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Abstract

Nirmatrelvir is a potent and selective inhibitor of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) main
protease that is used as an oral antiviral coronavirus disease 2019 (COVID-19) treatment. To sustain unbound systemic trough
concentrations above the antiviral in vitro 90% effective concentration value (ECy), nirmatrelvir is coadministered with 100
mg of ritonavir, a pharmacokinetic enhancer. Ritonavir inhibits nirmatrelvir’s cytochrome P450 (CYP) 3A4-mediated metabo-
lism which results in renal elimination becoming the primary route of nirmatrelvir elimination when dosed concomitantly.
Nirmatrelvir exhibits absorption-limited nonlinear pharmacokinetics. When coadministered with ritonavir in patients with
mild-to-moderate COVID-19, nirmatrelvir reaches a maximum concentration of 3.43 ug/mL (11.7x ECy,) in approximately
3 h on day 5 of dosing, with a geometric mean day 5 trough concentration of 1.57 ug/mL (5.4X ECy). Drug interactions with
nirmatrelvir/ritonavir (PAXLOVID™) are primarily attributed to ritonavir-mediated CYP3A4 inhibition, and to a lesser extent
CYP2D6 and P-glycoprotein inhibition. Population pharmacokinetics and quantitative systems pharmacology modeling sup-
port twice daily dosing of 300 mg/100 mg nirmatrelvir/ritonavir for 5 days, with a reduced 150 mg/100 mg dose for patients
with moderate renal impairment. Rapid clinical development of nirmatrelvir/ritonavir in response to the emerging COVID-19
pandemic was enabled by innovations in clinical pharmacology research, including an adaptive phase 1 trial design allowing
direct to pivotal phase 3 development, fluorine nuclear magnetic resonance spectroscopy to delineate absorption, distribution,
metabolism, and excretion profiles, and innovative applications of model-informed drug development to accelerate development.

1 Introduction

Nirmatrelvir/ritonavir (PAXLOVID™) is the first
approved oral antiviral drug indicated for the treatment
of mild-to-moderate coronavirus disease 2019 (COVID-
19) in adults who are at high risk for progression to
severe COVID-19, including hospitalization or death.

Since the start of the coronavirus disease 2019 (COVID-19)
pandemic caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), there have been a few different
approaches for the development of antiviral treatments for
COVID-19. Initial efforts focused on re-purposing approved
drugs with activity against some bacteria or viruses in hopes

When coadministered with the pharmacokinetic enhancer
ritonavir, nirmatrelvir’s cytochrome P450 3A4-mediated
clearance is inhibited, allowing unbound nirmatrelvir
trough concentration to exceed the antiviral in vitro 90%
effective concentration throughout the dosing period.

The clinical management of drug interactions for indi-
vidual patients is a very important consideration for use
of nirmatrelvir/ritonavir.

Extended author information available on the last page of the article

of potentially finding some overlapping antiviral activity
against SARS-CoV-2 [1]. Attempted re-purposed drugs
included hydroxychloroquine with or without azithromy-
cin, favipiravir, and nelfinavir. Initial optimism of finding a
repurposed antiviral drug faded as investigators tested these
drugs clinically in a robust and systematic manner, as none
of these potentially repurposed drugs proved to be effective
against SARS-CoV-2 viral replication to treat COVID-19
[2-5].
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Several pharmaceutical companies and government agen-
cies began developing new antivirals against various poten-
tial targets within the SARS-CoV-2 viral replication cycle
[6]. Remdesivir (GS-5734) was developed as an antiviral
against RNA-based viruses that maintain global pandemic
potential, such as the Ebola virus and the Coronaviridae
family of viruses [7]. Molnupiravir was already a preclinical
candidate at the onset of the COVID-19 pandemic and had
been due to enter clinical trials against influenza [8]. Given
its mechanism of action to terminate RNA chain elongation
via viral RNA-dependent RNA polymerase (RdRp), mol-
nupiravir showed activity against the SARS-CoV-2 virus [9].
Various intravenously administered monoclonal antibodies
directed against the spike protein of SARS-CoV-2 received
emergency use authorization (EUA) in the USA but have
since been discontinued from clinical use due to changes in
the spike protein with emerging viral variants [10].

Nirmatrelvir (PF-07321332) was developed in response
to the COVID-19 pandemic as a potent and selective inhibi-
tor of the SARS-CoV-2 main protease (MP™), also referred
to as 3-chymotrypsin-like (3CL) protease, which is a key
enzyme needed for SARS-CoV-2 viral replication. Nir-
matrelvir coadministered with 100 mg of ritonavir, a phar-
macokinetic (PK) enhancer, is an oral antiviral COVID-19
treatment marketed as PAXLOVID™ (Pfizer Inc, New York,
NY) [11]. PAXLOVID (nirmatrelvir/ritonavir) is approved
for use in the USA in adult patients with mild-to-moderate
COVID-19 who are at high risk of progression to severe dis-
ease [11]. Results from a phase 2/3 clinical trial in patients
with mild-to-moderate COVID-19 indicated that treatment
with nirmatrelvir/ritonavir decreased the risk of progression
to severe COVID-19 by 86% compared with placebo [11].
This manuscript provides a review of clinical pharmacol-
ogy studies of nirmatrelvir/ritonavir conducted by the spon-
sor (Pfizer, Inc) as part of nirmatrelvir/ritonavir’s clinical
development. It also provides a unique perspective on the
rapid development of nirmatrelvir/ritonavir and innovative
approaches utilized to elucidate its clinical pharmacology
properties.

2 Mechanism of Action

The causative pathogen of the COVID-19 pandemic, SARS-
CoV-2, is a member of the coronavirus family [12]. SARS-
CoV-2 infects cells through the angiotensin-converting
enzyme 2 (ACE2) receptor, with the lung and bronchial
epithelial cells being the primary sites of infection [12,
13]. Like other coronaviruses, SARS-CoV-2 encodes MP™,
also referred to as 3CL protease or nonstructural protease 5
(nsp5S) [14]. MP™ digests the viral ppla and pplab polypro-
teins at multiple junctions to generate a series of proteins
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critical for viral replication and transcription, including
RdRp, the helicase, and MP™ itself (Fig. 1) [12, 15, 16].
No close human analogs of the coronavirus MP™ are known
[17]. The essential functional importance in viral replication
together with the absence of closely related homologs in
humans make MP™ an attractive antiviral drug target [15].

Nirmatrelvir is a potent and selective inhibitor of MP™,
exhibiting a broad-spectrum activity across the Coronaviri-
dae family of 3CL proteases [18]. The mechanism of action
of nirmatrelvir has been demonstrated by various biochemi-
cal, crystallographic, and cell-based methods [18, 19]. Nir-
matrelvir binds to the active site of SARS-CoV-2 MP™ and
forms a covalent interaction (1.90 A C-S bond length) with
the cysteine at position 145 in MP™, as determined by the co-
crystal structure [18]. Nirmatrelvir inhibited the full-length
enzyme activity of SARS-CoV-2 MP™ with a geometric
mean half maximal inhibitory concentration (ICs;) of 0.0192
pM and an inhibitory constant (K;) of 0.00311 pM [18]. In
cell cultures, nirmatrelvir exhibited antiviral activity against
SARS-CoV-2 (USA-WA1/2020 isolate) infection of differ-
entiated normal human bronchial epithelial (AINHBE) cells
with 50% and 90% effective concentration (ECs, and ECy)
values of 62 nM and 181 nM, respectively, as measured by
viral replication after 3 days of nirmatrelvir exposure [19].

