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Background. An urgent need remains for antiviral therapies to treat patients hospitalized with COVID-19. PF-07304814—the 
prodrug (lufotrelvir) and its active moiety (PF-00835231)—is a potent inhibitor of the SARS-CoV-2 3CL protease.

Method. Eligible participants were 18 to 79 years old and hospitalized with confirmed COVID-19. This first-in-human phase 1b 
study was designed with 2 groups: single ascending dose (SAD) and multiple ascending dose (MAD). Participants could receive local 
standard-of-care therapy. In SAD, participants were randomized to receive a 24-hour infusion of lufotrelvir/placebo. In MAD, 
participants were randomized to receive a 120-hour infusion of lufotrelvir/placebo. The primary endpoint was to assess the safety 
and tolerability of lufotrelvir. The secondary endpoint was to evaluate the pharmacokinetics of lufotrelvir and PF-00835231.

Results. In SAD, participants were randomized to receive 250 mg lufotrelvir (n = 2), 500 mg lufotrelvir (n = 2), or placebo 
(n = 4) by continuous 24-hour infusion. In MAD, participants were randomized to receive 250 mg lufotrelvir (n = 7), 500 mg 
lufotrelvir (n = 6), or placebo (n = 4) by continuous 120-hour infusion. No adverse events or serious adverse events were 
considered related to lufotrelvir. At doses of 250 and 500 mg, concentrations for the prodrug lufotrelvir and active moiety 
PF-00835231 increased in a dose-related manner. Unbound concentrations of the lufotrelvir active metabolite reached steady state 
approximately 2- and 4-fold that of in vitro EC90 following 250- and 500-mg doses, respectively.

Conclusions. These safety and pharmacokinetic findings support the continued evaluation of lufotrelvir in clinical studies.
Clinical Trials Registration.  ClinicalTrials.gov NCT04535167.
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COVID-19 continues to be a leading cause of hospitalization and 
death worldwide despite the availability of effective vaccines 
[1–3]. Several therapies became available under emergency use 
authorization, including neutralizing monoclonal antibodies 
(mAbs) and antivirals such as nirmatrelvir, for nonhospitalized 
patients at high risk of severe COVID-19 during the early stages 

of infection [4–7]. Sotrovimab and bebtelovimab were mAbs 
that were recommended during the Omicron surge, while other 
mAbs, such as bamlanivimab and etesevimab, were previously 
available under emergency use authorization but have since 
been removed due to diminished efficacy against emergent 
SARS-CoV-2 variants [4, 8–10]. Antivirals available for the 
treatment of COVID-19 in hospitalized patients remain 
limited. Although intravenous (IV) remdesivir has been shown 
to improve time to clinical recovery in patients hospitalized 
with COVID-19, clinical trials have not shown a mortality 
benefit [11–13]. Other therapeutics recommended in patients 
hospitalized with COVID-19, such as dexamethasone, bariciti-
nib, and tocilizumab, are directed at modulating systemic in-
flammation [4]. Thus, an urgent need remains for additional 
effective antiviral therapies to treat patients hospitalized with 
COVID-19.

Coronaviruses such as SARS-CoV-2 produce 2 large viral 
polyproteins processed by 2 virally encoded cysteine proteases: 
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the main protease, also called the 3C-like protease (Mpro), and 
the papain-like protease [14]. Mpro is crucial for processing vi-
ral polyproteins into functional units [15], is highly conserved 
across SARS-CoV-2 and other coronaviruses [16, 17], and has 
no identified human analogs [18], making it an attractive target 
for viral inhibitors. Nirmatrelvir [19], used in combination 
with ritonavir in outpatient settings, has been shown to be 
highly effective at reducing hospitalization and death [20], val-
idating that Mpro inhibitors can be effective at preventing the 
severe outcomes of COVID-19 when administered within 
5 days of symptom onset. Lufotrelvir is a phosphate prodrug 
of PF-00835231 (active moiety), which is also a potent and se-
lective inhibitor of the SARS-CoV-2 Mpro. Lufotrelvir has been 
investigated as a continuous IV infusion for the treatment of 
patients hospitalized with COVID-19 [14]. This first-in-human 
study evaluated the safety, tolerability, and pharmacokinetics 
(PK) of escalating doses of lufotrelvir over 1 or 5 days in adult 
patients hospitalized with COVID-19 during the first year of 
the pandemic.

