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Background. Uncertainty over the therapeutic benefit of parenteral remdesivir in coronavirus disease 2019 (COVID-19) has
resulted in varying treatment guidelines.

Methods. In a multicenter open-label, controlled, adaptive, pharmacometric platform trial, low-risk adult patients with early
symptomatic COVID-19 were randomized to 1 of 8 treatment arms including intravenous remdesivir (200 mg followed by 100 mg
daily for 5 days) or no study drug. The primary outcome was the rate of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) clearance (estimated under a linear model fit to the daily log;, viral densities, days 0-7) in standardized duplicate
oropharyngeal swab eluates, in a modified intention-to-treat population. This ongoing adaptive trial is registered at
ClinicalTrials.gov (NCT05041907).

Results. The 2 study arms enrolled 131 patients (remdesivir n = 67, no study drug n = 64) and estimated viral clearance rates
from a median of 18 swab samples per patient (a total of 2356 quantitative polymerase chain reactions). Under the linear model,
compared with the contemporaneous control arm (no study drug), remdesivir accelerated mean estimated viral clearance by 42%
(95% credible interval, 18%-73%).

Conclusions. Parenteral remdesivir accelerates viral clearance in early symptomatic COVID-19. Pharmacometric assessment of
therapeutics using the method described can determine in vivo clinical antiviral efficacy rapidly and efficiently.

Keywords. COVID-19; SARS-CoV-2; antiviral efficacy; pharmacometrics; remdesivir.

Remdesivir has been used extensively as a parenteral treatment for
coronavirus disease 2019 (COVID-19) in some regions, although
therapeutic recommendations have varied widely [1-3]. The
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initial clinical trials of remdesivir suggested clinical benefit in re-
duced duration of hospitalization but did not demonstrate an in
vivo antiviral effect. Until early 2022 the World Health
Organization (WHO) recommended against use of remdesivir
in treatment, largely based on lack of mortality reduction in the
interim results from the WHO’s multinational Solidarity trial [4,
5], and many countries did not license remdesivir for use. The
WHO recommendation against the use of remdesivir has now
been reversed, with updated results from the WHO’s Solidarity tri-
al indicating a small benefit [6, 7]. It is now appreciated that anti-
viral medications are more effective early in COVID-19 infections
when viral burdens are highest, and they provide less benefit later
in the course of illness in hospitalized patients where anti-
inflammatory interventions show life-saving benefit [8, 9]. In
the majority of cases, hospitalization occurs after approximately
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1 week from symptom onset (this was the population studied in
the Solidarity trial)—administration of remdesivir early in the
course of infection has been shown to prevent progression to se-
vere disease in high-risk outpatients [10, 11].

Large randomized controlled trials have since demonstrated
the clinical efficacy of multiple small molecule drugs in the
treatment of early COVID-19, notably molnupiravir and
ritonavir-boosted nirmatrelvir [12-14]. These oral medications
are simpler to administer compared with intravenous remdesi-
vir. However, drug-drug interactions, other contraindications,
and availability of these oral medications mean that remdesivir
retains clinical utility in select populations [15]. Until now
there has been no standardized method for assessing in vivo an-
tiviral effects. Time to viral clearance is an insensitive measure
that is highly dependent on baseline viral loads [16]. The
PLATCOV study (Finding treatments for COVID-19: a phase
2 multi-centre adaptive platform trial to assess antiviral phar-
macodynamics in early symptomatic COVID-19) is a platform
randomized trial aiming to provide a standardized assessment
in vivo of candidate antiviral drugs by measuring rates of viral
clearance [17]. We report the antiviral activity of remdesivir in
adults with early symptomatic COVID-19. The previously pub-
lished clinical trials on remdesivir were conducted largely in
unvaccinated patients infected with the early SARS-CoV-2 viral
variants, which were more likely to result in hospitalization and
severe outcomes than those prevalent today [1-3, 18-21]. This
study was conducted in largely vaccinated individuals in a pe-
riod that spanned the Delta and early Omicron variants.