Nirmatrelvir retains consistent and potent in vitro anti-
viral activity across SARS-CoV-2 variants, including the
Omicron variant [19]. MP™ is conserved in recent variants
of interest, with variations occurring in the spike protein
[20, 21]. Thus, nirmatrelvir/ritonavir’s efficacy is antici-
pated to be maintained as long as MP™ is conserved. Nir-
matrelvir retained consistent and potent in vitro antiviral
activity against SARS-CoV-2 Alpha, Beta, Gamma, Delta,
Lambda, Mu, and Omicron BA.1 variants [11]. Addition-
ally, in vitro antiviral activity of nirmatrelvir against the
Omicron sub-variants BA.2, BA.2.12.1, BA.4, BA.4.6,
BA.5, BF.7, BQ.1, BQ.1.11, and XBB.1.5 was also con-
sistent, potent, and similar to that observed for other vari-
ants of SARS-CoV-2 [11].

No significant emergent MP™ mutations have been
observed to date. In a series of in vitro experiments, mutant
MP™ viruses were not viable and could not be evaluated in
reverse-engineered recombinant SARS-CoV-2 assays [19,
22, 23]. The majority of MP™ amino acid substitutions that
were selected by nirmatrelvir in vitro resulted in an ECy
shift of less than approximately five fold compared with
wild type [19]. The greatest reduction in susceptibility
occurred in virus containing a single E166V mutation [19].
This E166V mutation likely has a viral replication defect,
as it either could not be generated or had low virus titer
[19]. Only E166V of the identified in vitro mutations was
observed in clinical development studies for nirmatrelvir/
ritonavir [19]. The three patients with the E166V mutation
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Fig. 1 Nirmatrelvir acts on the proteolysis step of the SARS-CoV-2
coronavirus inside the host cell'. 1Reprinted from Alzyoud et al. [61].
Drug Design, Development and Therapy 2022:16 2463-2478 Origi-
nally published by and used with permission from Dove Medical

cleared virus within 14 days of dose initiation, and none
were hospitalized due to COVID-19 [19]. Additionally, as
of the end of 2022, the E166V was only found in 16 out
of ~13 million isolates included in the Global Initiative on
Sharing Avian Influenza Data (GISAID) database, a public
domain database for MP™ used for routine resistance surveil-
lance [19].

3 Rationale for Ritonavir as a PK Enhancer

Less than dose-proportional increases in nirmatrelvir expo-
sure were observed following single dose administration
of nirmatrelvir as an oral suspension at doses of 150 mg,
500 mg, and 1500 mg without ritonavir under fasted con-
ditions [24]. The median time of maximum observed con-
centration (7,,,,) was 0.63—1.0 h post-dose across all doses
tested without ritonavir [24]. Of the doses administered,

Press Ltd. ACE2, angiotensin-converting enzyme 2; MP™, main pro-
tease; PLP™, papain-like protease; SARS-CoV-2, severe acute respira-
tory syndrome coronavirus 2

mean half-life (,,) could only be calculated for the 150 mg
dose, which was approximately 2 h (Table 1) [24]. Thus,
to increase ), to support a twice daily dosing regimen and
boost systemic nirmatrelvir concentrations, a low dose of
100 mg ritonavir was chosen as a PK enhancer [11, 19].
A 100 mg ritonavir dose was chosen based on previously
approved protease inhibitors that also use ritonavir as a
PK enhancer, such as lopinavir, atazanavir, and darunavir
[25-27]. Of note, ritonavir is not active against SARS-
CoV-2 MP [11].

Coadministration of ritonavir increased nirmatrelvir
concentration approximately eight fold (see Table 1 for a
comparison of PK parameters of nirmatrelvir alone versus
nirmatrelvir coadministered with 100 mg ritonavir) [24].
All further clinical development of nirmatrelvir was con-
ducted with coadministration of 100 mg ritonavir [19].
The goal of coadministering ritonavir was to maintain
trough concentration (Ci,gy) of nirmatrelvir above the
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in vitro antiviral ECy, [292 ng/mL; adjusted by nirmatrel-
vir molecular weight (499.54 Daltons) and human plasma
protein binding (fraction unbound = 0.310)] in > 90% of
patients, which is believed to be important for a robust
pharmacodynamic response.

4 Pharmacokinetics of Nirmatrelvir
Coadministered with Ritonavir

4.1 Absorption

In a human mass balance study, approximately 55.0% of
nirmatrelvir dose was recovered as unchanged drug in urine
(representing drug absorbed systemically), and 27.5% was
recovered in feces (potentially representing unabsorbed
drug) after normalization to recovery determined by fluo-
rine-19 nuclear magnetic resonance spectroscopy (‘’F-NMR
)(see Section 4.3 for additional details) [28].

Following single doses ranging from 250 to 750 mg and
multiple doses ranging from 75 to 500 mg of nirmatrelvir
(coadministered with 100 mg ritonavir) under fasted condi-
tions, nirmatrelvir exposure on days 1, 5, and 10 appeared to
increase in a less than dose-proportional manner (Table 2)
[24]. Dose-normalized area under the concentration ver-

sus time curve through the dosing interval (AUC,,,) and

Table 1 PK parameters of single dose suspension 150 mg nirmatrel-
vir alone versus 250 mg nirmatrelvir coadministered with 100 mg
ritonavir in the fasted state.!

PK Parameter Nirmatrelvir 150 mg  Nirmatrelvir 250

(n=4) mg/ritonavir 100
mg’
(n=4)
AUC;, ¢ (ng h/mL/mg)®  14.98 (42) 112.9 (14)
AUC,,, (ng h/mL/mg)*  14.17 (34) 1104 (13)
CL/F (L/h) 66.83 (43) 8.87 (14)
Cpax (ng/mL/mg)? 4.45 (28) 11.53 (25)
t,, (h) 2.02 +£0.55 6.94 + 1.08
Tpax () 0.63 (0.55-1.50) 2.75 (1.50-4.00)
VJF (L) 190.6 (36) 87.98 (28)

Values presented as geometric mean (geometric % CV) for all except
median (range) for T, and arithmetic mean + SD for ¢,

AUC;;, area under the concentration versus time curve from time
zero extrapolated to infinity; AUC, area under the concentration
versus time curve from time zero to the last observed concentration;
CL/F, apparent oral clearance; C,, , maximum observed concen-
tration; % CV, coefficient of variability; PK, pharmacokinetic; SD,
standard deviation; t,/,, half-life; T, ., time of maximum observed

concentration; V /F, apparent oral volume of distribution
Data from Singh et al. [24]
ZRitonavir dosed at —12, 0, and 12 h post nirmatrelvir dose

3Dose-normalized
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maximum observed concentration (C,,,,) values decreased
as the nirmatrelvir dose increased [24]. Dose nonlinearity
might be due to low permeability of nirmatrelvir [29]. As a
moderately lipophilic, neutral compound, nirmatrelvir dem-
onstrated a low passive permeability of 1.76 x 107 cm/s in a
low-efflux Madin—Darby canine kidney (MDCK) cell assay
[29]. Further, in vitro studies suggest that nirmatrelvir is a
substrate for P-glycoprotein (P-gp), but not human breast
cancer resistance protein (BCRP), transporters [29]. Low
permeability coupled with low solubility (0.90-1.21 mg/
mL throughout the physiological pH range) suggests that
nirmatrelvir is classified as a Biopharmaceutics Classifica-
tion System Class IV drug.