METHODS

Study Design and Participants

This phase 1b sponsor-open study, which was double-blind, 
randomized, and placebo controlled, was conducted with par-
allel groups to evaluate the safety, tolerability, and PK of lufo-
trelvir and active moiety PF-00835231 in participants 
hospitalized for COVID-19 (NCT04535167). Participants 
were recruited from the United States, Belgium, and Spain. 
Eligible participants were 18 to 79 years of age and hospitalized 
with confirmed COVID-19. Participants were excluded if they 
required mechanical ventilation or extracorporeal membrane 
oxygenation. Additional eligibility criteria are summarized in 
the Supplementary Appendix.

The study was designed as a 2-part study based on a single 
ascending dose (SAD) and a multiple ascending dose (MAD; 
Supplementary Figure 1). All participants were allowed to re-
ceive local standard-of-care therapy, including anticoagulation 
prophylaxis. In SAD, participants were randomized to receive a 
24-hour infusion of lufotrelvir or placebo. The study was 
planned such that at each dose level, 8 participants would be 
randomized to receive lufotrelvir or placebo in a 6:2 ratio, 
with 2 sentinel participants randomized in a 1:1 ratio in the 
dose-escalating cohorts. In MAD, participants were random-
ized to receive a 120-hour infusion of lufotrelvir or placebo. 
The study was planned such that at each dose level, 8 partici-
pants would be randomized to receive lufotrelvir or placebo 
in a 6:2 ratio.

Patient Consent Statement

Written informed consent was obtained from all participants be-
fore any study activity. The study was conducted in accordance 

with ethical principles derived from the Declaration of Helsinki 
and in compliance with the International Council for 
Harmonisation’s guidelines for good clinical practice. All local 
regulatory requirements were followed, including those afford-
ing greater protection to the safety of trial participants. The study 
protocol and amendments were approved by the institutional re-
view board or ethics committee.

Randomization, Blinding, and Study Drug Preparation

Participants were randomized to treatment groups via an inter-
active response technology system. Lufotrelvir was provided 
as a solution for infusion in a single-use vial for the SAD group 
or as a powder in a single-use vial to be prepared into a dosing 
solution for infusion for the MAD group. Investigators were 
blinded to each participant’s assigned study intervention 
throughout the course of the study. To maintain the blind, a 
third party prepared and dispensed the study intervention 
and ensured no differences in time to dispense.

Safety Evaluations

The primary endpoint was the assessment of safety and tolera-
bility of lufotrelvir following SAD and MAD. Safety monitoring 
included the evaluation of adverse events (AEs) and serious 
AEs (SAEs) and the assessment of vital signs (including pulse 
oximetry/oxygen saturation), electrocardiograms, and labora-
tory tests at prespecified time points.

Measurement of biomarkers associated with safety was an 
exploratory endpoint. The change from baseline in coagulation 
studies (activated partial thromboplastin time [aPTT], pro-
thrombin time [PT], and D-dimer level), fibrinogen, haptoglo-
bin, high-sensitivity C-reactive protein (hs-CRP), ferritin, and 
procalcitonin was evaluated on days 1, 2, 3, and 6 for SAD 
and days 1, 2, 3, 5 to 7, 10, 14, and 34 to 41 for MAD.

PK Evaluations

Evaluation of the plasma PK of the prodrug lufotrelvir and the 
active moiety PF-00835231 was a secondary endpoint. Plasma 
samples obtained at prespecified time points were analyzed 
with a validated, sensitive, and specific method of liquid chro-
matography‒tandem mass spectrometry [21]. In the SAD 
group, plasma samples were collected before treatment was 
started and then at 6, 24, 28, and 48 hours of the start of infu-
sion. In the MAD group, samples were collected before treat-
ment was started and then at 24, 48, 96, 120, 122, and 
126 hours after the start of infusion and on day 7 after treat-
ment began. Definitions for PK parameters are provided in 
Supplementary Table 1.

