across a diverse spectrum of coronaviruses in preclin-
ical assays.18 Oral administration in a murine SARS-CoV-2 model
demonstrated dose-dependent reduction of pulmonary viral titers
and reduced tissue pathology.18 At the time of study initiation, it
was not clear if nirmatrelvir concentrations several fold over the in
vitro 90% effective concentration (EC,) could be maintained in
humans; however because nirmatrelvir is primarily metabolized by
cytochrome P450 3A4 (CYP3A4)", dosing with a pharmacoki-
netic enhancing agent was included in the protocol to ensure that
efficacious concentrations could be achieved.'®

In response to the public health crisis resulting in an urgent need
for COVID-19 therapeutics, we used an innovative and secamless
operational approach incorporating a flexibly written protocol that
allowed study conduct to adapt to emerging data within the study
without the need for a protocol amendment. We simultancously
utilized model-informed drug development to expedite dose se-
lection and inform the design of phase II/III clinical studies. This
study in healthy adults examined safety, tolerability, and pharma-
cokinetics of nirmatrelvir, with and without ritonavir as a pharma-
cokinetic enhancer to prevent rapid metabolism of nirmatrelvir by
CYP3A4, thus ensuring that free concentrations well above iz vitro
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EC,, are maintained in > 90% of the population to achieve the
optimal therapeutic effect.

METHODS

Objectives, participants, and oversight

This 5-part study (NCT04756531) assessed nirmatrelvir safety, tolera-
bility, and pharmacokinetics following single-ascending doses (SADs)
including food effect, multiple-ascending doses (MADs), and at suprath-
erapeutic exposure in healthy 1860 year old patients. MAD evaluation
also included a Japanese cohort. Relative bioavailability and food effect
of an oral tablet formulation without pharmacokinetic enhancer, and
nirmatrelvir metabolism and excretion, were evaluated in two additional
open-label cohorts (to be reported separately). SAD, MAD, and suprath-
erapeutic exposure cohorts were randomized and double-blinded (to par-
ticipants and investigators; open to a subset of the blinded study team for
efficient decision making). Key inclusion/exclusion criteria, ethical study
conduct, study responsibilities, operational conduct, and methods to en-
sure blinding are summarized in the Supplementary Information S1.
CONSORT 2010 checklist is included as Appendix SI.

Randomization and study treatment

Within two cohorts in SAD, participants were randomly assigned
using a randomization schedule to nirmatrelvir or placebo in an inter-
leaving three-period crossover, where dose escalations were alternated
twice weekly between the two cohorts (Figure 1a). In each period,
participants received nirmatrelvir suspension or placebo, with > 5 day
washout between doses. In the first three dosing periods, nirmatrel-
vir administered fasted without ritonavir was escalated from 150 to
1,500 mg. In the next two dosing periods, nirmatrelvir administered
fasted was escalated from 250 to 750 mg while co-administered with ri-
tonavir 100 mg. The final dosing period evaluated food effect on phar-
macokinetics of nirmatrelvir 250 mg with ritonavir 100 mg. Where
applicable, ritonavir was administered at —12, 0, and 12 hours relative
to nirmatrelvir. For each dose escalation decision, preliminary cumula-
tive safety, tolerability, and pharmacokinetic data from previous dosing
periods were evaluated.

In MAD, participants were randomly assigned to escalating nirmatrel-
vir dose levels (75, 250, and 500 mg) or placebo, all administered twice
daily (b.i.d.) as a suspension for 10 days with ritonavir 100 mg, under
fasting conditions (Figure 1b). For cach dose escalation decision, prelim-
inary cumulative safety, tolerability, and pharmacokinetic data from pre-
vious treatment cohorts were evaluated. After dose escalation, a cohort
of Japanese participants was randomized to receive nirmatrelvir 250 mg
or placebo, with ritonavir 100 mg, under fasting conditions b.i.d. for
10 days.

To assess supratherapeutic exposure in the presence of solubility-limited
absorption, split dosing was used, where participants were randomly as-
signed to receive 2,250 mg of nirmatrelvir (administered as 3 x 750 mg
doses at 0, 2 and 4 hours) or matching placebo in a 2-way crossover with
> 5 days washout between treatments (Figure 1c). Ritonavir was admin-
istered at =12, 0, and 12 hours relative to the first nirmatrelvir or placebo
dose.

The Supplementary Information S1 provides additional details re-
garding randomization, including the method used to generate the ran-
dom allocation sequence and the type of randomization.