Following multiple dose administration of nirmatrelvir/
ritonavir at doses of 75 mg/100 mg, 250 mg/100 mg, and
500 mg/100 mg twice daily under fasted conditions, dose-
normalized geometric mean AUC,,, on day 10 was 168.7,
151.1 and 79.56 ng*h/mL/mg, respectively [24]. Steady-
state plasma concentrations were achieved by day 2 for all
dose levels, with approximately two fold higher C,,, on
day 2 and trough values remaining similar on day 5 and day
10 [24]. Geometric mean accumulation ratios for AUC
(R,.) ranged from 1.8 to 2.1 across all dose levels [24].

Nirmatrelvir/ritonavir PK in COVID-19 patients is gen-
erally consistent with PK observed in healthy participants.
In EPIC-HR, patients with mild-to-moderate COVID-19
who received 300 mg/100 mg nirmatrelvir/ritonavir tablets
twice daily reached a geometric mean C,,,, of 3.43 pg/mL
in approximately 3 h on day 5 of dosing, with a geometric
mean day 5 Cq0 0f 1.57 pg/mL [11].

tau

4.1.1 Food effect

In an initial assessment of a food effect on nirmatrelvir/
ritonavir exposure, four healthy adult volunteers were
administered a single 250 mg/100 mg nirmatrelvir/ritona-
vir dose as an oral solution in either a fed or fasted state in
different periods of a single ascending dose (SAD) study
[24]. A geometric mean 1.5% and 15.3% increase in area
under the concentration versus time curve from time zero
extrapolated to infinity (AUC,,) and C,,,,, respectively,
was observed in participants in the fed state relative to
the fasted state [24]. Thus, subsequent phase 2/3 studies
included nirmatrelvir/ritonavir dosing without regard to
food [11, 19].

The impact of a high-fat meal on the relative bioavailabil-
ity of the commercial tablet formulation of nirmatrelvir was
later assessed in a phase 1, open-label, randomized, single
dose, two-sequence, two-period crossover study [30]. Twelve
healthy adults were enrolled and randomized to receive 300
mg/100 mg single doses of nirmatrelvir/ritonavir under fed
(800-1000 calories; 50% fat) and fasted conditions [11, 30].
A high-fat meal had a slight, but not clinically meaningful,
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Table 2. PK parameters of
multiple ascending doses of
nirmatrelvir (suspension)
coadministered with 100 mg
ritonavir administered twice
daily for 10 days in the fasted
state.!

PK parameter

Nirmatrelvir 75 mg/rito-

Nirmatrelvir 250 mg/

Nirmatrelvir 500 mg/

navir 100 mg (n =4) ritonavir 100 mg (n =4)  ritonavir 100 mg
(n=17)
Day 1
AUC,,, (ng h/mL) 6017 (33) 18,700 (43) 22,610 (37)
AUC,,, (ng h/mL/mg) 2 80.2 (33) 74.8 (43) 45.2 (37)
Cpax (ng/mL) 1042 (28) 2435 (36) 3051 (32)
Crax (ng/mL/mg)? 13.9 (28) 9.7 (36) 6.1 (32)

T (B)
Day 5

AUC,,, (ng h/mL)
AUC,, (ng h /mL/mg) *
CL/F (L/h)

Chax (ng/mL)

Cppax (ng/mL/mg)?

Cpin (ng/mL)

Rac

T ()

Day 10

Ae,, (%)

AUC,,, (ng h/mL)
AUC,,, (ng h/mL/mg) >
CL/F (L/h)

CL, (L/h)

Cpax (ng/mL)

Cpax (ng/mL/mg)?

Rac

1 (h)

T (0)

VJF (L)

tau

tau

1.75 (1.00-2.00)

1.50 (1.00-4.00)

2.00 (1.50-2.17)

12,570 (17) 35,560 (26) 38,150 (23)
167.6 (17) 142.2 (26) 76.3 (23)
597 (17) 7.03 (26) 13.11 (23)
2224 (27) 4774 (21) 5296 (21)
29.7 (27) 19.1 (21) 10.6 (21)
251 (11) 1315 (37) 1195 (29)
2.09 (24) 1.90 (22) 1.69 (29)

1.00 (1.00-1.50)

0.75 (0.50-1.50)

1.50 (1.00-2.02)

63.79 (12) 51.81 (4) 23.35 (121)
12,650 (16) 37,780 (27) 39,780 (20)
168.7 (16) 151.1 27) 79.6 (20)

5.93 (16) 6.62 (27) 12.57 (20)

3.78 (20) 3.43(23) 2.93 (128)

2055 (14) 5123 (24) 5607 (17)

27.4 (14) 20.5 (24) 11.2 (17)

2.10 (30) 2.02 (16) 1.76 (26)

7.96 + 2.04 6.80 + 1.71 8.05+1.79

1.00 (1.00-2.00) 1.00 (1.00-2.00) 1.50 (1.00-2.00)
66.4 (24) 63.4 (13) 142.4 (37)

Values presented as geometric mean (geometric % CV) for all except median (range) for 7,,,, and arithme-

tic mean + SD for ¢,

Ae,,,, amount excreted in urine as unchanged drug over the dosing interval; AUC

area under the concen-

tration versus time curve through the dosing interval; CL/F, apparent oral clearance; CL,, renal clearance;

C

Tmax’

'Data from Singh et al. [24]
2Dose-normalized

impact on the systemic exposure of nirmatrelvir, with an
approximately 1.2-fold increase in geometric mean AUC, ¢
for the fed treatment compared to the fasted treatment [11].
Peak exposure was higher in the fed treatment, with a 1.6-fold
increase in geometric mean C,,,, compared with the fasted
treatment [11]. However, since phase 2/3 studies included
dosing without regard to food, there are no food restrictions

for administration of nirmatrelvir/ritonavir [11, 19].

'naxe Maximum observed concentration; C
iability; PK, pharmacokinetic; R, , accumulation ratio for AUC

time of maximum observed concentration; V,/F, apparent oral volume of distribution

minimum observed concentration; % CV, coefficient of var-
SD, standard deviation; ¢, half-life;

min>

tau®

4.2 Distribution

The binding of nirmatrelvir to human plasma proteins was
assessed at nirmatrelvir concentrations ranging from 0.3 to
10 uM [29]. The protein binding of nirmatrelvir in human
plasma was approximately 69%, and there was no concentra-
tion dependency [29]. At a concentration of 1 uM, nirmatrel-
vir preferentially partitioned into human plasma relative to
red blood cells, with a blood-to-plasma ratio of 0.60 [29].
The mean nirmatrelvir apparent volume of distribution was
104.7 L when coadministered with ritonavir [11].
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4.3 Metabolism and Excretion

Ritonavir-mediated inhibition of cytochrome P450 (CYP)
3A4 led to a change in the primary excretion mechanism
of nirmatrelvir to renal excretion [24]. Following multiple
dosing of nirmatrelvir/ritonavir, nirmatrelvir mean ¢, values
on day 10 ranged from 6.8 to 8.0 h across all doses stud-
ied (Table 2) [24]. The percent of dose excreted unchanged
during the nirmatrelvir dosing interval decreased with an
increase in nirmatrelvir dose, with geometric mean (geo-
metric coefficient of variability) 64% (12), 52% (4), and 23%
(121) of the nirmatrelvir dose recovered in urine following
75 mg, 250 mg, and 500 mg doses (coadministered with 100
mg ritonavir), respectively, which is likely a consequence of
lower bioavailability with increasing doses [24]. However,
renal clearance was similar across all doses, which was 3.78,
3.43, and 2.93 L/h following 75 mg, 250 mg, and 500 mg
nirmatrelvir doses (coadministered with 100 mg ritonavir),
respectively [24].