Clinical Status and COVID-19 Signs and Symptoms

Clinical status on an 8-point ordinal scale (Supplementary 
Appendix) and COVID-19 signs and symptoms were evaluated 
as exploratory endpoints on days 1, 2, 3, and 6 and at the last 
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follow-up visit (days 30‒37) in SAD and on days 1‒7, 10, and 14 
and at the last follow-up visit (days 34‒41) in MAD. Clinical vi-
rology endpoints were also measured and will be reported sep-
arately (viral load and viral sequencing).

Statistical Methods

No statistical hypothesis testing was planned for this study. 
Safety data were summarized descriptively for the safety popu-
lation (Supplementary Table 2). Plasma concentrations of 
lufotrelvir and PF-00835231 were assessed for the PK concen-
tration population and descriptively summarized by nominal 
PK sampling time and dose. Concentrations below the limit 
of quantification were set to zero. Plasma PK parameters of lu-
fotrelvir and PF-00835231 were derived from concentration- 
time data according to standard noncompartmental methods 
in oNCA version 2.4.33. PK parameters for the PK parameter 
population were descriptively summarized for lufotrelvir and 
PF-00835231 by dose. Absolute values and changes from 
baseline in biomarkers were evaluated for the biomarker 
analysis population and summarized by treatment and time 
after dose.

Nonclinical Studies

Methods for in vivo nonclinical studies are described in the 
Supplementary Appendix.

RESULTS

Participants

A timeline of key events is shown in Figure 1. Dosing for this 
study began September 2020 and ended May 2021. 
Participants were enrolled from the United States, Belgium, 
and Spain. In SAD, 8 participants were enrolled and random-
ized to receive 250 mg lufotrelvir (n = 2), 500 mg lufotrelvir 

(n = 2), or placebo (n = 4) as a continuous infusion for 
24 hours. All 8 participants in the SAD group completed the 
study treatment phase and entered the follow-up phase. One 
participant who received placebo was lost to follow-up.

In MAD, 17 participants were enrolled and randomized to 
receive 250 mg lufotrelvir (n = 7), 500 mg lufotrelvir (n = 6), 
or placebo (n = 4) as a continuous infusion for 120 hours. 
All participants who received lufotrelvir (250 or 500 mg) com-
pleted the study treatment and follow-up phases. Of the 4 par-
ticipants who received placebo, 1 discontinued from study 
treatment due to an increase in liver enzymes, and 1 who en-
tered the follow-up phase discontinued due to death attributed 
to hypoxia.

Table 1 shows the demographic and baseline characteristics 
of the participants at the time of enrollment for each part of the 
study. Overall, the median duration since the first COVID-19 
sign and symptom was 7 days from time of screening in both 
parts of the study. The most common concomitant medications 
were dexamethasone (88% of SAD and 82% of MAD groups) 
and remdesivir (100% of SAD and 47% of MAD groups).

Safety

Table 2A summarizes treatment-emergent AEs (TEAEs) in 
SAD. Only 1 TEAE, mild hematuria in a participant receiving 
placebo, was considered treatment related by the principal in-
vestigator. Most all-causality TEAEs (14/19) were mild in se-
verity, except for 1 moderate AE of coagulopathy and 1 
severe AE of respiratory failure in 1 participant, as well as 3 se-
vere SAEs.

