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Abstract

Remdesivir was recently approved by the Food and Drug Administration for the
treatment of hospitalized patients with COVID-19. Remdesivir is the prodrug of an adenosine
analogue that inhibits viral replication of several RNA virus families including Coronaviridae.
Preclinical data in animal models of coronavirus diseases, including COVID-19, have
demonstrated that early treatment with remdesivir leads to improved survival, decreased lung
injury and decreased quantification of viral RNA. Recent clinical data have demonstrated the
clinical activity of remdesivir in terms faster time to recovery in patients with severe COVID-19
and higher odds of improved clinical status in patients with moderate COVID-19. Clinical trials
published to date are presented and appraised. Remdesivir’s potential benefits and its favorable
adverse event profile make it an option for the treatment of COVID-19. This article examines the
available literature describing remdesivir’s pharmacology, pharmacokinetics, and preclinical and

clinical data.
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Introduction

Coronaviruses (CoVs) are enveloped viruses containing a large single-stranded, positive-
sense RNA genome(1). Most known CoVs include those that usually cause mild acute
rhinophanryngitis (including HCoV-229E, HCoV-NL63, HCoV-HKU1, and HCoV-OC43), but
also others that can cause severe pulmonary disease including the Severe Acute Respiratory
Syndrome (SARS), caused by SARS-CoV-1 (i.e. SARS-CoV); and Middle East Respiratory
Syndrome (MERS), caused by MERS-CoV(2). In December 2019, SARS-CoV-2 was identified
as the pathogen responsible for Coronavirus Disease 2019 (COVID-19). SARS-CoVs use
angiotensin-converting enzyme (ACE-2) as the entry receptor to infect cells via interaction with
the viral Spike protein and subsequent receptor-mediated endocytosis(3). Inside host cells,
SARS-CoV-2 replicates via viral RNA-dependent RNA polymerase (RdRp) encoded by the viral
genome(4).

SARS-CoV-2 is transmitted primarily through the respiratory route, both by respiratory
aerosols and droplets, and less commonly by direct contact or fomites(5).Transmission can occur
from people with clinical disease or asymptomatic infection(6). SARS-CoV-2’s high
transmissibility has resulted in a massive global outbreak of COVID-19, which was officially
declared a pandemic on March 11, 2020. As of October 29, 2020, the World Health Organization
(WHO) reported over 44 million confirmed COVID-19 cases and over 1.1 million deaths
globally(7). Remdesivir (also known as GS-5734) is currently the most promising available
direct antiviral treatment option. Based on favorable initial data from a National Institute of
Allergy and Infectious Diseases (NIAID) sponsored randomized double-blind clinical trial, the
United States Food and Drug Administration (FDA) granted remdesivir Emergency Use

Authorization for the treatment of COVID-19 on May 1, 2020 (8). Remdesivir has also received
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conditional marketing authorization in the European Union, and approval for use in Japan,
Taiwan, India, Singapore, and the United Arab Emirates for the treatment of COVID-19
pneumonia(9, 10). On October 22, 2020, remdesivir received full FDA approval for treatment for
hospitalized patients with COVID-19(11). In this review, we discuss the pharmacology,

pharmacokinetics, pre-clinical, and clinical data for remdesivir in COVID-19.

Chemistry and pharmacology

Remdesivir is a single diastereomer monophosphoramidate prodrug of a cyano-adenosine
nucleoside analog (GS-441524), a chemical structure that masks the negatively charged
phosphate of GS-443902 and facilitates cellular entry. Remdesivir undergoes rapid intracellular
conversion to an alanine metabolite (GS-704277), followed by the nucleoside monophosphate
derivative (GS-441524), and ultimately into the pharmacologically active nucleoside triphosphate
form (GS-443902) (Figurel)(12). GS-443902 acts as an analog of adenosine triphosphate (ATP)
and competes with the endogenous ATP substrate for incorporation into SARS-CoV’s RNA via
RdRp. RdRp is a non-structural protein that is highly conserved among different viral strains,
making it an attractive antiviral target(13). Remdesivir’s primary mechanism of antiviral activity
occurs through GS-443902 incorporation into viral RNA chains by RdRp, leading to chain
termination and inhibition of viral replication (Figure 2)(14).

A challenge in the development of nucleoside analogues against CoVs is the presence of
a unique CoV proofreading 3°-5, exoribonuclease (ExoN) that increases replication fidelity(15).
In an in vivo SARS-CoV infection model, inactivation of ExoN activity due to alanine
substitution of the first two active site residues resulted in a 12-fold reduced replication fidelity

(16). In vitro resistance to ribavirin and 5-fluorouracil among CoVs has been attributed to their
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removal by the proofreading ExoN(17). Thus, an effective nucleoside analogue must evade the
proofreading ExoN to prevent CoV viral replication. A study using a f-coronavirus murine
hepatitis virus (MHV) model illustrated that remdesivir is still able to inhibit RdARp even in the
setting of intact ExoN(18). The authors of this study compared the sensitivity of Wild type (WT)
MHYV and revealed that it is modestly less sensitive to remdesivir compared to ExoN (-) MHV
(ECs50 0.019 uM vs. 0.087 uM) suggesting that remdesivir is able to evade ExoN proofreading
activity, which could be attributed to higher RdRp selectivity for remdesivir-triphosphate
compared the natural nucleotides(18, 19). This can also indicate that ExoN activity is not

sufficient to prevent potent inhibition of CoV replication(18).