Safety and tolerability

Safety and tolerability evaluations included adverse event (AE) and se-
rious AE (SAE) assessments between signing of informed consent until
28 days after study treatment administration. AEs are presented by the
Medical Dictionary for Regulatory Activities (MedDRA) version 24.0
term (MedDRA MSSO, Herndon, VA, https://www.meddra.org). Vital
signs, electrocardiograms (ECGs), and laboratory tests were monitored
at prespecified timepoints.
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Period 1

Period 2 Period 3

(a) Single-ascending dose Nirmatrelvir 150 mg (n=4)

Nirmatrelvir 1500 mg (n=4)

Nirmatrelvir/r 750/100 mg (n=4)
or placebo/r 100 mg (n=2)

or placebo (n=2)

Randomized 3-way crossover Cohort 1 or placebo (n=2)

with 2 interleaving cohorts:

Cohort 1 dosing started before

Cohort 2 dosing in each 3-period; N : _a)*
Cohort 2 Nirmatrelvir 500 mg (n=4)

>5 days between treatments or placebo (n=2)

Nirmatrelvir/r 250/100 mg (fed) (n=4)
or placebo/r 100mg (fed) (n=2)

Nirmatrelvir/r 250/100 mg (n=4)
or placebo/r 100 mg (n=2)

(b) Multiple-ascending doses

Randomized, sequential;
treatments twice daily for 10 days

Nirmatrelvir/r 75/100 mg (n=4)
or placebo/r 100 mg (n=2)f

Nirmatrelvir/r 250/100 mg (n=4)
or placebo/r 100 mg (n=2)

(¢) Supratherapeutic exposure

Nirmatrelvir 500 mg/ritonavir 100 mg (n=7)
or placebo/r 100 mg (n=4)

Japanese participants:
Nirmatrelvir/r 250/100 mg (n=4)
or placebo/r 100 mg (n=2)

Randomized 2-way crossover; Nirmatrelvir/r 2250/100 mg (n=10)

Placebo (x3)/ritonavir 100 mg

>5 days between treatments
Nirmatrelvir given as 3x 750 mg doses

Figure 1 Study design, treatments and numbers of participants treated in Single-ascending dose part (a) Multiple-ascending dose part (b) and
Supratherapeutic exposure part (¢) of first-in-human study. *One participant in the nirmatrelvir 500 mg group during the single-ascending dose
part withdrew due to an adverse event. Tone participant in the placebo/ritonavir group during the multiple-ascending dose part discontinued
due to participant withdrawal. In this study, which was conducted at the Pfizer Clinical Research Unit, nirmatrelvir was given as an oral
suspension. Unless otherwise stated, nirmatrelvir was given under fasting conditions. During the single-ascending dose and supratherapeutic
exposure parts, participants remained in the clinical research unit during the washout. r = ritonavir.

Bioanalytical methods

Human plasma samples were analyzed utilizing a validated liquid
chromatography-tandem accurate mass spectrometry assay. The assay
consisted of protein precipitation in conjunction with reversed phase lig-
uid chromatography coupled to positive ion electrospray tandem quad-
rupole mass spectrometry. Precipitation was conducted by aliquoting
100 uL of plasma sample to a 96-well propylene plate then adding aceto-
nitrile or working internal standard in acetonitrile (300 pL). The plate
was mixed and centrifuged at (1421 g). Supernatant (50.0 pL) from each
well was transferred to a new 96-well propylene plate and diluted with
500 pL of 60:40 (v:v) water:acetonitrile containing 0.1% formic acid,
mixed and injected on the liquid chromatography-tandem accurate mass
spectrometry system. The analytical column used was a Waters Acquity
UPLCBEH C18, 1.7 pm, 2.1 x 50 mm operated at ambient temperature.
Mobile phases A and B consisted of water containing 0.1% formic acid
and acetonitrile containing 0.1% formic acid, respectively, with a flow rate
of 0.600 mL/minute. The gradient program was initiated with a (70:30)
mobile phase A:B and held for 0.1 minutes, followed by a linear gradient
to (60:40) mobile phase A:B to 5.0 minutes. A column wash was applied
at (15:85) mobile phase A:B to 6.0 minutes, followed by re-equilibration
at (70:30) mobile phase A:B to 7.0 minutes. A Sciex APIS500 tandem
quadrupole mass spectrometer equipped with a Turbo V Ion Source was
operated in clectrospray (TurbolonSpray) positive mode. The parent to
product ion transitions 500.5/110.3 and 509.5/109.9 were utilized for
nirmatrelvir and PF 07818226 (nirmatrelvir internal standard), respec-
tively. Peak arcas of the analytes and internal standards were determined
by Analyst data processing software version 1.7.2 (Sciex, Framingham,
MA, USA). These responses were imported into Watson LIMS system
version 7.6.1 (Thermo Fisher Scientific, Waltham, MA, USA) and a cal-
ibration curve was constructed usinzg peak area ratios of the calibration
samples and applying weighted (1/X7) linear least squares regression anal-
ysis. The method was validated over the range of 10.0-50,000 ng/mL.
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Pharmacokinetic evaluations

Nirmatrelvir plasma pharmacokinetic parameters following single and
multiple oral doses, and urine pharmacokinetics following multiple oral
doses were derived as described in Table S1 from concentration-time
data using standard noncompartmental methods.