One participant who received 250 mg lufotrelvir began high- 
flow nasal cannula oxygen therapy 1 day before the single dose 
of the study drug, experienced respiratory failure requiring me-
chanical ventilation on day 16 relative to infusion of study drug, 

September 2020

Protocol amendment 1
Expanded inclusion

criteria
(age and BMI) 

May 2021October 2020

2-wk monkey toxicology
data available  

Study C4611007 in
healthy volunteers began

Protocol amendment 2 
Expanded inclusion

criteria
(included severe

COVID-19 based on non-
clinical toxicology data)

Study design
(reduced frequency of

blood draws and ECG) 

Study initiated (SAD) 
First subject dosed

August 2020

Original study protocol 
First subject dosed

November 2020

Protocol amendment 3
Expanded exclusion

criteria
(exclude if history of VTE
and women on hormonal

therapy)
Study design

(updated PK stopping
limits per FDA request)

December 2020

Protocol amendment 4 
(to allow dose escalation

in MAD) 

Data cutoff for Study 
C4611007

MAD initiated
First subject dosed

Study enrollment
completed 

Last subject dosed 

June 2021 

Study completed
Last subject visit 

C4611001: First-in-Human, Phase 1b Study 

SAD MAD

Figure 1. Timeline of key events. BMI, body mass index; COVID-19, coronavirus disease 2019; ECG, electrocardiogram; FDA, US Food and Drug Administration; 
MAD, multiple ascending dose; PK, pharmacokinetics; SAD, single ascending dose; VTE, venous thrombotic event.
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required extracorporeal membrane oxygenation on day 17, and 
had onset of moderate coagulopathy on day 18; both AEs oc-
curred >2 weeks after investigational product administration. 
Both AEs were considered nonserious by the investigator. 
The 3 SAEs were COVID-19 pneumonia (placebo, n = 1) and 
2 events of subclavian vein thrombosis (500 mg lufotrelvir, 
n = 1; placebo, n = 1). In the 2 subclavian vein thrombosis 
SAEs, both participants had received anticoagulation 

prophylaxis and had midlines placed for blood draws; they ex-
perienced the subclavian vein thrombosis in the same upper ex-
tremity of midline placement. None of the SAEs were 
considered treatment related. No discontinuations from the 
study or deaths were reported in the SAD group.

TEAEs in MAD are summarized in Table 2B. No 
dose-related increase in AE occurrence was observed. Among 
all TEAEs, 13 were mild in severity, 8 were moderate, and 5 
were severe. One participant who received placebo was 

Table 1. Participant Demographics and Baseline Characteristics

Characteristic
SAD (24 h)  

(n = 8)
MAD (120 h)  

(n = 17)

Age, y

18‒44 2 (25.0) 5 (29.4)

45‒64 4 (50.0) 7 (41.2)

≥65 2 (25.0) 5 (29.4)

Mean (SD) 50.6 (12.3) 54.6 (13.9)

Median (range) 48.0 (34‒71) 54.0 (33‒77)

Male 5 (62.5) 14 (82.4)

Race

White 6 (75.0) 13 (76.5)

Black or African American 0 2 (11.8)

Asian 0 1 (5.9)

Not reported 2 (25.0) 1 (5.9)

Ethnicity

Hispanic/Latinx 2 (25.0) 2 (11.8)

Not Hispanic/Latinx 6 (75.0) 12 (70.6)

Not reported 0 3 (17.6)

Body mass index, kg/m2

Mean (SD) 30.2 (3.8) 26.2 (3.6)

Median (range) 30.6 (22.2‒35.0) 25.3 (19.2‒33.9)

≤29.9 2 (25.0) 14 (82.4)

30.0‒34.9 5 (62.5) 3 (17.6)

35.0‒39.9 1 (12.5) 0

Comorbidities

Autoimmune disorder 0 1 (5.9)

Asthma 1 (12.5) 1 (5.9)

Diabetes mellitus type 2 0 2 (11.8)

Hypertension 1 (12.5) 5 (29.4)

Medication usea

Dexamethasone 7 (87.5) 14 (82.4)

Metoclopramide 5 (62.5) 5 (29.4)

Remdesivir 8 (100.0) 8 (47.1)

Anticoagulants

Enoxaparin 3 (37.5) 4 (23.5)

Low molecular weight heparin 0 3 (17.6)

Bemiparin 0 1 (5.9)

Clinical status by ordinal scaleb (day 1)

3 1 (12.5) 1 (5.9)

4 6 (75.0) 13 (76.5)

5 1 (12.5) 3 (17.6)

Duration since first COVID-19 sign and 
symptom, d (since screening)

Median (range) 7 (2‒10) 7 (1‒15)

All data are No. (%) unless stated otherwise.  