Antiviral spectrum and resistance

Remdesivir is a potentially broad-spectrum antiviral agent against RNA viruses. It has
been shown to reduce viral replication in vitro in human macrophages and lung microvascular
endothelial cells infected with Pneumoviridae (e.g. Respiratory Syncytial Virus) and
Paramixoviridae (e.g. measles, mumps, and Parainfluenza virus 3)(20). It has also been shown to
exhibit antiviral activity against Filiviridae (e.g. Ebola and Marburg virus) in a variety of human
cell types(21).

Importantly, remdesivir demonstrated potent inhibition of SARS-CoV-1 and MERS-CoV
in primary human airway epithelial cell cultures, with an ECsoof 0.07 uM for both viruses(22).
Remdesivir was also effective against bat CoVs; prepandemic bat CoVs, which are able to infect
human cells and cause disease without adaptation; and circulating contemporary human CoV in

human lung cells(22). More recently, remdesivir was shown to potently block in vitro SARS-
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CoV-2 infection of human cells at very low concentrations with an ECsy and ECqg 0f 0.77 uM
and 1.76 uM, respectively(23).

While several studies have demonstrated the potent inhibitory activity of remdesivir
against CoVs, little is known about its resistance. When resistance against remdesivir develops, it
is usually in association with decreased viral fitness, through 2 amino acid substitutions in the
RdRp (F476L and V553L), and can be overcome with increased nontoxic concentrations of the
drug(18). A recent case report demonstrated the occurrence of a novel mutation in the RdRp
(D848Y) following remdesivir treatment in a patient with COVID-19 which was associated with

treatment failure(24).

Animal studies

Given the promising antiviral effects of remdesivir in vitro, the drug was tested in a
number of animal models in efforts to advance its development as a therapeutic option for a wide
range of viral diseases.

In a mouse model of SARS-CoV-1, prophylactic subcutaneous administration of
remdesivir was associated with reduced lung viral titers at days 2 and 5 post infection, reduced
lung pathology, reduced intra-alveolar edema, and improved pulmonary function as compared to
untreated SARS-CoV-1 mice(22). Therapeutic administration of subcutaneous remdesivir, one
day post-infection, showed similarly improved pulmonary function and reduced viral lung titers
when the drug was administered within one day of infection, before the peak of SARS-CoV-1
replication. In a MERS-CoV mouse model, the same research group demonstrated that
prophylactic subcutaneous remdesivir administered one day prior to infection significantly

reduced viral-induced weight loss, mortality, pulmonary hemorrhage, and lung viral load at days
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4 and 6 post MERS-CoV infection(25). Therapeutic administration of subcutaneous remdesivir,
one day post-infection, in the same model demonstrated similar effects as prophylactic dosing.

The therapeutic efficacy of remdesivir against MERS-CoV has been demonstrated in a
rhesus macaque model(26). This study evaluated the effect of intravenous prophylactic and
therapeutic remdesivir boluses administered over ~5 minutes in a rhesus macaque model of
MERS-CoV over the course of 6 days. Prophylactic remdesivir was administered one day before
inoculation and continued once daily for 6 days. Remdesivir was associated with lower
respiratory rates, fewer pulmonary infiltrates on X-ray, lower lung viral loads and absent gross
lung lesions on necropsy, compared to vehicle-treated subjects. When therapeutic remdesivir was
administered 12 hours after inoculation and continued once daily for 6 days, it was associated
with mildly elevated respiratory rates, but significantly lower than vehicle-treated group, fewer
lung infiltrates on X-ray, lower viral loads and smaller areas of gross lung lesions on necropsy
compared to the untreated group.

More recently, the activity of remdesivir in rhesus macaques infected with SARS-CoV-2
was demonstrated(27). Intravenous therapeutic remdesivir administered over ~5 minutes, was
initiated close to the peak of viral replication, 12 hours after inoculation with SARS-CoV-2, and
continued once daily for 6 days. Animals treated with remdesivir lacked clinical evidence of
respiratory disease and had less severe radiographic pulmonary infiltrates and pathologic
pulmonary lesions on necropsy compared to vehicle-treated controls. These findings support
administration of remdesivir early in the course of COVID-19 to achieve the maximum treatment
effect. Additionally, viral load was significantly lower in the lungs, while viral replication was
reduced in the lower, but not the upper respiratory tract after remdesivir treatment, suggesting

that a clinical improvement should not be interpreted necessarily as a lack of infectiousness (27).
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Pharmacokinetics

Remdesivir is not suitable for oral administration due to complete first-pass metabolism
through the liver. Consequently, intramuscular (IM) and intravenous (IV) administration of
remdesivir were evaluated in male rhesus monkeys(21). The IM administration was suboptimal
due to slow and variable release of remdesivir from the muscle and the pharmacokinetics of
subcutaneous administration has not been evaluated in humans. In contrast, the IV administration
was rapidly eliminated and converted to the nucleoside monophosphate analogue (GS-441524),
indicating a more consistent and rapid delivery of remdesivir and higher maximal levels of
monophosphate analogue relative to the IM administration.