METHODS

PLATCOYV is an ongoing phase 2 open-label, randomized, con-
trolled,  adaptive,  pharmacometric ~ platform  trial
(ClinicalTrials.gov identifier NCT05041907). It provides a
standardized quantitative comparative method for in vivo as-
sessment of potential antiviral treatments in low-risk adults
with early symptomatic COVID-19. The primary outcome mea-
sure is the viral clearance rate derived from the slope of the
log, oropharyngeal viral clearance curve over the first 7 days fol-
lowing randomization, estimated under a linear model [16, 17].
The treatment effect is defined as the multiplicative change in viral
clearance rate relative to the control arm (no study drug). The trial
was conducted in the Faculty of Tropical Medicine, Mahidol
University, Bangkok; Bangplee Hospital, Samut Prakarn; and
Vajira Hospital, Navamindradhiraj University, Bangkok, all in
Thailand, and in testing centers in Belo Horizonte, Minas
Gerais, Brazil (see Supplementary Materials). All patients provided
fully informed written consent. PLATCOV was coordinated and
monitored by the Mahidol Oxford Tropical Medicine Research
Unit (MORU) in Bangkok and was overseen by a trial steering
committee, and its results were reviewed regularly by a data and
safety monitoring board (DSMB).

Randomization and Interventions

Randomization was performed via a centralized web applica-
tion designed by MORU software engineers using RShiny,
hosted on a MORU webserver. The control arm comprised a
minimum proportion of 20% of patients with uniform ran-
domization ratios applied across the treatment arms. All pa-
tients received standard symptomatic treatment. Remdesivir
(Covifor: Hetero Drugs Ltd, Hyderabad, India [in Thailand,
n=>58], and Veklury: Gilead Sciences, Foster City, California
[in Brazil, n = 9]) was given by rate-controlled intravenous in-
fusion over 60 minutes (reconstituted and added to 250 mL
0.9% saline) in an initial adult dose of 200 mg, followed by
100 mg once daily for 4 days to complete a 5-day course
(Supplementary Materials). During this period, other patients
were randomized to ivermectin (Thailand only, until 22 April
2022), casirivimab/imdevimab (Thailand only), favipiravir, ni-
tazoxanide (Brazil only), fluoxetine (Thailand only from 1
April 2022), molnupiravir (Thailand only, from 6 June 2022),
or nirmatrelvir/ritonavir (Thailand only, from 6 June 2022).

Participants and Procedures

Previously healthy adults aged between 18 and 50 years were el-
igible for enrollment if they had early symptomatic COVID-19
(i.e., reported symptoms for <4 days), oxygen saturation >96%,
were unimpeded in activities of daily living, and gave fully in-
formed consent. SARS-CoV-2 positivity was defined either as a
nasal lateral flow antigen test that became positive within 2
minutes (STANDARD Q COVID-19 Ag Test, SD Biosensor,
Suwon-si, Korea) or a positive polymerase chain reaction
(PCR) test within the previous 24 hours with a cycle threshold
value <25 (all viral gene targets), both suggesting high viral
loads. Exclusion criteria included taking any potential antivi-
rals or preexisting concomitant medications, chronic illness
or significant comorbidity, hematological or biochemical ab-
normalities, pregnancy (a urinary pregnancy test was per-
formed in females), breastfeeding, or contraindication or
known hypersensitivity to any of the study drugs.