Abbreviations: MAD, multiple ascending dose; SAD, single ascending dose.  
aIn ≥50% in either group or anticoagulant medication.  
bAssessed on an 8-point ordinal scale.

Table 2. Treatment-Emergent AEs in the Single and Multiple Ascending 
Dose Groups

Lufotrelvir Placebo

250 mg 500 mg 250 mga 500 mgb

A: Single Ascending Dose

All causality

Evaluable participants 2 2 2 2

No. of AEs 2 3 5 9

AEs 1 (50.0) 1 (50.0) 2 (100.0) 2 (100.0)

SAEs 0 1 (50.0) 1 (50.0) 1 (50.0)

Severe AEs 1 (50.0) 1 (50.0) 1 (50.0) 1 (50.0)

Discontinued from study due 
to AEs

0 0 0 0

Treatment relatedc

Evaluable participants 2 2 2 2

No. of AEs 0 0 1 0

AEs 0 0 1 (50.0)d 0

SAEs 0 0 0 0

Severe AEs 0 0 0 0

B: Multiple Ascending Dose …

All causality

Evaluable participants 7 6 4 …

No. of AEs 13 4 9 …

AEs 4 (57.1) 2 (33.3) 3 (75.0) …

SAEs 2 (28.6) 1 (16.7) 1 (25.0) …

Severe AEs 2 (28.6) 0 1 (25.0) …

Discontinued from study due 
to AEs

0 0 1 (25.0)e …

Discontinued drug due to AE 
and continued study

0 0 0 …

Dose reduction or temporary 
discontinuation due to AE

0 1 (16.7) 0 …

Treatment relatedc

Evaluable participants 7 6 4 …

No. of AEs 0 0 1 …

AEs 0 0 1 (25.0)a …

SAEs 0 0 0 …

Severe AEs 0 0 0 …

All data are presented as No. (%) unless stated otherwise. Results are for the safety analysis 
set. Except for the number of AEs, participants were counted only once per treatment in 
each row.  

Abbreviations: AE, adverse event; SAE, serious AE.  
aPlacebo group for lufotrelvir, 250 mg.  
bPlacebo group for lufotrelvir, 500 mg.  
cAs determined by the investigator.  
dMild hematuria.  
eIncreased liver function test.
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discontinued from the study on day 4 of infusion due to an AE 
of increased liver enzymes, which was considered treatment re-
lated by the principal investigator. Six SAEs were reported in 4 
participants (23.5%): 2 (28.6%) in the 250-mg lufotrelvir group, 
1 (16.7%) in the 500-mg lufotrelvir group, and 1 (25.0%) in the 
placebo group. The most frequent SAE was pulmonary embo-
lism (PE), which occurred in 2 participants (500 mg lufotrelvir, 
n = 1; placebo, n = 1), both of whom were receiving prophylac-
tic anticoagulation. A 77-year-old participant randomized to 
500 mg lufotrelvir with a medical history of diabetes mellitus 
and hyperlipidemia, who had an elevated D-dimer level at 
the time of presentation, was diagnosed with a moderate SAE 
of PE on day 4 of investigational product administration. The 
other participant who experienced an SAE of PE was a 
74-year-old participant randomized to placebo with a medical 
history of hypertension and decreased glomerular filtration 
rate. This participant had onset of an SAE of hypoxia on day 
5 of placebo, which required mechanical ventilation, and an 
SAE of PE on day 8 and subsequently died on day 16 due to 
COVID-19‒related hypoxia. None of the SAEs were considered 
treatment related.