Dose and duration selection for phase li/Ill

Consistent with the literature for other protease inhibitors,***! a robust
antiviral effect is predicted when unbound plasma concentrations are
sustained above multiples of the EC,, (i.e., concentration at which 90%
inhibition of viral replication occurs) for the entire dosing interval. The
unbound target minimum plasma concentration (C_; ) to be maintained
corresponded to the in vitro drug concentration at which 90% inhibi-
tion of SARS-CoV-2 viral replication is observed (adjusting for plasma
protein binding the total plasma EC,y = 292 ng/mL).18 A population
pharmacokinetic model of nirmatrelvir with ritonavir 100 mg was built
during the dose escalation based on the preliminary SAD/MAD data
from healthy adults in this study to project distribution of expected
nirmatrelvir concentrations at different doses and regimens. Consistent
with the anticipated phase II/III dosing regimen, only the pharmacoki-
netic data collected from the nirmatrelvir/ritonavir treatment arms were
included in the population pharmacokinetic model. This enabled selec-
tion of a phase II/III dose that would result in free C _; above EC, in
the vast majority (= 90%) of future trial participants.

In the population pharmacokinetic model, logarithmically transformed
plasma nirmatrelvir concentration vs. time data were analyzed with
NONMEM, version 7.5.0 (ICON plc, Gaithersburg, MD, USA) and
the FOCE method with interaction. A one- or two-compartment model
with first-order elimination and first-order absorption were tested as the
structural model. The base model included an allometric model of base-
line body weight on apparent clearances and volumes (V2 and V3) with
exponentials fixed to 0.75 and 1, respectively. Interindividual variability
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and interoccasion variability in the pharmacokinetic parameters were as-
sumed to be log normally distributed and modeled using multiplicative
exponential random effects. Models with and without covariance for ran-
dom effects were tested. Residual random effects were described with a
combined proportional and additive model in the log domain.

Simulations were performed utilizing the preliminary population phar-
macokinetic model with nirmatrelvir doses of 100-500 mg by 100 mg
increments with ritonavir given b.id. for 5 days (single dose on day 5)
assuming no missing doses. Interindividual variability in nirmatrelvir
clearance was assumed to be 60% to account for expected increases in
interindividual variability in phase II/III studies relative to this phase I
study. Simulated nirmatrelvir plasma concentration profiles were used to
calculate the percentage of participants achieving a trough concentration
(C,,) of at least the iz vitro EC,.

To select the treatment duration, a quantitative systems pharmacology
(QSP) model capable of describing viral dynamics over time was used to
predict potential viral load reduction as a surrogate of efficacy.”*** The
model was updated to include expected nirmatrelvir pharmacokinetic data
at the proposed phase II/III dose, preclinical data from a mouse model
of SARS-CoV-2, and publicly available viral load data from randomized
controlled trials.?42° Specifically, to predict the antiviral effect and opti-
mal dosing regimen of nirmatrelvir, the QSP model was updated to incor-
porate: (i) the mean simulated pharmacokinetic profile of nirmatrelvir/
ritonavir 300 mg/100 mg b.i.d. 5 day and 10 day regimens from the pop-
ulation pharmacokinetic model described in the preceding section; (ii)
preclinical data on nirmatrelvir pharmacology in a mouse model of SARS-
CoV-2 that was used to estimate the 7 vivo potency of nirmatrelvir with
the QSP model; and (iii) a virtual population (/N = 502) that matched the
placebo and treatment Tesponse of viral load and severity as reported in
publicly available data.**2

A virtual population was simulated to predict the effects of different
dosing durations (i.c., 5 or 10 days of dosing),”” with a symptomatic out-
patient COVID-19 population and dosing 4 days post viral load peak/
symptom onset assumed.”* The model was used to predict the influence of
the 5 and 10 day dosing regimens on the viral load time course at the esti-
mated 7 vivo potency of nirmatrelvir. Moreover, given the uncertainty on
the clinical potency of nirmatrelvir prior to phase II/III dose and regimen
selection, sensitivity analysis was conducted to evaluate the impact of a
range of potencies simulated in the model (Figure S1). For this sensitivity
analysis, the viral load lowering effect was predicted at the start of day 7
and day 10 post-treatment.

Statistical analysis

The study did not include statistical hypotheses. Safety end points were
summarized in the safety population (Table $2) as counts and percent-
ages. SAD and MAD were to include six participants per cohort (nirma-
trelvir, 4 and placebo, 2). For supratherapeutic exposures, a sample size of
12 participants (with > 10 completers) was chosen.