Following IV administration, remdesivir has a short plasma half-life (T,,) of ~1 hour, as
it is quickly metabolized by carboxylesterases (CES1) into the intermediate alanine metabolite
(GS-704277), followed by the predominant monophosphate metabolite (T;; 24.5 hours)(28-30).
CESI expression is high in the liver, with minimal expression in the type Il pneumocytes in the
lung, which could result in the monophosphate metabolite being present in serum at
concentrations 1000-fold higher than remdesivir throughout a 7-day treatment course(29). The
monophosphate metabolite is then converted into the triphosphate active metabolite of GS-
443902, which has a prolonged plasma Ty, of over 35 hours, supporting the once daily
administration of the drug(30, 31). Given the prolonged T/, of the monophosphate and
triphosphate metabolites, steady state is usually achieved after approximately 5 days, hence the
need for a loading dose to facilitate a faster achievement of steady state. Table 1 shows a
summary of the pharmacokinetics of remdesivir and its metabolites (GS-441524 and GS-
443902). Interestingly, remdesivir 75 mg administered over 30 minutes provided higher

peripheral blood mononuclear cell (PBMC) concentration of the triphosphate active metabolite
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than remdesivir 150 mg administered over 2 hours (AUC;,r 394.3 h.ng/mL vs. 294.7 h.ng/mL,
respectively)(30, 31). Thus, shorter infusion times of remdesivir may optimize its
pharmacokinetics parameters and achieve the highest intracellular concentration of the active
triphosphate metabolite.

Remdesivir has moderate protein binding, with a free fraction in humans of 12.1%. In
contrast, the metabolites GS-704277 and the monophosphate metabolite exhibit very low protein
binding in plasma, with mean free fraction ranging from 85% to 127%(28). In vivo studies
demonstrated that remdesivir rapidly distributes to most tissues following IV administration(21,
28). Remdesivir levels were highest in the kidney, liver, and arterial wall(28). Remdesivir and its
metabolites levels were also detected in the testes, epididymis, eyes, and brain of rhesus
macaques within 4 hours of administration. Interestingly, the levels in the brain were around 8%
of plasma levels at 4 hours post administration, but remained quantifiable and higher than plasma
at 168 hours post-dose(21).

Remdesivir is metabolized by cytochrome P450 (CYP450). Metabolism of its metabolites
has not been characterized yet (see drug-drug interactions section below).

Remdesivir and its metabolites are mainly eliminated renally (74%) and through the feces
(18%). Following IV administration, the monophosphate metabolite was predominantly detected
in the urine (49%), followed by remdesivir (10%), and other metabolites accounted for 6%(28).
Due to remdesivir’s poor water solubility, it is solubilized with sulfobutylether-B-cyclodextrin

(SBECD) for IV administration, which is predominantly excreted renally(32).
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Dosage and drug administration

Remdesivir is currently supplied as two different preservative-free formulations
containing Smg/mL remdesivir: aqueous-based concentrated solution and lyophilized powder
formulation, both provided in 100 mg vials. The recommended dosing for adults and pediatric
patients weighing > 40 kg is a single loading dose of 200 mg on day 1, followed by a
maintenance daily dose of 100 mg. For pediatric patients weighing between 3.5 kg and <40 kg,
the lyophilized formulation is preferred. A single loading dose of Smg/kg should be administered
on day 1 followed by a maintenance dose of 2.5mg/kg. Doses should be administrated
intravenously and infused over 30-120 minutes(33); however, we prefer administration over 30
minutes whenever possible to achieve higher intracellular concentrations of the active
metabolite(30, 31).

Adult and pediatric patients with moderate or severe COVID-19 can receive a treatment
duration of 5 days, which can be extended for up to 10 days if patients do not demonstrate
clinical improvement(33, 34). Although rare to date, in some patients with severe
immunocompromising conditions, especially those who receive combined T cell and B cell
depleting agents for hematological malignancies or autoimmune diseases, we have had to

administer additional courses of remdesivir over time for recrudescent clinical disease(35).