One participant treated with 250 mg lufotrelvir had mild AEs 
of hyperglycemia and thrombocytopenia; neither was consid-
ered treatment related. No other laboratory changes were re-
ported as AEs in participants treated with lufotrelvir. In the 
SAD and MAD groups, there were no clinically significant 
changes in vital signs or electrocardiogram results. The inci-
dence and severity of all TEAEs for the SAD and MAD groups 
are presented in Supplementary Table 3.

Biomarkers of Coagulation and Inflammation

During SAD, the mean values of aPTT and PT were generally 
within the reference ranges (Supplementary Figure 2A). 
There were no observed trends in D-dimer levels in partici-
pants receiving lufotrelvir as compared with placebo. Overall fi-
brinogen, haptoglobin, and hs-CRP values remained stable or 
decreased from baseline during treatment across groups.

In MAD, the mean values of aPTT and PT were generally 
within the reference ranges across treatment groups 
(Supplementary Figure 2B). D-dimer levels were above the up-
per limit of normal across treatment groups during treatment 
and at variable levels during follow-up. Across treatment 
groups, fibrinogen, haptoglobin, and hs-CRP values were above 
the reference ranges at baseline and remained stable or de-
creased during the study, with hs-CRP maintaining decreased 
levels in participants who received lufotrelvir compared with 
those taking the placebo. The limited number of participants 
in the SAD and MAD parts of the study precluded formal stat-
istical analysis of the laboratory results among the treatment 
and placebo groups. However, no detectable differences in in-
flammatory markers or coagulation studies were observed 
across treatment groups.

Pharmacokinetics

Table 3 summarizes the PK parameters for SAD and MAD for 
lufotrelvir and PF-00835231. In MAD, concentrations increased 
in a dose-related manner across both doses, with mean concen-
trations at 120 hours (C120) of 91.64 and 197.2 ng/mL for the 

Table 3. Descriptive Summary of Pharmacokinetic Parameters for 
Plasma Lufotrelvir and PF-00835231

Lufotrelvir

250 mg 500 mg

Plasma lufotrelvir

Single ascending dose

N, N2a 2, 0 2, 0

AUClast, ng·h/mL … 2550, 5120

Cmax, ng/mL … 562, 878

tmax, h … 0.500, 2.12

C24, ng/mL 53.7, 130 0b

Css, ng/mL … 155, 319

Multiple ascending dose

N, N2a 7, 7 6, 5

Cmax, ng/mL 272.6 (281) 345.3 (70)

tmax, h 118 (45.5‒140) 95.0 (45.1‒117)

Css, ng/mL 102.2 (35) 229.2 (61)

Css (dn), ng/mL/mg 0.4086 (35) 0.4591 (61)

C120, ng/mLc 91.64 (51) 197.2 (72)

C120 (dn), ng/mL/mgc 0.3666 (51) 0.3944 (72)

Plasma PF-00835231

Single ascending dose

N, N2a 2, 0 2, 0

AUCinf, ng·h/mL … 40000, 73300

AUClast, ng·h/mL … 39900, 71700

Cmax, ng/mL … 3230, 3530

t1/2, h … 2.01, 2.80

tmax, h … 0.500, 6.12

C24, ng/mL 632, 1140 1350b

Css, ng/mL … 1680, 3000

Multiple ascending dose

N, N2, N3a 7, 7, 3 6, 6, 1

Cmax, ng/mL 1265 (20) 2382 (36)

t1/2, h 2.317 ± 0.96547 1.79b

tmax, h 45.0 (21.5‒128) 23.0 (20.9‒95.0)

Css, ng/mL 970.2 (16) 1720 (44)

Css (dn), ng/mL/mg 3.884 (16) 3.439 (44)

C120, ng/mL 800.8 (19) 1338 (84)

C120 (dn), ng/mL/mg 3.203 (19) 2.675 (84)

Values are presented as geometric means (percentage coefficient of variation) except tmax, 
median (range); t1/2, arithmetic mean ± SD; and otherwise, as indicated. Individual values 
are presented where N, N2, or N3 is <3. Results are for the pharmacokinetic parameter 
set. Parameters are further defined in Supplementary Table 1.  