Enrolled patients were either admitted to the study ward (in
Thailand) or followed as outpatients at home (in Brazil). After
randomization and baseline procedures (Supplementary
Materials), oropharyngeal swabs (2 swabs from each tonsil)
were taken as follows. A flocked swab (Thermo Fisher
MicroTest and later COPAN FLOQSwabs) was rotated against
the tonsil through 360° 4 times and placed in Thermo Fisher
MA4RT viral transport medium (3 mL). Swabs were transferred
at 4°C-8°C, aliquoted, and then frozen at —80°C within
48 hours. Separate swabs from each tonsil were taken once dai-
ly from day 0 to day 7, and on day 14. Vital signs were recorded
3 times daily and symptoms and any adverse effects were re-

corded daily.
The TaqCheck SARS-CoV-2 Fast PCR Assay (Applied
Biosystems, = Thermo  Fisher  Scientific, =~ Waltham,
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Massachusetts) quantitated viral loads (RNA copies/mL). This
multiplexed real-time PCR method detects the SARS-CoV-2 N
and S genes, and human RNase P in a single reaction. RNase P
helped correct for variation in sample human cell content. Viral
loads were quantified against ATCC heat-
inactivated SARS-CoV-2 (VR-1986HK strain 2019-nCoV/
USA-WA1/2020) standards. The lower limit of detection
(LLOD) of the assay is approximately 50 copies/mL, and the
lower limit of quantification (LLOQ) is approximately 200 cop-
ies/mL. Viral variants were identified using Whole Genome
Sequencing (Supplementary Materials). Adverse events were
graded according to the Common Terminology Criteria for
Adverse Events version 5.0. Summaries were generated if the
adverse event was grade 3 or higher and was new, or had in-
creased in intensity. Serious adverse events were recorded sep-
arately and reported to the DSMB.

Outcome Measures and Statistical Analysis

The primary outcome measure was the rate of viral clearance,
expressed as a slope coefficient [16], and estimated under a
Bayesian hierarchical linear model fitted to the daily log;, viral
load measurements between days 0 and 7 (18 measurements per
patient), using weakly informative priors and treating nonde-
tectable viral loads (cycle threshold value >40) as left censored
(see Supplementary Materials). The viral clearance rate (i.e.,
slope coefficient from the model fit) can be expressed as a clear-
ance half-life (t;,, =log;o 0.5/slope). The treatment effect was
defined as the multiplicative change (%) in the viral clearance
rate relative to the control arm (i.e., how much the test treat-
ment accelerates viral clearance) [16]. A 50% increase in clear-
ance rate thus equals a 33% reduction in clearance half-life. All
cause hospitalization for clinical deterioration (until day 28) was
a secondary endpoint. For each studied intervention, the sample
size was adaptive based on prespecified futility and success stop-
ping rules (details given in the Supplementary Materials).

All analyses were done in a modified intention-to-treat
(mITT) population, comprising patients who had >3 days
follow-up data. A sensitivity analysis showed excellent agree-
ment between all the models (Supplementary Materials).
Model fits were compared using approximate leave-one-out
comparison as implemented in the package loo. All data analy-
sis was done in R version 4.0.2. Model fitting was done in stan
via the rstan interface. All code and data are openly accessible
via  GitHub: https://github.com/jwatowatson/PLATCOV-
remdesivir.

RESULTS

The trial began recruitment on 30 September 2021. On 10 June
2022, remdesivir enrollment was stopped as the prespecified
success margin had been reached. Of the 439 patients screened
by that time, 337 were randomized to either remdesivir (67

patients), no study drug (69 patients), or to other interventions
(201 patients) [17]. Five patients were excluded from the anal-
yses (Figure 1), resulting in an mITT population of 131 patients
(67 remdesivir and 64 no study drug) (Table 1). The total num-
ber of quantitative PCR (qPCR) viral density estimates in the
analysis population from the first 8 days was 2356 (86%
[2016/2356]) above the LLOD, with a median of 18 swabs taken
per patient (range, 16-18). No patients developed severe
COVID-19 but 1 patient in the control arm was hospitalized
(see “Adverse Effects”).