Drug interactions

Drug-drug interactions of remdesivir in humans have not been reported and their clinical
relevance has not yet been established. As remdesivir is a prodrug, the potential for significant
drug-drug interactions is limited due to the transient exposure of intact remdesivir following IV

administration. However, in vitro studies demonstrated that remdesivir is a substrate for the

10
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220  CYP450 enzymes (CYP2CS8, CYP2D6, and CYP3A4), Organic Anion Transporting

221  Polypeptides 1B1 (OAPT1B1), and P-glycoprotein (P-gp) proteins. In addition, remdesivir can
222 actas an inhibitor of CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4, OAPTIBI,

223 OATPI1B3, multidrug resistance-associated protein 4 (MRP4), and sodium-taurocholate

224 cotransporting polypeptide (NCTP) (33). In vitro data demonstrated an antagonistic effect of
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225  chloroquine on the intracellular activation and antiviral activity of remdesivir. Thus, co-

226  administration of remdesivir and chloroquine or hydroxychloroquine is not recommended as it
227  may result in reduced antiviral activity of remdesivir(33).

228

229  Clinical data

230 The first randomized, double-blind, placebo-controlled trial evaluating remdesivir in

231  hospitalized patients with severe COVID-19 included 236 participants in China enrolled between

232 early February and mid-March 2020—158 were randomized to remdesivir and 78 to

Chemotherapy

233 placebo)(36). Remdesivir was administered intravenously over 30 to 60 minutes as a 200 mg

Anfimicrobial A

234 loading dose on day 1, followed by a 100 mg daily maintenance dose on days 2 through 10. The
235  primary clinical endpoint was time to clinical improvement, defined as a two-point reduction in
236  patients’ baseline clinical ordinal scale (Table 2), or live discharge from the hospital, within 28
237  days after randomization(37). The median time from symptom onset to starting study treatment
238  was 10 days (interquartile range [IQR], 9-12 days). More patients in the remdesivir arm had a
239  baseline respiratory rate of more than 24 breaths per min compared to placebo (23% vs. 14%),
240  and more patients in the control group had been symptomatic for < 10 days at the time of starting
241  remdesivir or placebo compared to the remdesivir arm. The time to clinical improvement in the

242 remdesivir group (median 21 days; IQR, 13-28) was not significantly different to that of the

11
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placebo group (median 23 days; IQR, 15-28; hazard ratio [HR] 1.23; 95% CI, 0.87-1.75 [a
HR>1 indicates shorter time to clinical improvement with remdesivir]). Nasopharyngeal virus
load reduction, or day 28 mortality (14% in the remdesivir arm vs. 13% in the placebo arm) were
similar in both groups. In a subgroup analysis of patients enrolled within 10 days of symptom
onset, there was no statistically significant difference in 28-day mortality (11% among those
treated with remdesivir vs. 15% among those who received placebo), or time to clinical
improvement (hazard ratio 1.52; 95% CI 0.95-2.43). Importantly, this trial failed to complete
enrollment, due to steep reductions in COVID-19 incidence in China as the trial proceeded, and
had a low statistical power (58%), which may explain in part why it was unable to demonstrate
any statistically significant clinical benefits of remdesivir. Unlike subsequent clinical trials of
remdesivir for COVID-19 published to date, 66% of patients in this study also received
corticosteroids, though there was no difference in the proportion between the remdesivir and
placebo arms (Table 3).

Subsequently, the international double-blind, randomized, placebo-controlled trial,
known as the Adaptive Covid-19 Treatment Trial (ACTT-1) met its primary endpoint of a faster
time to recovery in patients who received remdesivir relative to placebo(38). This study included
1062 patients enrolled between late February and mid-April 2020, with 541 were allocated to the
remdesivir group and 521 were allocated to placebo. Remdesivir was administered intravenously
over 30 to 120 minutes as a 200-mg loading dose on day 1, followed by a 100-mg daily
maintenance dose on days 2 through 10 or until hospital discharge or death. The primary
outcome was initially defined as the difference in clinical status, as ascertained by an eight-
category ordinal scale, among patients treated with remdesivir as compared with placebo at day

15. However, on March 22, 2020, trial statisticians, who were unaware of treatment assignments

12
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and had no knowledge of outcome data, suggested changing this primary outcome to time to
clinical recovery based on evolving understanding that severe COVID-19 often has more a
prolonged clinical course than many other acute respiratory viral infections(38). Overall, the
baseline characteristics were balanced between the two groups. Median duration of symptoms
before initiation of study drug was 9 days in both groups (IQR, 6-12 days). At baseline, 131
(24.2%) were receiving mechanical ventilation or extracorporeal membrane oxygenation
(ECMO) in the remdesivir group, compared to 154 (29.6%) in the placebo arm. Remdesivir was
superior to placebo in shortening the time to recovery by day 29 (median, 10 days vs. 15 days;
rate ratio [RR] for recovery 1.29; CI 1.12—1.49 [a RR >1 indicates faster time to recovery with
remdesivir]). This benefit was most apparent in patients requiring supplemental oxygen by nasal
cannula at treatment initiation (RR 1.45; CI, 1.18-1.79). The benefit of remdesivir was larger
when given earlier in the illness. Patients who received remdesivir within the first 10 days of
symptom onset had a rate ratio for recovery of 1.37 (95% CI, 1.14 to 1.64) vs. patients who
received remdesivir more than 10 days after the onset of symptoms had a rate ratio for recovery
of 1.20 (95% CI, 0.94 to 1.52); The rate ratio of recovery for patients who began remdesivir
within 6 days from symptom onset was 1.92 (95% CI, 1.41-2.60). The odds of clinical
improvement at day 15 were higher in the remdesivir group, (OR 1.50; 95% CI, 1.18 — 1.91).
The time to an improvement by at least one or two category in the ordinal scale by day-29 was
significantly shorter in the remdesivir arm compared to placebo (one category improvement:
median 7 days vs. 9 days; rate ratio 1.23; CI, 1.08-1.41; two category improvement: median 11
days vs. 14 days; rate ratio 1.29; 95% CI, 1.1-1.46). Remdesivir was associated with a significant
reduction in median hospital length of stay (12 days vs. 17 days). Mortality rate was significantly