Pharmacokinetic parameters were assessed in the pharmacokinetic pa-
rameter population (Table $2). No formal inferential statistics were ap-
plied to pharmacokinetic data apart from comparisons of food effect in
SAD (Supplementary Information S1).

RESULTS

Participants

Dosing for this study began on March 2, 2021, and dose selection
was completed on April 30,2021. The study randomized 13,29,and
10 healthy adults in the SAD, MAD, and supratherapeutic parts of
the study, respectively. One participant discontinued during SAD
due to an AE; and one participant discontinued during MAD due
to participant withdrawal. All 10 participants assessed for suprath-
erapeutic exposure completed the study (Figure 1). Demographic
characteristics are summarized in Table 1.
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Safety

No participant had an SAE, severe AE, or the dose reduced
or temporarily discontinued because of AEs. One participant
in SAD discontinued from the study because of a positive
COVID-19 test. This was a protocol-specified test occurring on
day 4 and the participant was asymptomatic. All participants
in MAD completed 10 days of treatment apart from one par-
ticipant who withdrew after receiving placebo/ritonavir 100 mg
b.i.d. (fasted) for 7 days.

In SAD, no AEs were considered treatment-related (Table S3),
and all AEs were mild. Five treatment-related events of blood thy-
roid stimulating hormone increased occurred in MAD, and two
of these events occurred in the placebo groups (Table $4). Three
treatment-related events of dysgeusia occurred, and all were in the
treated groups. All Japanese participants in MAD reported AEs
and three were considered treatment-related (two participants
with mild blood thyroid stimulating hormone increased, including
one on placebo; and one participant with mild dysgeusia). At su-
pratherapeutic exposure, one participant each had one treatment-
related AE: nausea with treatment and vomiting with placebo.
Opverall, no safety concerns were identified with administration of
nirmatrelvir, with or without ritonavir. There was no evidence of
a dose-related increase in AEs. No clinically meaningful changes
in laboratory values (> grade 2), vital sign measurements, or ECG
measurements were observed.

Pharmacokinetics

The median plasma nirmatrelvir concentration-time profiles for
SAD, supratherapeutic exposure, and MAD cohorts are shown in
Figure 2.

Pharmacokinetic parameters for nirmatrelvir calculated in
SAD are summarized in Table 2, and Table S5. Following single-
dose administration of nirmatrelvir as an oral suspension at
doses of 150, 500, and 1,500 mg without ritonavir under fasted
conditions, less than dose proportional increases in nirmatrel-
vir exposure were observed. Ritonavir considerably increased
nirmatrelvir exposure. Following administration of nirmatrelvir
250 or 750 mg enhanced with 100 mg ritonavir, a dose-related
increase in nirmatrelvir was observed albeit in a less than dose-
proportional manner. Following administration of a 250 mg
oral suspension of nirmatrelvir with ritonavir 100 mg under fed
and fasted conditions, no meaningful change in exposure was
observed (~ 1.5% increase in area under the curve (AUC) and
~15% increase in C_ ).

Pharmacokinetic parameters for nirmatrelvir calculated in MAD
are summarized in Table 3, and Table S6. Following multiple-
dose administration of nirmatrelvir/ritonavir at 75/100 mg,
250/100 mg, and 500/100 mgb.i.d. doses under fasted conditions,
nirmatrelvir exposure on days 1, 5, and 10 increased in a less than
dose-proportional manner across the doses studied. Plasma nir-
matrelvir levels increased approximately 2 fold after the first dose,
with steady-state concentrations achieved by day 2 for all doses and
treatments and maintained on days 5 and 10. Urinary recovery of
unchanged nirmatrelvir was substantial, indicating the kidneys as
the major organs in nirmatrelvir elimination in the presence of ri-
tonavir. Nirmatrelvir renal clearance was similar across all doses.
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Table 1 Demographic and clinical characteristics

Single-ascending dose

Multiple-ascending dose

Supratherapeutic exposure

(N=13) (N =29) (N =10)

Age, years, n (%)

18-44 8 (61.5) 19 (65.5) 4 (40.0)

45-60 5(38.5) 10 (34.5) 6 (60.0)

Mean (+SD) 38.8 (13.03) 39.5 (11.54) 45.7 (13.29)

Median (range) 36.0 (21, 56) 39.0 (20, 60) 52.0 (20, 57)
Male, n (%) 11 (84.6) 22 (75.9) 7 (70.0)
Race, n (%)

White 4 (30.8) 6 (20.7) 4 (40.0)

Black 8 (61.5) 16 (55.2) 5 (50.0)

Other 1(7.7) 0 0

Asian 0 7(24.1) 1 (10.0)
Ethnicity, n (%)

Hispanic/Latinx 3(23.1) 4 (13.8) 1 (10.0)
Weight, kg

Mean (+SD) 76.3 (12.64) 72.2 (10.07) 77.3 (14.43)

Median (range) 76.1 (60.3, 96.8) 70.4 (58.5, 99.4) 77.9 (568.6, 100.8)
Height, cm

Mean (+SD) 172.1 (11.52) 171.1 (11.36) 170.9 (11.45)

Median (range)

172.0 (152, 188)

170.0 (154, 194)

173.0 (154, 186)

Body mass index, kg/m?