A mass balance study used "F-NMR methodology to
determine the extent of nirmatrelvir-related material in urine
and feces after a single 300 mg/100 mg nirmatrelvir/rito-
navir dose [28]. Excretion into urine and feces was 49.6%
and 35.3% of administered dose, respectively. When calcu-
lated by normalizing the recovery determined by *F-NMR
(80.7%) to a value of 95.8%, which is 100% minus 4.2%, the
percentage of dose represented by hydrolytic metabolite M8
("’F-NMR silent), the percent of nirmatrelvir dose excreted
unchanged in urine and feces was calculated as 55% and
27.5%, respectively [28]. In plasma, the only drug-related
entity quantifiable by '”’F-NMR was unchanged nirmatrel-
vir [28]. In excreta, unchanged nirmatrelvir was also the
predominant drug-related entity, with small amounts of
hydrolytic metabolites [28]. These metabolites included a
carboxylic acid metabolite M5, present at 12.1% of dose
and further metabolized into an acyl glucuronide secondary
metabolite M7, and a carboxylic acid metabolite M9, present
at < 1.0% of dose [28].

5 Drug Interactions

In vitro data indicate that nirmatrelvir is a substrate for P-gp
and CYP3A4, but not for BCRP, multidrug and toxin extru-
sion protein (MATE) 1, MATE2K, sodium taurocholate
cotransporting polypeptide (NTCP), organic anion trans-
porter (OAT) 1, OAT2, OAT3, organic cation transporter
(OCT) 1, OCT2, peptide transporter (PEPT) 1, organic anion
transporter polypeptide (OATP) 1B1, OATP1B3, OATP2BI1,
or OATP4C1 [11, 31]. Nirmatrelvir does not reversibly
inhibit CYP1A2, CYP2B6, CYP2CS8, CYP2C9, CYP2C19,
or CYP2D6, nor does it induce any CYPs in vitro at clini-
cally relevant concentrations [11, 31]. However, nirmatrelvir
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does have the potential to reversibly and time-dependently
inhibit CYP3A4 and inhibit P-gp and OATP1B1 [11, 31].
Ritonavir has been shown in vitro to be mainly a substrate of
CYP3A, although it can inhibit both CYP3A and (to a lesser
extent) CYP2D6 [31, 32]. It appears to induce CYP3A,
CYP1A2, CYP2C9, and CYP2B6, as well as other enzymes,
such as glucuronosyltransferases (UGTs) [31, 33].

To assess victim drug interaction risk, clinical drug
interaction studies were conducted with a strong CYP3A
inhibitor (itraconazole) and with a strong CYP3A inducer
(carbamazepine) to investigate the effects of their coadminis-
tration on the PK of nirmatrelvir/ritonavir in healthy subjects
[32, 34]. To assess perpetrator drug interaction risk, two
additional studies assessed the effect of nirmatrelvir/ritona-
vir as well as ritonavir alone on midazolam, a substrate of
CYP3A4, and dabigatran, a substrate of P-gp [35]. A sum-
mary of the results from these drug interaction studies is
provided in Table 3. Adding itraconazole, a second potent
CYP3A4 inhibitor, on top of ritonavir, which is already
used as PK enhancer of nirmatrelvir, minimally increased
the exposure of nirmatrelvir beyond that caused by ritonavir
[34]. Besides potently inhibiting CYP3A, itraconazole also
has some P-gp inhibitory potential, and this is presumably
the cause of a slight increase in nirmatrelvir AUC,,, when
nirmatrelvir/ritonavir is coadministered with itraconazole
[34]. Carbamazepine markedly reduced nirmatrelvir and
ritonavir exposure (with a 55% and 83% reduction in AUC
inf fOr nirmatrelvir and ritonavir, respectively), and the mag-
nitude of decrease was different such that a dose increment
to counter this interaction was not clinically feasible [34].
The midazolam and dabigatran drug interaction studies sug-
gest that interactions with concomitant medications that are
CYP3A4 and P-gp substrates are mainly associated with
ritonavir (Table 3) [35].

5.1 Management of Drug Interactions During
Clinical Use

Clinical drug interactions with nirmatrelvir/ritonavir are pri-
marily driven by ritonavir-mediated inhibition of CYP3A4,
and to a lesser extent CYP2D6 and P-gp [11, 36]. Ritonavir
is a potent, irreversible, and mechanism-based inhibitor of
CYP3A4 [37]. Inhibition of CYP3A4 occurs rapidly after
initiating ritonavir, with maximum inhibition occurring
within 48 h [38, 39]. After ritonavir is discontinued, over
80% of CYP3A4 inhibition resolves within 3 days, which
is well beyond ritonavir’s half-life of ~ 5 h, because new
CYP3A4 enzyme needs to be regenerated due to irrevers-
ible inhibition [37, 39, 40]. However, the time to resolution
of inhibition varies based on factors such as the patient’s
age, and therefore resolution may take longer in some indi-
viduals, such as in the elderly [40]. When ritonavir is used
for 5 days in combination with nirmatrelvir, its induction
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Table 3. Results of clinical drug interaction studies conducted with nirmatrelvir/ritonavir.

1

Effect of a potent CYP3A4 inhibitor and inducer on nirmatrelvir and ritonavir PK

Drug interaction study

Change in nirmatrelvir PK

Change in ritonavir PK

Itraconazole (potent CYP3A inhibitor)

Carbamazepine (potent CYP3A inducer)

139% AUC
119% C,,

1 55% AUC, ;

121% AUC
1 15% Coa

| 83% AUC, ;

tau tau

ax

l 43% Cmax l 74% Cmﬂx

Effect of ritonavir and nirmatrelvir/ritonavir on a CYP3A4 and P-gp substrate PK

Drug interaction study

Change in Substrate PK with Ritonavir

Change in Substrate PK
with Nirmatrelvir/
Ritonavir

Midazolam (CYP3A4 substrate)

1 1545% AUC,,

1 1330% AUC,,;

1287% Cpax 1268% Ciax
Dabigatran (P-gp substrate) 1 69% AUC, ¢ 1 94% AUC; ¢
172% Cypoy 1133% C,,,

AUC;

inf>

area under the concentration versus time curve from time zero extrapolated to infinity; AUC

\au> area under the concentration versus time

curve through the dosing interval; C,,,,, maximum observed concentration; CYP, cytochrome P450; P-gp, P-glycoprotein; PK, pharmacokinetics

'Data from Cox et al. [34, 35]

properties are less likely to be clinically relevant than when
ritonavir is used chronically (e.g., in people who take HIV
protease inhibitors), as induction is typically not observed
until after 5—7 days of ritonavir dosing [39].