Virological Responses

All analytical models of oropharyngeal virus clearance were in
excellent agreement. Point estimates and credible intervals
(Crls) were similar, although the nonlinear model gave slightly
smaller effect size estimates (Figure 2). In general, the nonlinear
model (which allows some patients to have viral load increases
after randomization) fitted the data better. All effect sizes re-
ported in the main text are inferred under the prespecified
main model: a linear model with intercept and slope adjusted
for site and virus variant (this was also used in the interim anal-
yses to make stopping decisions) (Supplementary Figure S2).
The baseline geometric mean oropharyngeal viral load was
3.5% 10° RNA copies/mL (interquartile range, 5.9 x 10* to
2.5 x 10°). Relative to the control arm, clearance of oropharyn-
geal virus in patients randomized to remdesivir was 42% faster
(95% Crl, 18%-73%; probability of >12.5% acceleration: 0.99),
Figure 2. The median estimated viral clearance half-lives under
the linear model were 12.8 (range, 4.8-50.0) hours in the re-
mdesivir arm and 18.0 (range, 3.6-46.7) hours in the contem-
poraneous control arm; that is, median virus clearance half-life
was shortened by approximately one-third (Figure 3).

Adverse Effects

The oropharyngeal swabbing and all treatments were well-
tolerated. There were 3 serious adverse events (SAEs) in the
control arm and 1 SAE in the remdesivir arm
(Supplementary Tables S1 and S2). Two patients in the control
arm and 1 in the remdesivir arm had asymptomatic raised cre-
atinine phosphokinase levels (>10 times upper limit of normal)
attributed to COVID-19-related skeletal muscle damage. This
improved with fluids and supportive management and was
considered unrelated to treatment. One patient (control arm)
was readmitted 1 day after discharge because of chest pain
and lethargy. All clinical and laboratory investigations were
normal and the patient was discharged the following day.
There were no treatment-related SAEs.

DISCUSSION

This comparative in vivo pharmacodynamic assessment shows
that remdesivir accelerates viral clearance in early COVID-19,
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Figure 1. Consolidated Standards for Reporting Trials diagram of the PLATCQV phase 2 open-label, randomized, controlled adaptive platform trial for remdesivir in Thailand
and Brazil. Enroliment ended 10 June 2022. Abbreviations: ATK, antigen test kit; BMI, body mass index; ECG, electrocardiogram; mITT, modified intention-to-treat; PCR,
polymerase chain reaction.

as would be expected from an effective antiviral drug. From 20 November 2020 until 22 April 2022, the 8 successive
Continued uncertainty over the efficacy and value of different  versions of the WHO’s “Therapeutics and COVID-19: Living
COVID-19 treatments has resulted in substantial variation in ~ Guideline” gave a conditional recommendation against the
therapeutic guidelines and clinical practice across the world. use of remdesivir. Meanwhile, remdesivir continued to have
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Table 1. Summary of Patient Characteristics Included in the 2 Modified

Intention-to-Treat Populations (N = 131)

No Study
Characteristic Remdesivir Drug
No. of patients 67 69
Age, y, mean (SD) 30.1(8.2) 30.1 (6.5)
Days since symptom onset, mean (SD) 2.4 (0.8) 2.2 (0.7)
Baseline viral load, logqo copies/mL, mean 55(2.7-7.4) 5.5(3.0-7.9)
(range)
Vaccine doses received previously, median 3 (0-4) 3 (0-4)
(range)
Antibody positive from rapid test, %° 20 94
(Thailand only)
Male sex, % 48 42
Sites, No.
HTD 54 57
BP 2 2
VJ 2 3
UFMG 9 7

Abbreviations: BP, Bangplee Hospital, Thailand; HTD, Hospital for Tropical Diseases,
Thailand; SD, standard deviation; UFMG, Universidade Federal de Minas Gerais, Brazil;
VJ, Vajira Hospital, Thailand.
“Defined as immunoglobulin M or immunoglobulin G present on the rapid antibody test
(BIOSYNEX COVID-19 BSS IgM/IgG, llikirch-Graffenstaden, France) used as per
manufacturer’s instructions.