Mean (+SD) 25.8 (3.4)

24.7 (2.9) 26.2 (2.6)

Median (range) 25.3 (19.7, 30.5)

24.4 (19.8, 30.5) 25.90 (22.9, 29.5)

b.i.d, twice daily; SD, standard deviation.

Nirmatrelvir exposure, although numerically lower, was not mean-
ingfully different in Japanese participants across all days.
Pharmacokinetic parameters for nirmatrelvir calculated in
the supratherapeutic assessment are summarized in Table 4 and
Table S7. Following a supratherapeutic oral dose of nirmatrelvir
as 2 2,250-mg suspension (dosed as 3 split doses of 750 mg admin-
istered at 0, 2, and 4 hours) enhanced with 100 mg ritonavir, the
mean C___was ~ 5 times higher than the mean C___observed in

the nirmatrelvir/ritonavir 500/100 mgb.i.d. cohort on day 1 in the
MAD part of the study.

Dose and duration selection in phase 1I/1ll

The pharmacokinetics of nirmatrelvir with ritonavir 100 mg
following oral administration was adequately characterized by
a 2-compartment disposition model with first-order absorption.
Separate power functions were used to describe the dose effect
on £ and F1. The parameter estimates for a nirmatrelvir dose of
300 mg with ritonavir were clearance 8.2 L/hour, volume of dis-
tribution 111 L, and £, 1.11 hour™. No obvious time-dependent
change in nirmatrelvir clearance was noted.

Concentrations were simulated for a sample size commensurate
with phase II/III studies for a range of nirmatrelvir doses. With the
population pharmacokinetic model based on the preliminary data
from this clinical study, the nirmatrelvir/ritonavir 300/100 mg
b.i.d. simulation showed that > 90% of future trial participants
would achieve the target free C_; above in vitro ECy after the
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first and subsequent dose and with interindividual variability in
clearance inflated to 60% (Table $8). The projected median C_
on day 1 and at steady-state was 987 and 1,800 ng/mL, respectively,
which are ~ 3 and 6 times higher than the i vitro EC,, and there-
fore projected to achieve robust antiviral effects. Simulated steady-
state (day 5) C_. at different doses is shown in Figure 3a.

QSP model simulations of a virtual population treated with nir-
matrelvir/ritonavir 300/100 mg b.i.d. (Figure 3b) at 4 days post
symptom onset predicted that 5 days of treatment is needed for
robust viral reduction (based on clinical trials of monoclonal an-
tibodies™*") in patients with symptomatic COVID-19, with no
meaningful additional benefit with longer dosing. Additional sim-
ulations with onset of treatment of < 5 days after symptom onset
supported a similar conclusion.

DISCUSSION

An urgent need exists for safe and effective COVID-19 ther-
apeutics in community settings that can reduce viral load and
transmission, improve time to clinical recovery, and prevent
progression to adverse outcomes.””>* Patient populations to
benefit include those who are immunocompromised, unvac-
cinated, or are fully vaccinated but have waning immunity or
breakthrough infections. At the time of this study, no orally ad-
ministered antiviral had received EUA to treat non-hospitalized
patients with COVID-19. On December 22, 2021, the US
Food and Drug Administration (FDA) issued an EUA for
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Figure 2 Median plasma nirmatrelvir concentration-time profiles (semi-log scales) for single-ascending dose and supratherapeutic exposure
cohorts (a) and multiple-ascending dose cohort (b). For summary statistics, values below the lower limit of quantification (10 ng/mL) were set
to zero. In the supratherapeutic exposure assessment, nirmatrelvir was administered as 3 x 750 mg doses at O, 2, and 4 hours. In the single-
ascending dose assessments where applicable and supratherapeutic exposure assessments, ritonavir 100 mg was dosed at —12 hours,

0 hours, and 12 hours after dosing. In the multiple-ascending dose assessment, ritonavir 100 mg was dosed twice daily. The red dotted

line is ECy, of 292 ng/mL (accounted for plasma protein binding). b.i.d., twice daily; EC4,, concentration at which 90% inhibition of viral

replication is observed.

nirmatrelvir/ritonavir for the treatment of mild-to-moderate
COVID-19 in patients 12 years and older who are at high risk
of progression to severe disease, including hospitalization and
death.” The primary data supporting EUA for nirmatrelvir/
ritonavir was from the phase III, placebo-controlled Evaluation
of Protease Inhibition for COVID-19 in High-Risk Patients
(EPIC-HR) study, which showed nirmatrelvir/ritonavir to be
88% efficacious at reducing hospitalization or death, with no
deaths recorded in the treatment group in patients who started
treatment up to 5 days after symptom onset.