Abbreviations: AUCinf, area under the plasma concentration-time curve from time 0 
extrapolated to infinity; AUClast, area under the plasma concentration-time curve from 
time 0 to the time of the last quantifiable concentration; C24, concentration at 24 hours; 
C120, concentration at 120 hours; Cmax, maximum plasma concentration; Css, 
concentration at steady state; dn, dose normalized to 1 mg lufotrelvir; t1/2, terminal 
half-life; tmax, time to Cmax.  
aN is the total number of participants in the treatment group in the indicated population; 
N2 is the number of participants contributing to the summary statistics; and N3 is the 
number of participants contributing to the summary statistics for t1/2.  
bOnly 1 participant had a value.  
cArithmetic mean (percentage coefficient of variation).
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250- and 500-mg doses, respectively. For concentration at 
steady state (Css), mean values were 102.2 and 229.2 ng/mL 
for the 250- and 500-mg doses. In MAD, PF-00835231 con-
centrations increased in an approximately dose-proportional 
manner across both doses, with mean C120 values of 800.8 and 
1338 ng/mL for the 250- and 500-mg doses. Mean Css values 
were 970.2 and 1720 ng/mL for the 250- and 500-mg doses. 
Mean t½ for the 250-mg dose was 2.317 hours, and only 1 partic-
ipant in the 500-mg treatment group had a reportable t½ 

(1.79 hours). Median lufotrelvir and PF-00835231 concentration- 
time profiles are shown in Figure 2. The median concentration 

of PF-00835231 remained above the EC90 (adjusted for 
plasma protein binding) of 463 ng/mL for SARS-CoV-2 
[14] from 8 through 120 hours postdose, and unbound con-
centrations of lufotrelvir reached steady state approximately 
2- and 4-fold that of in vitro EC90 following 250 and 500 mg/d, 
respectively.

Nonclinical Safety Studies Supporting Clinical Trials

Nonclinical studies conducted to assess the safety of lufotrelvir 
and PF-00835231 are listed in Supplementary Table 4. In vitro 
results were previously reported [14]. The major findings from 

A

B

Figure 2. Median concentration-time curves of (A) lufotrelvir and (B) PF-00835231 (active moiety) following multiple ascending doses of lufotrelvir. The dotted line in panel 
B is the EC90 of 463 ng/mL for SARS-CoV-2. MAD, multiple ascending dose.
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in vivo safety studies in rats and monkeys administered the 
drug via continuous IV infusions, as well as systemic drug ex-
posures, are outlined in Supplementary Tables 5‒11. No effects 
on cardiovascular or pulmonary function were observed. No 
target organs of toxicity were identified, and observed effects 
were those commonly associated with the infusion procedure 
(rats and monkeys) or exacerbation of infusion procedure‒ 
related effects at higher doses (monkeys) [22–25].

DISCUSSION

Results from this first-in-human study showed that 24- and 
120-hour continuous infusions of lufotrelvir (250 and 
500 mg) appeared safe and well tolerated in this limited inves-
tigation in participants hospitalized with COVID-19. No AEs, 
SAEs, or severe AEs that occurred with SAD or MAD were con-
sidered related to lufotrelvir. The SAEs were attributed to the 
known clinical manifestations and complications associated 
with severe COVID-19 infection and disease progression. 
This included the 4 SAEs of venous thrombotic events 
(VTEs; subclavian vein thrombosis, n = 2; PE, n = 2), which oc-
curred equally across the placebo and lufotrelvir groups. These 
events are in line with reports of thrombotic complications in 
patients with COVID-19 [26, 27]. Patients hospitalized with 
COVID-19 are at increased risk of VTEs, with widely ranging 
incidence rates, which can depend on various factors, such as 
host factors and the hospital setting. Two meta-analyses evalu-
ating the incidence of VTEs reported that these events occurred 
in 7.9% to 13.0% of patients with COVID-19 in the non‒inten-
sive care unit and 22.7% to 30.4% of patients with COVID-19 in 
the intensive care unit [26, 27]. Importantly, the VTEs in this 
study were distributed equally across the treatment and placebo 
groups. Thus, no unexpected safety findings were observed. 
Following 24-hour intravenous infusions of lufotrelvir and 
120-hour continuous IV infusions at doses of 250 and 
500 mg, concentrations for the prodrug lufotrelvir and its ac-
tive moiety PF-00835231 increased in a dose-related manner, 
with dose-proportional increases for C120 and Css following 
multiple dosing.