Emergency Use Authorization status from the United States
Food and Drug Administration and was used widely. It is
estimated that 10 million people have been treated with remde-
sivir [22]. The first clinical trials, conducted in patients hospi-
talized with COVID-19 early in the pandemic, showed that
administration of remdesivir was associated with shortening
of the duration of hospitalization [1-3]. In 1 trial, the 5-day reg-
imen demonstrated statistically significant benefit whereas the
10-day regimen did not [3], but in a separate trial there was no
difference between the 5- and 10-day regimens [18]. The first
large (N =1062) double-blind,
controlled trial of the 10-day regimen also suggested a reduc-

randomized, placebo-
tion in mortality [2]. These trials were conducted early in the
pandemic before general vaccine availability, at a time when
hospitalization rates and mortality were high. Enthusiasm for
remdesivir was then tempered in late 2020 by the negative pre-
liminary results of the large, WHO-led, multicenter multina-
tional open-label Solidarity trial in hospitalized patients [4].
Death occurred in 301 of 2743 patients receiving remdesivir
and in 303 of 2708 receiving its control (rate ratio, 0.95 [95%
confidence interval, .81-1.11]; P=.50). The open-label ran-
domized platform trial DisCoVeRy conducted in hospitalized

8 _
10 a No study drug (n = 64)
g —=— Remdesivir (n=67)
o |8
E |}
o™ 8
& ? R Gt
8 GONG DG
c?l) 4 g \! S e
>|10 18 r‘\. o S
Q S ] o
o - L SR
< Y R o —p
w "

Y
o
%]
|
€]
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Time since randomization (days)

Linear
—a&—  Nonlinear

Change in rate of clearance (%)

Figure 2.  Effect of parenteral remdesivir on severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral clearance. Left: Median SARS-CoV-2 oropharyngeal virus
clearance profiles following remdesivir (darker/grey) and no study drug (lighter/green). Right: estimated treatment effects under the linear model (light with circle) and non-
linear model (dark with triangle). The thick lines show the 80% credible interval (Crl); the thin lines show the 95% Crl.

1322 « JID 2023:228 (15 November) « Jittamala et al

920z Iudy /g uo Jasn y4q dlesuad yayjoliqig sieses seuly pa4 Alun Aq G9/9222/81€1/01/82¢/3101He/pljwod dno-olwapese//:sdjy wolj papeojumoq



T
: PR -
1
£
i L
| j"
i
i
I
1
t
l
[
l
I
1
= |
1
|
1
1
1
1
1
1
1
l
1
1
I
:
: —&— Remdesivir
1 No study drug
|
T e T T
5 15 25 35 45
tyjz (hours)

Figure 3. Individual estimate of the viral clearance half-lives with point esti-
mates (squares) and 80% credible intervals (lines). The vertical dashed lines sho-
w the median population viral clearance half-lives by treatment arm (lower: no
study drug; upper: remdesivir). The median estimated viral clearance half-lives un-
der the linear model were 12.8 (range, 4.8-50.0) hours in the remdesivir arm and
18.0 (range, 3.6—46.7) hours in the contemporaneous control arm.

hypoxemic adult patients also failed to show benefits from re-
mdesivir [19]. In contrast, the final results of Solidarity pub-
lished in May 2022, which included a meta-analysis of all
earlier trials, concluded that although remdesivir provided no
benefit in ventilated patients, it did have a small benefit in pro-
tecting against death and progression to ventilation (or both)
among the other hospitalized patients [7]. Other trials in hos-
pitalized patients found modest effects from remdesivir in
shortening hospital stay or avoidance of mechanical ventila-
tion, but without reduction in mortality [20, 21].

It has become increasingly clear that antivirals are more ef-
fective in early COVID-19, when viral burdens are highest,
than in late-stage disease (i.e., in hospitalized patients requiring
oxygen or ventilation) where viral burdens have declined, in-
flammatory processes dominate, and anti-inflammatory inter-
ventions are most effective [8, 9]. This suggests that patients
treated early in the course of their illness would derive greater
proportional benefit from an antiviral medication. This is con-
sistent with therapeutic results from other effective antiviral in-
terventions [13, 14]. In the more recent randomized controlled
trial of short-course remdesivir conducted in high-risk outpa-
tients with early (i.e., <7 days illness) COVID-19 (PINETREE
study), remdesivir significantly reduced the risk of disease pro-
gression [10]. In the 562 patients enrolled, hospitalization or
death from any cause occurred in 2 patients (0.7%) in the

remdesivir group and 15 (5.3%) in the placebo group (hazard
ratio, 0.13 [95% confidence interval, .03-.59]).