Preclinical nirmatrelvir evaluations demonstrated potent anti-
viral effect, oral bioavailability, and a clean toxicity profile, mak-
ing a compelling case for clinical dCVClOPant.lS In response to
the urgent need for COVID-19 therapeutics, we used an inno-
vative and seamless approach to generate safety and pharmacoki-
netic data to support rapid progression to phase II/III studies in
patients with mild-to-moderate COVID-19, by designing this
first-in-human study with multiple parts and flexibility. The in-
terleaving design, rapid sample analysis, and implementation of

automated data analysis allowed twice a week dose escalation,
with the in-clinic phase of SAD and MAD completed within
16 days and 6 wecks, respectively, compared with ~ 6 months
following a normal paradigm. The design allowed optional im-
plementation of ritonavir as a pharmacokinetic enhancer based
on emerging pharmacokinetic data. A cohort to study safety
and tolerability at supratherapeutic exposure was added to re-
duce the need for ECG monitoring in phase II/III studies and
demonstrate lack of pro-arrhythmic risk of nirmatrelvir.>* The
study conduct and rapid adaption to emerging data together
with near real-time data analysis and model-informed drug de-
velopment offered a substantial decrease in the overall develop-
ment and decision timelines.

Nirmatrelvir was safe and well-tolerated in SAD, MAD, and
supratherapeutic dose cohorts. All treatment-emergent AEs were
mild in severity. No severe AEs or SAEs were reported.

A pharmacokinetic enhancer (ritonavir)®® was used to max-
imize clinical concentrations to increase confidence in achiev-
ing a clinical antiviral effect against existing and new variants

Table 2 Single-ascending dose assessment of plasma nirmatrelvir pharmacokinetic parameters: descriptive summary (A)

and statistical summary of food effect (B)

A. Descriptive summary

Nirmatrelvir Nirmatrelvir Nirmatrelvir Nirmatrelvir/r Nirmatrelvir/r Nirmatrelvir/r
150 mg 500 mg 1,500 mg 250/100 mg 250/100 mg 750/100 mg
Parameter (unit)® Fasted (N = 4) Fasted (N = 4) Fasted (N = 4) Fasted (N = 4) Fed (N = 4) Fasted (N = 4)
N1, N2° 4,3 4,2 4,0 4,4 4,4 4,4
AUC, ., ng hour/mL 2,247 (42) 5,480, 5,450" NR 28,220 (14) 28,640 (17) 66,760 (45)
C ax NE/ML 667.7 (28) 674.4 (38) 1,538 (32) 2,882 (25) 3,323 (13) 5,086 (25)
t,,, hours 2.023 £ 0.54556 18.5, 25.6° NR 6.935 + 1.0794 6.005 + 1.6502 12.86 + 8.4196
Tinaxe hOUrs 0.634 1.00 1.00 2.75 (1.50-4.00) 4.00 (4.00-4.00) 2.00 (1.50-4.00)
(0.550-1.50) (0.517-1.00) (0.533-2.00)

B. Statistical summary—food effect

Ratio (%) (test/

Nirmatrelvir/r reference)
Nirmatrelvir/r 250/100 mg fasted of adjusted geometric
Parameter (unit)? 250/100 mg fed (test) (test) means? 90% Cl (%) for ratio®
AUC,;, ng hour/mL 28,640 28,220 101.5 (89.57, 115.07)
Coraxe NE/ML 3,323 2,882 115.3 (99.36, 133.79)

Results are for pharmacokinetic parameter set (defined in Table $2) and show the geometric mean (geometric percent coefficient of variation (%CV)) for all except

forT

max’

which is the median (range) and t which is the arithmetic mean + SD. For the parameters analyzed on the log scale, zero values were substituted

with 0.0001 prior to log transformation. The parameters are defined in Table S1. Additional results are in Table S5. The statistical summary of food effect used
mixed effect models with treatment as a fixed effect and participant as a random effect, which were applied to the natural log transformation of AUC, cand C ..

separately using participants with data from both periods only.
AUC, . area under the curve to infinity; Cl, confidence interval; C

time to maximum plasma concentration.

max’

N1 is the number of participants contributing to the summary statistics and N2 is the number of participants where t, and AUC

maximum plasma concentration; NR, not reported; r, ritonavir; t1/2v terminal half-life; T

max’

inf Were determined. Where

fewer than three participants had evaluable measurements, individual values are listed. °Ratios (and 90% Cls) are expressed as percentages.
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Table 3 Multiple-ascending dose assessment: descriptive summary of plasma and urine nirmatrelvir pharmacokinetic

parameters

Nirmatrelvir/r
75/100 mg b.i.d.