There are two classes of drugs that are contraindicated
for use with nirmatrelvir/ritonavir: (1) drugs that are highly
dependent on CYP3A for clearance and for which elevated
concentrations are associated with serious and/or life-
threatening reactions, and (2) drugs that are potent CYP3A
inducers that reduce nirmatrelvir concentration, resulting
in potential lack of efficacy [11]. It is important to note
that nirmatrelvir/ritonavir cannot be started immediately
after discontinuation of potent CYP3A inducers due to the
delayed offset of the recently discontinued CYP3A inducer
[11]. Other potentially important drug interactions can be
managed by either dose reduction, increased monitoring of
adverse events, monitoring concomitant drug levels when
feasible, and temporary interruption of the concomitant
medication [11]. These interactions must be managed dur-
ing the short 5 day duration of nirmatrelvir/ritonavir dos-
ing and for about 3—5 days after completion of nirmatrelvir/
ritonavir dosing since ritonavir is an irreversible inhibitor
of CYP3A4 [11]. One notable drug class that has resulted
in serious drug interactions, including reported fatalities, is
immunosuppressants [41]. Coadministration of nirmatrelvir/
ritonavir with many immunosuppressants, such as tacroli-
mus, should be avoided, especially when close monitoring
of immunosuppressant concentrations is not feasible [11].

The clinical management of drug interactions is a very
important consideration when prescribing and dispensing

nirmatrelvir/ritonavir. There are several resources available
to healthcare providers to help them manage drug interac-
tions with nirmatrelvir/ritonavir. The PAXLOVID EUA
Fact Sheet and US Prescribing Information for Healthcare
Providers extensively describe the risk of drug interactions,
along with instructions on how to successfully manage
patients on these drugs during the short duration of nir-
matrelvir/ritonavir dosing [11, 42]. In addition, the US Food
and Drug Administration (FDA) has provided a PAXLOVID
Patient Eligibility Screening Checklist Tool for Prescribers
for nirmatrelvir/ritonavir drug interactions [43]. The Uni-
versity of Liverpool provides a COVID-19 Drug Interac-
tions Checker, which was revised following introduction
of nirmatrelvir/ritonavir [44]. There is also an accompany-
ing phone app, Liverpool COVID-19 iChart, available to
prescribers for easy reference. The National Institution of
Health has provided color-coded tables of drugs coadminis-
tered with nirmatrelvir/ritonavir based on how these interac-
tions can be managed clinically [45]. Finally, an analysis of
the top 100 drugs identified using real-world data as most
likely to be prescribed to US high risk COVID-19 patients
identified which of these top 100 coadministered drugs are
and are not expected to interact with nirmatrelvir/ritonavir
[46]. To safely prescribe nirmatrelvir/ritonavir, the potential
for drug interactions needs to be considered by prescribers,
both to take actions to manage these interactions as well as
to determine whether nirmatrelvir/ritonavir is an appropriate
treatment choice for each individual patient.
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6 Bioanalytical Assays

Liquid chromatography tandem mass spectrometry
(LC-MS/MYS) bioanalytical methods for nirmatrelvir and
ritonavir in plasma and urine were developed at Pfizer
(Groton, CT) and York Bioanalytical Solutions (York, UK)
as previously described [24, 47]. Briefly, the nirmatrel-
vir calibration curve range was 10.0-50,000 ng/mL for
plasma and urine for the phase 1 study at Pfizer. Plasma
and urine methods were subsequently revalidated at York
with a calibration curve range of 10.0-10,000 ng/mL for
nirmatrelvir and 5.0-5000 ng/mL for ritonavir in plasma
and 100-200,000 ng/mL for nirmatrelvir in urine. Analytes
and their internal standards (PF-07818226 and ritonavir-dg
for nirmatrelvir and ritonavir, respectively) were isolated
from 100 pL of human plasma via protein precipitation
with acetonitrile. Nirmatrelvir and internal standard (PF-
07818226) were isolated from 50 uL of human urine sam-
ple either via protein precipitation with acetonitrile (Pfizer
method) or dilution (York method) with 0.1% formic acid
in acetonitrile:water 40:60 (v/v). Extracted plasma and
urine samples were analyzed by LC-MS/MS in positive
ionization mode. Separation was accomplished using a
Waters Acquity ultra performance liquid chromatography
(UPLC) BEH column (Waters Corporation, Milford, MA)
(C18, 2.1 x 50 mm, 1.7 uM) and gradient elution. Both
nirmatrelvir and ritonavir were quantified simultaneously
in a single bioanalytical assay (i.e., in a single assay run).
The overall inter-run nirmatrelvir plasma assay percent
coefficient of variation and percent relative error were <
8.4% and — 8.1% to — 1.0%, respectively (< 9.9% and
— 6.4% to — 3.1%, respectively, for urine).

As previously described [24, 47], all samples were ana-
lyzed within established storage stability. Incurred sample
reproducibility assessments met acceptance criteria for
both plasma and urine. All analyses were conducted in
concordance with industry best practices, Pfizer and con-
tract laboratory standard operating procedures, and FDA
and European Medicines Agency (EMA) requirements [48,
49].

Viral load was quantified as previously described at
the University of Washington Medicine Clinical Virol-
ogy Laboratory (Seattle, WA) using a validated Abbott
RealTime Quantitative SARS-CoV-2 assay (Abbott,
Abbott Park, IL) [50]. SARS-CoV-2 nucleic acid from
nasopharyngeal or nasal swabs was quantified via detec-
tion of the RdRp and nucleocapsid genes using an Abbott
m2000 System [50]. Total RNA was extracted using the
Roche MagnaPure LC automated platform (Roche, Basel,
Switzerland) [50].
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7 Dose Selection—Model-Informed Drug
Development

The therapeutic dose of 300 mg/100 mg nirmatrelvir/rito-
navir twice daily for 5 days was selected based on achieve-
ment of the pharmacokinetic/pharmacodynamic (PK/PD)
target. Maintaining antiviral plasma concentrations above
the ECy, was considered important for effective antiviral
activity [51, 52]. Therefore, in the absence of any prior
exposure-response relationship for SARS-CoV-2, the PK/PD
target was defined as nirmatrelvir dosing achieving protein
binding-corrected Ciqp, above the ECy, of 292 ng/mL (181
nM) in > 90% of patients starting after the first dose and
maintaining C,,q, throughout the nirmatrelvir/ritonavir dos-
ing duration [18, 24]. A model-informed drug development
(MIDD) approach was used to support the therapeutic dose
selection of nirmatrelvir/ritonavir for adults with COVID-19
and to guide dose adjustment for special patient populations
[24]. Dosage and dose duration were supported by popula-
tion pharmacokinetic (PopPK) modeling and quantitative
systems pharmacology (QSP) modeling, respectively, which
together were confirmed with physiologically based pharma-
cokinetic (PBPK) modeling.

7.1 Population Pharmacokinetic Modeling

Initially, a preliminary PopPK model of nirmatrelvir (coad-
ministered with ritonavir 100 mg) was developed based on
the preliminary data from the first in human (FIH) study,
which included SAD and multiple ascending dose (MAD)
data from 20 healthy volunteers receiving doses ranging
from 75 to 750 mg [24]. The PopPK model was a two-
compartment disposition model with first-order absorption
and included a standard allometric model of baseline body
weight (normalized to 70 kg) on apparent clearances and
volumes with exponents fixed to 0.75 and 1, respectively
[24]. The dose effects on the relative bioavailability (F1) and
the first-order absorption rate constant (ka) were described
by separate power functions [24].