lower by day 14 (6.7% vs. 11.9%; HR 0.55, 95% CI, 0.36-0.83), but not by day 29 (11.4% vs.
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15.2%; HR 0.73; 95% CI, 0.52-1.03) in the remdesivir group compared to the placebo group. A
lower mortality was particularly apparent in patients requiring supplemental oxygen at baseline
(HR 0.3; 95% CI, 0.14-0.64). Interestingly, remdesivir was associated with lower incidence of
new oxygen use among patients who were not receiving oxygen at baseline (36% vs. 44%).
Treatment with remdesivir was also associated with fewer days of subsequent oxygen use for
patients receiving oxygen at enrollment (13 days vs. 21 days) and shorter subsequent duration of
mechanical ventilation or ECMO for those receiving these interventions at baseline (17 days vs.
20 days). The incidence of adverse events was similar between the remdesivir group and the
placebo group (Table 3).

The duration of remdesivir treatment in hospitalized patients with severe COVID-19 was
evaluated in a randomized, open-label, phase 3 trial (SIMPLE Severe) (39). A total of 402
patients were enrolled in the randomized part of the study (200 patients started a 5-day and 197
started a 10-day course). Overall, baseline characteristics were compatible between the two
groups. However, the 10-day group had a larger proportion of patients in the two highest disease-
severity groups compared to the 5-day group (5% vs. 2% were receiving mechanical ventilation
or ECMO, and 30% vs. 24% were receiving non-invasive ventilation or high-flow oxygen). The
median duration of symptoms before initiation of remdesivir was 8 days in the 5-day group and 9
days in the 10-day group. Of the 200 patients in the 5-day group, 172 patients (86%) completed
the full course of trial treatment, with a median duration of 5 days. Reasons for early termination
of remdesivir treatment included hospital discharge (8%) and adverse events (4%). Of the 197
patients in the 10-day group, 86 patients (44%) completed the full course of treatment, with a
median duration of 9 days. The proportion of patients who experienced clinical improvement of

at least two points on the study’s 7-point clinical ordinal scale at day 14 was not significantly
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different between the 5-day and 10-day groups (65% vs. 54%). There was no significant
difference in the median time to recovery between the 5-day group compared with 10-day group
(10 days vs. 11 days, similar to the 10 days in the ACTT-1 trial), median duration of
hospitalization among patients discharged on or before day 14 (7 days vs. 8 days), or mortality
(8% vs. 11%). Interestingly, among patients receiving mechanical ventilation or ECMO on day
5, mortality by day 14 occurred in 40% (10 of 25) in the 5-day group, compared with 17% (7 of
41) in the 10-day group. However, this benefit was not seen in patients receiving non-invasive
ventilation or high flow-flow oxygen on day 5, mortality by day 14 occurred in 10% in the 5-day
group, compared with 15% in the 10-day group. Discharge rates were higher among patients who
were symptomatic <10 days before initiating remdesivir compared to those who had symptoms
for >10 days prior to their first dose (62% vs. 49%). There was no difference in the rate of
adverse events in the two groups (Table 3).

Additionally, the effect of remdesivir in hospitalized patients with moderate COVID-19
pneumonia was evaluated in a randomized, open-label, phase 3 trial (SIMPLE Moderate)(40) . A
total of 584 patients were enrolled in the randomized part of this study (193 received a 10-day
course, 191 received a 5-day course, and 200 received standard care). The median duration of
symptoms before initiation of remdesivir was 8 days in the 5-day and 10-day group, compared
with 9 days in the standard of care group. On day 11, patients in the 5-day remdesivir treatment
group had a significantly higher odds of better clinical status distribution on the 7-point ordinal
scale compared to the standard of care group (odds ratio [OR] 1.65; 95% CI 1.09-2.48 [a OR >1
indicates a difference in clinical status towards discharge for the remdesivir group compared to
standard care]). There was no significant difference observed in the odds of improvement in

clinical status with the 10-day treatment course of remdesivir compared to standard of care
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(p=0.18). The results of the primary endpoint did not change in post hoc analyses adjusting for
day-1 clinical status score, symptom duration, inputting patients with missing status as dead, and
using the intention-to-treat population. Interestingly, by day 14, the clinical status of the 5-day
group and 10-group were significantly different compared to standard of care (p=0.03) with 76%
of patients being discharged in the 5-day and 10-day groups and 67% in the standard of care
group. The difference in clinical status by day-28 remained significant for the 10-group (p=0.03)
with 90% of patients not being hospitalized compared with 83% in the standard of care group.
The lack of difference in clinical status observed in the 10-day group was possibly due to the
open-label design of the study and the requirement for intravenous dosing of remdesivir, which
could influence discharge (Table 3).