Nirmatrelvir/r
250/100 mg b.i.d.

Nirmatrelvir/r

500/100 mg b.i.d.

Nirmatrelvir/r
250/100 mg b.i.d.

Fasted Fasted Fasted Fasted, Japanese

Parameter (unit)® (N=4) (N =4) N=T) (N=4)
Day 1

N1? 4 4 7 4

AUC,,,, ng hour/mL 6,017 (33) 18,700 (43) 22,610 (37) 13,130 (26)

Crnaxs NE/ML 1,042 (28) 2,435 (36) 3,051 (32) 1,925 (25)

T ax hoUurs 1.75 (1.00-2.00) 1.50 (1.00-4.00) 2.00 (1.50-2.17) 2.75 (1.00-4.02)
Day 5

N1? 4 4 7 4

AUC,,,, ng hour/mL 12,570 (17) 35,560 (26) 38,150 (23) 25,480 (26)

Craxe NE/ML 2,224 (27) 4,774 (21) 5,296 (21) 3,674 (28)

R.. 2.091 (24) 1.901 (22) 1.685 (29) 1.937 (18)

T ax hoUurs 1.00 (1.00-1.50) 0.750 (0.500-1.50) 1.50 (1.00-2.02) 1.26 (1.00-2.02)
Day 10

N1, N2° 4,4 4,4 7,7 4,4

AUC,, . ng hour/mL 12,650 (16) 37,780 (27) 39,780 (20) 26,930 (15)

Crnaxs NE/ML 2,055 (14) 5,123 (24) 5,607 (17) 3,772 (21)

e 2.104 (30) 2.022 (16) 1.757 (26) 2.047 (16)
t,,, hours 7.955 + 2.0401 6.795 £ 1.7072 8.047 +1.7871 5.163 + 2.0915
T..ax hours 1.00 (1.00-2.00) 1.00 (1.00-2.00) 1.50 (1.00-2.00) 1.50 (0.500-2.02)
Ae,, % 63.79 (12) 51.81 (4) 23.35(121) 54.20 (5)
CL,, L/hour 3.782 (20) 3.433 (23) 2.934 (128) 5.028 (11)

Results are for pharmacokinetic parameter set (defined in Table $2) and show the geometric mean (geometric %CV) for all except for T

max’

(range) and tys which is the arithmetic mean + SD. For the parameters analyzed on the log scale, zero values were substituted with 0.0001 prior to log
transformation. The parameters are defined in Table S1. Additional results are in Table S6.

which is the median

%CV, percent coefficient of variation; AUC,, ,
plasma concentration; r, ritonavir; t, ,, terminal half-life; T

max’

area under the concentration curve for a dosing interval; b.i.d., twice daily; CLr, renal clearance; C
time to maximum plasma concentration.

maxe Maximum

N1 is the number of participants contributing to the summary statistics and N2 is the number of participants where t,,, was determined.

of concern through maintaining free exposures multiple times
above the in vitro ECy, and provide a potential barrier against
resistance development. As indicated by the urinary excretion

Table 4 Descriptive summary of plasma nirmatrelvir
pharmacokinetic parameters for supratherapeutic exposure

Nirmatrelvir/r 2250%/100 mg

Parameter (unit) (N =10)

N1, N2° 10, 10
AUC, ., ng hour/mL 188,800 (35)
Conaxs NE/ML 15,940 (27)
Tax hours 5.00 (3.02-6.03)

Results are for pharmacokinetic parameter set (defined in Table $2) and
show the geometric mean (geometric %CV) for all except for T__ , which is the
median (range). For the parameters analyzed on the log scale, zero values
were substituted with 0.0001 before log transformation. The parameters are
defined in Table S1. Additional results are in Table S7.

%CV, percent coefficient of variation; AUC, ., area under the concentration
curve to infinity; C__ ., maximum plasma concentration; T, time to maximum
plasma concentration.

2Given as three doses of 750 mg at 0, 2, and 4 hours. N1 is the number of
participants contributing to the summary statistics and N2 is the number of

participants where AUC, . was determined.

max’
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data, in the presence of ritonavir (limiting metabolism of nirma-
trelvir), renal excretion was the major pathway of elimination.
Co-administration resulted in an approximately 8 fold increase
in nirmatrelvir concentrations. Simulations showed coadminis-
tration of nirmatrelvir 300 mg with ritonavir 100 mg maintained
a free concentration at 12 hours postdose (C_, ) above effica-
cious concentrations in > 90% of potential trial participants
from the very first dose, with median free C_, > 6 times the iz
vitro ECy at steady-state.®

The effect of food after oral administration of a nirmatrelvir sus-
pension, when enhanced with ritonavir, was minimal. Given the
intended use of co-administration of nirmatrelvir with ritonavir,
nirmatrelvir is being dosed without regard to food.