Simulations were conducted utilizing the preliminary
PopPK model across a dose range of 100-500 mg nirmatrel-
vir by 100 mg increments coadministered with 100 mg rito-
navir and given twice daily for 5 days [24]. The interindivid-
ual variability on nirmatrelvir clearance was inflated to 60%
to mimic variability in an outpatient population [24]. The
simulation results suggested that the PK/PD target (> 90%
of patients above ECy after the first dose) was achieved with
a 300 mg/100 mg dose of nirmatrelvir/ritonavir (Table 4)
[24]. Nirmatrelvir doses of 100 mg and 200 mg did not reach
target attainment, whereas nirmatrelvir doses of 400 mg and
500 mg offered only marginal gains in target attainment as
compared to the 300 mg dose [24].
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Subsequently, the preliminary PopPK model was updated
with additional data in healthy adults and nonhospitalized
symptomatic adults with COVID-19 who were at increased
risk of progressing to severe illness [53]. The available
intrinsic and extrinsic covariates were assessed with step-
wise covariate modeling (forward selection and backward
elimination) [53]. Other than the allometric scaling of body
weight and dose-dependent absorption, nirmatrelvir clear-
ance increased proportionally with body surface area-nor-
malized creatinine clearance (nCLCR) up to an estimated
breakpoint of 70 mL/min/1.73 m? and was independent of
nCLCR above this breakpoint [53]. Other significant covari-
ates included carbamazepine or itraconazole coadministra-
tion as markers for drug interactions, COVID-19 on apparent
clearance, formulation on F1, and age on central apparent
volume of distribution [53]. Simulations were conducted
again with the updated PopPK model, which confirmed that
the dose recommendation remained unchanged [53].

7.2 Quantitative Systems Pharmacology Modeling

Dose duration selection of nirmatrelvir/ritonavir was
informed by a published QSP model of the immune response
to SARS-CoV-2 infection that quantitatively recapitulates
the heterogeneity observed in clinical populations through
the generation of a robust virtual population. QSP model
details were previously published by Singh et al. and Rao
et al. [24, 54]. Briefly, the QSP model consists of ordinary
differential equations that link the within-host viral dynam-
ics of SARS-CoV-2 to the activation of the innate and adap-
tive immune response and the accumulation of tissue dam-
age as a result of proinflammatory-mediated cell death [24,
54]. Parameters of the virtual population were constrained to
literature data from interventional randomized clinical trials
investigating the efficacy of neutralizing antibody cocktail
and antiviral therapeutics in outpatients with COVID-19, as

well as published observational clinical reports in COVID-
19 patients spanning viral load and immune responses in
plasma and lung [55-57]. The resulting virtual population
was used to predict the virological efficacy of 5 day and 10
day twice daily dosing of nirmatrelvir/ritonavir by incorpo-
rating the simulated nirmatrelvir/ritonavir PopPK profile and
preclinical data on nirmatrelvir pharmacology in a mouse
model of SARS-CoV-2 that was used to estimate the in vivo
nirmatrelvir potency with the QSP model [24].

To assess the efficacy of different dose durations, QSP
model simulations assumed a symptomatic outpatient
COVID-19 virtual population with dosing 4 days post viral
load peak/symptom onset informed by the above-men-
tioned published randomized clinical trials on outpatient
COVID-19 therapies [24]. The QSP model simulations
predicted that, on an aggregate level, the viral load decline
with a 5 day and 10 day nirmatrelvir/ritonavir regimen
would be similar (Fig. 2) [24]. Thus, 5 days of twice daily
dosing was predicted to be sufficient for the treatment of
symptomatic confirmed SARS-CoV-2 outpatients [24].
Moreover, uncertainties around the evolving disease and
patient landscape with respect to the prevalent variants,
seropositivity, and vaccination status, were addressed
through sensitivity analysis of the model to address emerg-
ing development questions. The clinical dose and dose
duration were subsequently confirmed by results of the
Evaluation of Protease Inhibition for COVID-19 in High-
Risk Patients (EPIC-HR) study, a pivotal phase 2/3 study,
which demonstrated the safety and efficacy of 300 mg/100
mg nirmatrelvir/ritonavir administered twice daily for 5
days [50]. Therefore, the QSP model provided an expedi-
ent MIDD approach to inform emerging clinical devel-
opment decisions in short time frames. Further research
is warranted to determine if the 5 day dosing regimen is
optimal for patients with varying degrees of immunocom-
promised status.

Table 4 PopPK-predicted

: ; Nirmatrelvir ~ Dosing day PopPK-predicted nirmatrelvir Cy,,o1, (ng/mL) Simulated patients
nirmatrelvir Cy,g, When dose (mg) , - : achieving Cio,g, 2 ECyg
coadministered with 100 mg Median 10th percentile ~ 90th percentile (%) €
ritonavir.!

100 Day 1 458 141 1018 71.5
Day 5 852 238 2276 85.3
200 Day 1 743 228 1608 85.0
Day 5 1361 383 3575 93.4
300 Day 1 987 307 2124 90.7
Day 5 1800 498 4670 95.7
400 Day 1 1209 378 2565 94.0
Day 5 2197 605 5679 97.4
500 Day 1 1417 449 2979 95.5
Day 5 2563 704 6640 97.8

'Data from Singh et al. [24]

Ctmugh’
model

trough concentration; EC,y,, 90% effective concentration; PopPK, population pharmacokinetic
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7.3 Physiologically Based Pharmacokinetic
Modeling

A PBPK model of nirmatrelvir/ritonavir with first-order
absorption was developed using Simcyp (Certara, Shef-
field, UK) [58]. The nirmatrelvir model was developed using
both preclinical and clinical data of nirmatrelvir with and
without ritonavir, then verified with clinical data from nir-
matrelvir/ritonavir SAD, MAD, and drug interaction studies
[58]. The existing Simcyp first-order ritonavir compound
file was leveraged without further modification and further
verified with additional nirmatrelvir/ritonavir clinical data
[58]. The combined nirmatrelvir/ritonavir PBPK model
was able to predict nirmatrelvir AUC and C,,, within +
20% of corresponding observed values and predict ritonavir
PK parameters within two fold of observed values [58]. A
complex absorption PBPK model was further developed for
nirmatrelvir (manuscript in preparation). Both the first-order
and complex absorption PBPK models were used throughout
the development program to estimate perpetrator and victim
drug interactions and in formulation development from FIH
study to commercial supplies.

7.4 Exposure-Response Analysis

An exploratory exposure-response (ER) analysis of viral
load in patients enrolled in EPIC-HR was investigated pri-
marily through graphical examination of PK (predicted

nirmatrelvir day 5 Cy,g4) versus pharmacodynamic (PD)

-y
E [
5 —3— simulated placebo
2 —3§— Simulated 5d BID regimen
g' 61 —3— Simulated 10d BID regimen
o
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= H

c -
® &3
o o
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Fig.2 QSP-predicted viral load decline versus time with various dose
durations of 300 mg/100 mg nirmatrelvir/ritonavir!. Simulation of a
virtual population (n = 502) to predict viral load effect for nirmatrel-
vir/ritonavir 300 mg/100 mg twice daily in symptomatic patients with
COVID-19. lReprinted from Singh et al. [24]. BID, twice daily; PI,
prediction interval; QSP, quantitative systems pharmacology model
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[change from baseline (CFB) in day 5 viral RNA]. Viral load
over time was evaluated using viral RNA titers measured in
nasopharyngeal swabs via reverse transcription—polymerase
chain reaction (RT-PCR) [50]. The ER analysis included
740 and 734 patients in the placebo and nirmatrelvir/rito-
navir arm, respectively, who had both PK and PD data
available.