On 15 October 2020, an interim report of a randomized open-label adaptive trial
sponsored by the World Health Organization evaluating remdesivir, hydroxychloroquine.
lopinavir/ritonavir, interferon-beta vs. standard of care (SOLIDARITY trial) was posted as a
preprint manuscript(41, 42). A total of 11,266 patients from 405 centers in 30 countries were
included in the study, of which 2750 patients were allocated to the remdesivir group and
compared with 2708 patients who were allocated to receive standard of care. Overall in-hospital
mortality, the trial’s primary endpoint, was similar between remdesivir and the standard of care
arm (11% vs. 11.2%j; rate ratio [RR], 0.95; 95%CI, 0.81-1.11; p=0.50). In-hospital mortality
among patients on any supplemental oxygen at enrollment was 12.2% in the remdesivir group
compared to 13.8% in the standard of care arm (RR, 0.85; 95% CI, 0.66-1.09); the mortality
among patients ventilated at enrollment was 43.0% vs. 37.8% (RR, 1.20; 95% CI 0.80-1.80),

respectively.
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It is hard to make conclusions on the effect of remdesivir in this trial, despite its larger
sample size, with the information currently available(41). Major issues, include the open-label
design of SOLIDARITY which places the study results at increased risk of bias compared to the
double-blind, placebo-controlled design of ACTT-1(43). Furthermore, it was up to the local
physician to decide what of the four treatment arms the patient could be randomized to, not only
to the availability of particular drugs, without providing protocol-specific criteria for eligibility.
There is no specific definition of COVID-19, or how the presence of SARS-CoV-2 infection was
assessed to make a patient eligible for the study—bias towards no effect would increase with the
proportion of patients without confirmed SARS-CoV2 infection. No time from symptom onset to
randomization and treatment is provided, an important covariate to assess antiviral treatment
effect. The trial states that patients stopped being followed at discharge, even though possible
outcomes were transfer to other facilities or hospice discharge, making in patient mortality
potentially biased; in ACTT-1 all patients were followed through study day 29 whether
discharged or not(44).

There are additional ongoing trials of remdesivir for COVID-19 that have yet to report
results. These include DisCoVeRy, a randomized open-label trial sponsored by INSERM across
seven European countries assessing the same treatments as SOLIDARITY(45); ACTT-2, a
randomized double-blinded trial sponsored by NIAID evaluating remdesivir and baricitinib vs.
remdesivir alone(46); ACTT-3, a randomized double-blinded trial sponsored by NIAID
evaluating remdesivir and interferon beta-1a vs. remdesivir alone(47); REMDACTA, a
randomized, double-blind, multicenter study sponsored by Hoffmann-La Roche evaluating the
efficacy and safety of remdesivir plus tocilizumab compared with remdesivir and placebo in

patients(48).
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Special populations

Pregnancy and Lactation

There is currently limited information on the use of remdesivir during pregnancy and
lactation. Remdesivir has not shown genotoxicity in vitro or adverse embryo-fetal developmental
effects in animal models(33). Pregnant patients and nursing mothers have been excluded thus far
from clinical trials evaluating remdesivir treatment against SARS-CoV-2. A case series of three
pregnant patients with severe COVID-19 pneumonia who required supplemental oxygen,
demonstrated resolution of this requirement after initiation of remdesivir. In this series,
remdesivir was overall well tolerated, with only one patient experiencing elevation in liver
function enzymes that required discontinuation of remdesivir(49). Another report of 67 pregnant
patient who received remdesivir through the compassionate use program demonstrated that 93%
recovered within 28 days. Pregnant women not requiring invasive ventilation at baseline had the
highest rates of recovery (98%) and shortest median time to recovery (5 days), of whom 98%
recovered, 95% were discharged. Treatment with remdesivir was well tolerated, no new safety
signals were detected among pregnant patients(50). Overall, remdesivir should be used during
pregnancy only if the potential benefit justifies the potential risks for mother and fetus.

Additionally, remdesivir has been used without reported fetal toxicity in six pregnant
women with Ebola(51). Moreover, given that remdesivir has poor oral absorption due to
extensive first-pass metabolism, infants are unlikely to absorb clinically important amount of the
drug from breastmilk. Newborn infants who have received remdesivir for the treatment of Ebola
did not experience any adverse events(51, 52). As a result, it does not appear that remdesivir
should be avoided in the setting of lactation. However, careful infant monitoring during

breastfeeding is warranted.
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Pediatrics

As of June 2020, only two out of the three randomized, controlled trials evaluating
remdesivir in COVID-19 included patients >12 years of age. In the phase 3 trial of remdesivir in
Ebola virus disease, 43 patients < 18 years, including two neonates, received remdesivir, with no
serious adverse events reported(51). The Pediatric Infectious Diseases Society currently
recommends the use of remdesivir as the preferred antiviral agent for patients with severe

COVID-19 when antiviral use is indicated(53).