Population pharmacokinetic modeling and simulations en-
abled selection of the nirmatrelvir/ritonavir dose and dosing reg-
imen for phase II/III (300/100 mg b.i.d.), predicted to achieve
efficacious concentrations continuously in 2 90% of dosed par-
ticipants. This target, which was successfully implemented for
the first time for SARS-CoV-2 in the current study, was selected
based on the literature, where exposure in multiples of EC, for
oral protease and non-nucleoside protease inhibitors correlates
with clinical potency.”**! This was also supported by efficacy
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ARTICLE

—$— Simulated placebo
—3$— Simulated 5 day BID regimen
—§— Simulated 10 day BID regimen

(b)
(a) 7 A
7000
6000 £
—_- 2
;s
5000 S
—_ Z =
¥ o
—_ "’o °o 4 4
T 4000 N
) ° 3
= N T +l
< B
JF 3000 . g g
5 £
_ [ ] 'S
2000 5 2
o "6
3
1000| | @ £
0 _\_ T T T T 0
100 200 300 400 500

Dose (mg)

T T T T

3 5 7 10
Day of treatment

Figure 3 Distribution of simulated C_; at steady-state with different doses (b.i.d.) enhanced with ritonavir (a), and simulation of a virtual
population (n = 502) to predict viral load effect for nirmatrelvir/ritonavir 300/100 mg twice daily in symptomatic patients with COVID-19 (b). In
panel a, red dots indicate the means, grey lines indicate the medians, boxes are 25th and 75th percentiles, error bars show 10th and 90th
percentiles, and the red dotted line is EC,, of 292 ng/mL (accounted for plasma protein binding). COVID-19, coronavirus disease 2019; EC,,,
concentration at which 90% inhibition of viral replication is observed; PI, prediction interval; RNA, ribonucleic acid.

studies in preclinical species infected with SARS-CoV-2,'% and
projected to translate to human antiviral effect and relative risk re-
duction benefits when applied in the QSP modeling. In fact, QSP
modeling predicted that 5 days of dosing of oral nirmatrelvir/ri-
tonavir 300/100 mg b.i.d. would demonstrate meaningful antivi-
ral effect, supporting this duration for phase II/III trials. Dosing
for > 5 days in symptomatic patients was predicted to have no ad-
ditional benefit. The physiological rationale for this observation
is that after 5 days of dosing (~ 9 days after symptom onset and
about 2 weeks after infection®>>®%) viral dynamics may be almost
entirely driven by viral clearance rates, and not by viral replication.
Limitations of the study include that only a small number
of participants were enrolled to provide an initial evaluation
of safety and pharmacokinetics in healthy participants. This
study offered an initial assessment of the safety and tolerabil-
ity profile of nirmatrelvir/ritonavir and provided the basis for
robust dose selection; however, larger trials across various pa-
tient populations were needed to confirm nirmatrelvir/ritonavir
safety and evaluate efficacy. Such large studies in patients with
COVID-19 (EPIC-HR, in Standard Risk Patients (EPIC-SR),
and Post-Exposure Prophylaxis (EPIC-PEP)) along with clinical
pharmacology studies (e.g., in participants with renal or hepatic
impairment), are cither completed or ongoing. Study partic-
ipants were also of limited ethnic diversity. However, a small
number of Japanese participants were included, and no mean-
ingful differences in safety and pharmacokinetic results were
identified between Japanese and non-Japanese participants.

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 112 NUMBER 1 | July 2022

In conclusion, in response to the urgent need for COVID-19
treatments, our innovative, seamless, and efficient approach in
this study enabled accelerated dose and regimen selection for use
in late phase clinical studies within 2 months from the first dose
in humans without compromising the quality of safety and phar-
macokinetic assessment, while providing the appropriate confi-
dence to initiate pivotal efficacy trials. Nirmatrelvir/ritonavir
was safe and well-tolerated in healthy participants. Ritonavir
enhanced nirmatrelvir pharmacokinetics, hereby expected to
achieve plasma concentrations and maintain free C_, values in
multiples of the in vitro ECy) when dosed b.i.d. at steady-state.
These data enable high confidence in selection of a regimen of
nirmatrelvir 300 mg in combination with ritonavir 100 mg ad-
ministered b.i.d. over a 5-day period for phase II/III clinical tri-
als in patients with COVID-19.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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