Day 5 CFB in viral load did not show any correlation with
nirmatrelvir exposure across the exposure range observed
(Fig. 3). Additionally, no meaningful trend in ER relation-
ship was evident when looking at categories of clinical
interest, including baseline SARS-CoV-2 serology status,
baseline viral load, or treatment onset (data not shown).
The lack of relationship can be attributed to several factors.
First, only one dose level was studied, which did not allow
a wide spread of exposure data. Secondly, a significant por-
tion (49.9%) of available C,,, values were > 5 X ECy,
with very few values less than 3 X EC,,. Lastly, there was
a high degree of variability in the viral load data, both at
baseline and day 5 CFB. It was observed that patients who
were hospitalized had nirmatrelvir C,,., values below the
median Cy,,q, value. However, this observation should also
be interpreted with caution due to the small sample size
of six patients in the PK/PD dataset that were hospitalized
while receiving nirmatrelvir/ritonavir in EPIC-HR.

8 Special Populations
8.1 Renal Impairment

The effect of renal impairment on the PK of nirmatrelvir/
ritonavir was examined in a single dose PK study [47]. This
was a phase 1, nonrandomized, open-label study in partici-
pants with stable mild [estimated glomerular filtration rate
(eGFR) > 60 to < 90 mL/min], moderate (¢GFR > 30 to <
60 mL/min), or severe (eGFR < 30 mL/min and not requir-
ing dialysis) renal impairment, and a control group of par-
ticipants with normal renal function (eGFR > 90 mL/min)
[47]. eGFR was determined using the Chronic Kidney Dis-
ease Epidemiology Collaboration (CKD-EPI) equation [47,
59]. All study participants received a single 100 mg dose of
nirmatrelvir enhanced with 100 mg ritonavir administered
— 12,0, 12, and 24 h relative to nirmatrelvir dosing to ensure
maximal inhibition of CYP3A4 [47]. Eight participants each
were treated in the mild, moderate, and severe renal impair-
ment group, and ten participants were treated in the control
group [47].

Nirmatrelvir exposure increased with increasing severity
of renal impairment [47]. Compared with the control group,
the mean AUC; in participants with mild, moderate, and
severe renal impairment was higher by 24%, 87%, and 204%,
respectively [47]. The mean C,,,, compared with the control
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Fig.3 Viral load CFB versus

nirmatrelvir Cy,q, On day 5.

Blue dots represent individual 0
data from patients enrolled in
EPIC-HR, the pivotal nirmatrel-
vir/ritonavir phase 2/3 study,
who received 300 mg/100 mg
nirmatrelvir/ritonavir twice
daily for 5 days [50]. Data from
patients in the active treatment
arm of EPIC-HR who were hos-
pitalized are represented by red
dots. Median PopPK-predicted
nirmatrelvir day Cy,q, is shown
as a black dashed line, and nir-
matrelvir concentration relative
to ECy, (292 ng/mL) reference
lines are shown as blue dashed
lines. A linear regression is
shown as a solid blue line with
an associated 95% confidence
interval shaded in gray. CFB,
change from baseline; C,;,,
minimum observed concentra-
tion; Cygygn, trough concen-
tration; ECy,, 90% effective
concentration; EPIC-HR, Evalu-
ation of Protease Inhibition

for COVID-19 in High-Risk
Patients; PopPK, population
pharmacokinetic model
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|
EN

group was higher by 30%, 38%, and 48% for participants
with mild, moderate, and severe renal impairment, respec-
tively [47]. Urinary recovery of unchanged nirmatrelvir was
geometric mean (geometric coefficient of variability) 31%
(45),43% (23), 31% (56), and 19% (50) for the normal renal
function and mild, moderate, and severe renal impairment
groups, respectively [47]. Nirmatrelvir clearance increased
proportionally to eGFR but appeared to plateau after ~ 70
mL/min (Fig. 4) [47].

The preliminary PopPK model (see Section 7.1) was
used to conduct simulations with the population clearance
reduced by one-third and one-half to mimic mild and mod-
erate renal impairment, respectively, included in the clini-
cal study [47]. Mild and moderate renal impairment were
simulated because these populations were enrolled in phase
3 studies with an eGFR cutoff of 45 mL/min/1.73 m? [50].
Based on matching the predicted renal impairment nir-
matrelvir exposures to those from the normal renal function
group (in order to achieve the PK/PD target of > 90% of
simulated patients with Cy o0, > ECyp), the recommended
nirmatrelvir/ritonavir dose was 300 mg/100 mg for mild
renal impairment (nCLCR 60 to < 90 mL/min/1.73 m?) and
150 mg/100 mg for moderate renal impairment (nCLCR 30

EC90
2xEC90
5xEC90

Median Cnfin
.« e

A e e e e e e e

- wew} ymy
. H S
i . , K R
: 5 '.""'.:!_ 0 ": -.
: : n. 2-.}: ': .
T ., o .;l .
o .. .. . J -.
. . R
RERE
-r.'
°" _1 .
.o - S
. | .
. e 3
°. |"
° N
. |._
i
L4 '.l )
o )
|
- | L, |
500 1000 1500 2000

Day5 Cmin (ng/mL)

to < 60 mL/min/1.73 m?) (Fig. 5). Additional clinical data
and simulations are needed to select a dose in patients with
severe renal impairment [47].

8.2 Hepatic Impairment

The effect of hepatic impairment on the plasma PK of nir-
matrelvir was assessed in a phase 1, nonrandomized, open-
label study [60]. A single oral dose of 100 mg nirmatrelvir
enhanced with 100 mg ritonavir was administered at — 12,
0, 12 and 24 h to ensure maximal inhibition of CYP3A4 in
16 adult participants: 8 participants with stable moderate
hepatic impairment (Child—Pugh class B) and 8 age- and
weight-matched participants with normal hepatic function
[60].

Nirmatrelvir systemic exposure was comparable between
the moderate hepatic impairment group and the normal
hepatic function group [60]. Geometric mean AUC;;
was 15.24 pg h/mL and 15.06 pg h/mL and geometric
mean C,,, was 1.886 ug/mL and 1.923 pg/mL for the
normal hepatic function and moderate hepatic impair-
ment groups, respectively [60]. Adjusted geometric mean
ratio (90% confidence interval) of nirmatrelvir AUC; ; and
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Fig.4 Nirmatrelvir CL/F versus 10.0

eGFR following a single 100 95 7

mg nirmatrelvir dose enhanced g'g ]

with 100 mg ritonavir!. The 8.0 4

bold line is the predicted 7.5

linear regression line; the 7.0 1

shaded area represents the 90% 2'(5) ]

confidence interval. The vertical £ 554

lines represent the boundary : 5.0

criteria of the renal function 8 4.5

groups. 'Reprinted from Toussi ‘3"(5) ]

et al. [47]. CKD-EPI, Chronic 30 -

Kidney Disease Epidemiology 2.5

Collaboration equation; CL/F, 2.0

apparent oral clearance; eGFR, 13 ]

estimated glomerular filtration 05 4

rate 0.0
T T T T
0 10 20 30
O Normal renal function

C...x comparing moderate hepatic impairment (test) to

normal hepatic function (reference) was 98.78% (70.65%,
138.12%) and 101.96% (74.20%, 140.11%), respectively
[60]. Thus, no dose adjustment is needed for patients with
moderate hepatic impairment (Child—Pugh class B), nor
for patients with mild impairment (Child—Pugh class A).
Nirmatrelvir/ritonavir has not been studied in participants
with severe hepatic impairment since ritonavir is not rec-
ommended in severe hepatic impairment patients [11, 37].