Renal dysfunction

Safety data of remdesivir in patients with eGFR <30 mL/min per 1.73 m? and those
requiring renal replacement therapy (RRT) are lacking, as these patients have been excluded
from clinical trials to date. Available data from published controlled trials in COVID-19 do not
demonstrate an increased risk of renal adverse events in patients who received remdesivir
compared to placebo(36, 38). In addition, significant renal adverse events were not reported
when remdesivir was used in the phase 3 Ebola clinical trial(51). Concerns of using remdesivir in
patients with renal dysfunction may arise from the presence of the excipient sulfobutylether-f3-
cyclodextrin (SBECD). Each 100 mg of lyophilized powder and aqueous solution of remdesivir
contains 3 and 6 g of SBECD, respectively, which is below the maximum recommended safety
threshold of dose of 250 mg/kg/day (for patients weighing over 24 kg)(54). Animal studies
associated SBECD accumulation with renal tubular obstruction at doses 50-100 times higher
than that of remdesivir(55). Given the short treatment duration of remdesivir, and the relatively

low daily amounts of SBECD administered, we think its benefit outweighs the risk for patients
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with eGFR <30 mL/min per 1.73 m?, especially for patients with severe COVID-19. Moreover,
SBECD is readily removed by continuous RRT and hemodialysis(56). Thus, RRT would keep
SBECD exposure within a limit that is generally considered safe and significant accumulation
only occurs if dialysis is held for prolonged periods. A recent report demonstrated that around
59% of the monophosphate metabolite (GS-441524) was removed after a four-hour hemodialysis
session in a patient with COVID-19 treated with remdesivir(57). A case series of 46 patients with
acute or chronic renal disease who received remdesivir demonstrated that it was well tolerated.
These patients did not experience worsening renal function or clinically significant elevations in
liver function enzymes that were attributed to remdesivir(58). Renal experts from the American
Society of Nephrology suggest that patients without underlying liver disease who are expected to
undergo continuous or intermittent dialysis or those with acute kidney injury that is expected to

be transient may be the best initial candidates to receive remdesivir(54).

Immunocompromised hosts

Although immunocompromising conditions including solid-organ or hematopoietic-cell
transplantation, hematological malignancies, autoimmune or rheumatologic diseases have not
been exclusionary from the remdesivir controlled trials published to date, there have not been
specific reports on remdesivir effects in these populations that participated in those trials. Recent
reports of chronic COVID-19 in two immunocompromised patients with lymphoma and
associated B-cell immunodeficiency illustrated prolonged viral replication and shedding(59, 60).
These patients required additional courses of remdesivir over time and received convalescent
plasma with eventual resolution of symptoms. We have encountered patients that developed

COVID-19 during chemotherapy for B-cell malignancies (with agents that also affect T cells)
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experience similar protracted courses of Covid-19 requiring additional courses of remdesivir due
to recrudescent disease. Solid organ and hematopoietic cell transplant recipients we have treated

to date have responded to single courses of treatment without recrudescent disease.

Adverse events

There are limited data evaluating the adverse event profile of remdesivir. Although
relatively rare, hypersensitivity reactions, including infusion-related and anaphylactic reactions,
have been observed during and following administration of remdesivir(33). In phase 1 studies of
138 healthy volunteers, transient elevations in aminotransferases were observed with remdesivir
administration(33). The Ebola phase 3 trial reported one serious adverse effect, a fatal episode of
peri-infusional hypotension, deemed potentially related to remdesivir administration(51).

In clinical trials, remdesivir adverse event profile has been favorable overall. Wang et al.
reported 102 patients (66%) in the remdesivir group experienced any adverse event compared
with 50 patients (64%) in the placebo arm(36). The percentage of serious of adverse event
reported was 18% in the remdesivir arm compared with 26% the control group. The most
common adverse events reported were constipation (14% vs. 15% in the remdesivir vs. placebo
group), hypoalbuminemia (13% vs. 15%), hypokalemia (12% vs. 14%), elevation in total
bilirubin (10% vs. 9%). Remdesivir discontinuation due to adverse events occurred in 18 patients
(12%) compared with four patients (5%) in the placebo arm. In the ACTT-1 trial, serious adverse
events occurred in 24% of patients in the remdesivir group vs. 32% in the placebo group. The
most common serious adverse event was respiratory failure, which occurred in 7.3% of patients
treated with remdesivir and 12.8% of patients treated with placebo(61). Non-serious grade >3