This first-in-human study was unusual in that the first clin-
ical administration was in patients with COVID-19 rather than 
healthy volunteers. This was done due to the urgent medical 
need for treatment. At the time of study initiation, good labo-
ratory practice rat toxicology data were available to support 
SAD dosing in patients [14]. Subsequently, good laboratory 
practice data from 2-week continuous infusion toxicology stud-
ies in rats and monkeys became available to support the enroll-
ment of participants in MAD. A study in healthy volunteers 
was also initiated (C4611007) that provided data to inform a 
starting MAD dose for C4611001 [21]. The notable finding in 
the monkey study was an exacerbation at higher doses of com-
monly observed infusion procedure‒related effects of 

inflammation and thromboemboli. As a result, the PK stopping 
limits were conservatively adjusted after consultation with the 
US Food and Drug Administration in the middle of conducting 
SAD. The initial PK stopping limit for PF-00835231 was a 
24-hour area under the concentration-time curve of 272 
μg·h/mL, which was modified to 28.2 μg·h/mL. Combined 
with the observed PK data from the first 4 participants (cohort 
1; 500 mg or placebo), a decision was made to set the dose at 
250 mg for the next cohort (cohort 2).

After a single 500-mg dose of lufotrelvir, the maximum 
plasma concentration, Css, and area under the curve for 
PF-00835231 were higher among participants in this study 
compared with healthy volunteers, whereas t½ was similar be-
tween healthy participants and patients [21]. However, the 
small number of participants in this study preclude definitive 
comparisons between the studies.

Limitations of this study include the small number of partic-
ipants. Recruitment challenges arose due to various factors, 
such as the strict eligibility criteria, intensive monitoring re-
quired for the phase 1 study, and the continuous infusion re-
quirement. At the outset of the study, only patients with mild 
or moderate COVID-19 could be enrolled; patients with severe 
COVID-19 could enroll later. Because this was a phase 1 study, 
multiple safety and PK assessments were required, which could 
be challenging for patients and health care workers, especially 
in settings with high numbers of COVID-19 cases. Similarly, 
the need to administer the study drug via continuous infusions 
over 1 or 5 days required significant hospital resources and 
training. Thus, it was challenging to recruit sites, and signifi-
cant time was required to recruit patients; subsequently, a small 
number of participants were enrolled. Another limitation of the 
study was the ability to evaluate the primary endpoint of safety 
and tolerability of lufotrelvir in a population hospitalized with 
COVID-19, with a small number of participants across the SAD 
and MAD treatment arms, thus making it challenging to ascer-
tain attribution of the AEs observed to study drug vs the under-
lying infection.

CONCLUSION

Continuous 24- and 120-hour IV infusions of lufotrelvir (250 
and 500 mg) appeared to be safe and well tolerated in this limited 
investigation in hospitalized patients with COVID-19. At doses 
of 250 and 500 mg, concentrations of the prodrug lufotrelvir 
and its active moiety PF-00835231 increased in a dose-related 
manner. Mean Css values for the active moiety PF-00835231 
were above the EC90 of 463 ng/mL for SARS-CoV-2. The safety 
and pharmacokinetic findings of this study support the contin-
ued evaluation of lufotrelvir in clinical studies.

Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases 

online. Consisting of data provided by the authors to benefit the reader, the 
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posted materials are not copyedited and are the sole responsibility of the 
authors, so questions or comments should be addressed to the correspond-
ing author.
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