8.3 Additional Subpopulation Analyses

In the PopPK covariate analysis, gender, race, and obesity
status (body mass index > 30 kg/m?) did not significantly

* Mild renal impairment

T T T T T T T T T T T
80 920 100 110 120 130 140 150

CKD-EPI-derived eGFR (mL/min)

A Moderate renal impairment X Severe renal impairment

impact nirmatrelvir PK parameters [53]. Apparent oral
central volume of distribution decreases as age increases,
but the effect was not considered to be clinically relevant
[53]. Systemic exposure in a cohort of Japanese participants
included in the MAD study was numerically lower, but not
clinically meaningfully different, from those in other cohorts
[24]. COVID-19 infection status did significantly decrease
predicted apparent oral clearance in the PopPK model, but
that could be a counteracting effect of the commercial for-
mulation of nirmatrelvir 150 mg tablet on relative bioavail-
ability [53].

Clinical studies to evaluate the use of nirmatrelvir/ritona-
vir in additional patient populations, including patients who
are immunocompromised, pediatric, pregnant, lactating, and

Day 5 Cyougn, MG/ML

0.05-

Fig.5 PopPK-predicted nirmatrelvir Cy,,,, on day 5 of twice daily
nirmatrelvir with 100 mg ritonavir dosing for simulated patients with
varying degrees of renal impairment!. Open circles represent pre-
dicted Cyoyqp; Ted symbols represent group means; blue lines repre-
sent 10th and 90th percentiles; the red-dashed line is the ECgy, (292
ng/mL). (A) 150 mg/100 mg nirmatrelvir/ritonavir every 12 h, with

clearance reduced by one-half (i.e., moderate renal impairment); (B)
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300 mg/100 mg nirmatrelvir/ritonavir every 12 h, with clearance
reduced by one-third (i.e., mild renal impairment); (C) 300 mg/100
mg nirmatrelvir/ritonavir every 12 h, with no reduction in clearance
(reference group). 'Reprinted from Toussi et al. [47]. Cirougn trough
concentration; ECy,, 90% effective concentration; PopPK, population
pharmacokinetic model
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who have severe renal impairment, are still ongoing at the
time of publication.

9 Innovation and Acceleration During
the Pandemic

The rapid clinical development of nirmatrelvir/ritonavir was
feasible partly due to numerous innovations in the conduct of
clinical pharmacology evaluations. First, unlike traditional
SAD followed by MAD studies, the FIH study employed
a multipart method with flexibility built into the protocol
design [24]. Coupled with rapid turnaround of PK data and
automated analysis of PK and safety data, this design ena-
bled twice weekly dose escalations. With evolving data, the
protocol was modified to include additional assessments,
such as a mass balance assessment by ’F-NMR and concen-
tration-QTc evaluation to further accelerate clinical develop-
ment [24]. A cohort of Japanese subjects enrolled to assess
the influence of race on PK enabled Japan to participate in
the nirmatrelvir/ritonavir phase 3 program and accelerated
drug approval in Japan. Further, since nirmatrelvir contains
a trifluoroacetyl moiety that is retained, it allowed the use
of ’F-NMR to quantitate nirmatrelvir’s in vivo disposition.
Accordingly, a "F-NMR mass balance assessment was
utilized to elucidate the absorption, distribution, metabo-
lism, and excretion (ADME) profile of nirmatrelvir when
coadministered with ritonavir [28]. This approach, referred
to as “cold ADME” negated the need for expensive, time-
consuming manufacturing of the '*C-radiolabeled drug that
is typically used for such studies.

The nirmatrelvir/ritonavir development program involved
innovative applications of MIDD at all stages of decision-mak-
ing. PopPK modeling of data from SAD and MAD cohorts
of the FIH study enabled rapid phase 3 dose selection, which
ensured that systemic nirmatrelvir concentrations stayed well
above the in vitro ECy, throughout nirmatrelvir/ritonavir dos-
ing. QSP model development during the early days of the
pandemic informed the 5 day dosing duration in phase 2/3
studies since QSP simulations provided confidence that viral
load decline would be comparable between 5 day versus 10
day treatment durations, avoiding additional phase 2 studies to
assess optimal treatment duration. PBPK modeling was used
to assess drug interaction potential and to support formulation
development processes. The use of a fully automated, in-house
program for assessing relationship between drug concentra-
tions and QTc interval allowed for submission-ready reports
in less than 1 day, which eliminated the need for electrocardio-
gram monitoring in EPIC-HR after completion of a sentinel
cohort. Removal of electrocardiogram monitoring from phase
2/3 studies meant patients did not have to return to the site for
electrocardiograms, resulting in a significant impact on patient
burden, enrollment, and trial cost. This analysis, along with

additional preclinical data, served to waive a thorough QT/
QTc study.

10 Conclusions

Nirmatrelvir is an oral antiviral treatment that potently and
selectively inhibits SARS-CoV-2 MP™ to treat COVID-19.
To prolong its half-life and maintain systemic concentra-
tions above the target ECy,, nirmatrelvir is coadministered
with 100 mg of ritonavir. PopPK and QSP modeling support
clinical doses of 300 mg/100 mg nirmatrelvir/ritonavir (150
mg/100 mg for patients with mild renal impairment) twice
daily for 5 days to maintain Cy,g, above ECy,.

Nirmatrelvir demonstrates nonlinear pharmacokinetics
owing to absorption-limited bioavailability. When coadmin-
istered with ritonavir at the clinical dose (300 mg/100 mg
nirmatrelvir/ritonavir), ritonavir near-maximally inhibits nir-
matrelvir's CYP3A4-mediated metabolism, making renal elimi-
nation the predominant nirmatrelvir elimination pathway and
increasing half-life to approximately 6 h. Following clinical
dosing, nirmatrelvir reaches a C,,,,, of 3.43 pg/mL in approxi-
mately 3 h.

Ritonavir is the driver of nirmatrelvir/ritonavir drug
interactions, which primarily occur via ritonavir-mediated
CYP3A4, CYP2D6, or P-gp inhibition. Because of this, drug
interaction management is an important consideration when
prescribing and dispensing nirmatrelvir/ritonavir. Numer-
ous drug interaction resources are available to healthcare
providers to manage drug interactions. Most notably, the
PAXLOVID EUA Fact Sheet for Healthcare Providers and
US Prescribing Information for nirmatrelvir/ritonavir exten-
sively describe the risk of interactions with instructions on
how to successfully manage patients on these drugs during
the short duration of nirmatrelvir/ritonavir dosing.

Rapid clinical development of nirmatrelvir/ritonavir in the
face of an emerging COVID-19 pandemic was possible in
part due to a number of clinical pharmacology innovations.
An adaptive phase 1 trial design was used to add additional
cohorts to accelerate clinical development. Using '’F-NMR
mass balance “cold ADME” assessment negated the need for
time-consuming manufacture of radiolabeled nirmatrelvir drug
typically used for such studies. MIDD applications, including
PopPK, QSP, PBPK, and concentration-QTc interval mod-
eling, aided decision-making and hastened the nirmatrelvir/
ritonavir development process.
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