In early COVID-19 illness viral load decay from the naso-
pharynx and oropharynx is approximately log-linear, although
there is substantial interindividual variation in rates of clear-
ance and baseline viral loads. The approximate 40% average ac-
celeration in viral clearance rate observed with remdesivir in
this study is similar in magnitude to that observed in trials
with the oral drug molnupiravir, although the assessment
methodologies were different [12, 13]. In the present study
there was no evidence that antiviral efficacy differed between
the viral variants. It also confirms antiviral efficacy in vaccinat-
ed populations. The considerable intraindividual variability in
nasopharyngeal (or oropharyngeal) viral loads results in a low
signal-to-noise ratio [16]. Frequent sampling is therefore re-
quired to characterize clearance rates. This may explain why
studies that sampled infrequently, such as PINETREE [10],
did not associate increased viral clearance with therapeutic ef-
ficacy. The method of calculation is also a factor. The
PINETREE study estimated for each patient the difference be-
tween their baseline viral load (day 0) and the area under the
viral time curve (AUC) based on 3 timepoints (days 2, 3, and
7). AUC was calculated using the trapezoid rule, and viral con-
centrations below the LLOQ were imputed as half the LLOQ. If
viral clearance is truly rapid, this imputation approach biases
toward a slower estimate (ie, closer to a no treatment response).
Frequent viral load estimation allowed a different approach: fit-
ting a hierarchical linear model to the serial viral load measure-
ments and derivation of a rate constant (and thus elimination
half-life). This method treated undetectable viral loads as left
censored (ie, an unknown value below the limit of detection)
and borrowed information across timepoints and patients.
Another possible contributor to differences between this and
earlier studies is the use of nasal, as opposed to oropharyngeal,
swabbing. A study in rhesus macaques did not show high re-
mdesivir concentrations in nasal epithelium, and there was
prolonged viral shedding in these tissues [23].

This study has several limitations. The relationship between
rate of viral clearance and therapeutic efficacy has not been
well established, although across tested antiviral interventions
there is a general direct relationship between acceleration of
viral clearance and prevention of disease progression [12-
14, 24, 25] (as there is for most acute infections). We inten-
tionally evaluated the COVID-19 antiviral interventions in
low-risk adults with high viral burdens in order to optimize
the comparative assessment of the different drugs, and not
in high-risk patients or the elderly, who are at greatest risk
of disease progression. We assessed a 5-day course of remde-
sivir, although 3-day courses are also licensed in some coun-
tries. Another important limitation is that this is an
open-label study, which may have led to more withdrawals
in the control arm or bias in reporting adverse events or
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symptoms, although within this small study there were no
safety concerns and the remdesivir was well-tolerated. Time
to symptom resolution and time to fever clearance are shown
in the Supplementary Figures S4 and S5. The differences do
not reach statistical significance.

Remdesivir continues to have a role in the treatment of
COVID-19 for certain populations [15]. The simple pharmaco-
metric methodology presented demonstrates the in vivo antivi-
ral efficacy of remdesivir and is readily performed anywhere
where accurate qPCR viral quantitation can be performed.
Duplicate daily oropharyngeal swabs are well-tolerated over 1
week (whereas daily nasopharyngeal swabbing is not) and
they provide viral load measurements from which robust esti-
mates of viral clearance can be obtained. This provides a rapid
assessment of relative antiviral efficacy and so can be used to
characterize dose-response relationships in real time and there-
by inform therapeutic practice. Regulatory authority and treat-
ment guideline decisions should incorporate in vivo antiviral
efficacy.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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