adverse events occurred in 52% in the remdesivir group vs. 57% in the placebo group. The most
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common non-serious adverse events reported in the remdesivir group vs. placebo were anemia
(16.5% vs. 21.7%), decrease in renal function (16.0% vs. 20.3%), hyperglycemia (13.7% vs.
11.8%), and increased liver aminotransferases (6.0% vs. 10.7%). In addition, in the SIMPLE
Severe trial, the percentages of patients who experienced adverse events were similar in the two
groups (70% in the 5-day group vs. 74% in the 10-day group)(39). The percentage of serious
adverse events was 21% in the 5-day group and 35% in the 10-day group. The most common
adverse events overall were nausea (10% in the 5-day group vs. 9% in the 10-day group), acute
respiratory failure (6% vs. 11%), increased alanine aminotransferase (6% vs. 8%), and
constipation (7% in both groups). Discontinuation rates due to adverse events were similar in the
5-day and 10-day groups (4% and 10% respectively) and discontinuation due to aminotransferase
elevations were (2.5% and 3.6%, respectively). In the SIMPLE Moderate trial, the percentage of
patients who experienced adverse events were similar in 5-day group vs. standard care (51% vs.
47%, respectively)(40). However, the percentage of adverse events was significantly higher in
the 10-day group compared with placebo (59% vs. 47%, respectively). The most common
adverse events in the remdesivir groups were nausea (9.6% in the remdesivir groups vs. 3% in
the standard of care group), hypokalemia (6% vs. 2%), and headache (1.3% vs. 2.5%). Serious
adverse events were reported in 5% of patients in the remdesivir groups and 10% in the standard

care group.

Future directions
There are currently no approved treatments for COVID-19 patients who are not
hospitalized. A trial has opened recently comparing remdesvir to placebo for early outpatient

treatment of COVID-19 in patients with comorbidities that increase their risk of hospitalization
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and death (62). The pharmacokinetics of an inhaled version of remdesivir are currently being
evaluated in a phase 1a trial(62). The availability of a nebulized or dry powder formulation of
remdesivir could provide more targeted delivery of the drug and potentially lower systemic
exposure and toxicity, as has been demonstrated with the inhaled formulation of the
neuraminidase inhibitor zanamivir for influenza A and B (63). Moreover, a single rapid bolus of
remdesivir, which results in a high intracellular concentration of remdesivir-triphosphate, could
theoretically be enough treat patients who present earlier on in their course. Other ways to
potentially expand the use of remdesivir to the outpatient setting is to evaluate the
pharmacokinetics of subcutaneous administration of remdesivir in humans. Subcutaneous
remdesivir was used successfully in mouse models with SARS-CoV-1 and MERS-CoV.
Expanding access to the outpatient setting could potentially allow for remdesivir to be studied as
post-exposure prophylaxis, to prevent symptomatic infection or lower infectious burden after
exposure to COVID-19. Additionally, given the limited data of remdesivir in pregnancy and
pediatrics, future studies evaluating the safety and efficacy of remdesivir should consider
including these patient populations, to prevent delays associated with drug acquisition through
the compassionate use programs.

We favor confirmation of the subgroup findings of the ACTT-1 trial in at least an
additional double-blind, placebo-controlled trial that explicitly targets and is powered to
demonstrate a benefit of remdesivir in different strata of COVID-19 severity. Further studies are
needed to assess remdesivir in combination with other antiviral drugs and immunomodulatory
agents such as dexamethasone (the one treatment to demonstrate a mortality benefit to date in

patients with severe or critical COVID-19 disease)(64).
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Expert opinion

Remdesivir is currently indicated for adults and pediatric patients 12 years of age or older
weighing > 40 kg for the treatment of COVID-19 requiring hospitalization(11).

Based on overall current trial results and clinical experience, remdesivir treatment should
be considered as early as clinically possible to prevent progression of COVID-19 pneumonia and
other complications in patients who are hospitalized. A new trial is evaluating remdesivir
treatment of outpatients who are at higher risk of hospitalization and death to prevent progression
to severe disease(65). A sizeable proportion of patient in the trials to date who receive treatment
early on have not needed to complete a treatment course of 5 days and have a shorter
hospitalization. Additionally, the largest benefit of remdesivir seems to be among patients who
require supplemental oxygen at baseline, as this is the group that had the most mortality benefit
based on results from ACTT-1(38). Older patients hospitalized with moderate COVID-19 (not
requiring supplemental oxygen at rest) and those with co-morbidities at higher risk for mortality
likely benefit from early remdesivir administration (40), and thus, we do not think that waiting
for clinical deterioration to decide on antiviral treatment is a prudent or practical approach.
While critically ill patients requiring mechanical ventilation or ECMO could benefit as well,
given the advanced lung damage sustained on presentation due to acute respiratory distress
syndrome, recovery will likely take longer and depend on additional interventions other than
remdesivir. Detailed remdesivir characteristics and authors’ recommendations are presented

in Table 4.
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Conclusion

Remdesivir seems to be the most promising currently available antiviral for the treatment
of moderate and severe COVID-19 pneumonia based on pre-clinical and clinical data and is
currently the only FDA-approved treatment for COVID-19. Further studies are needed to
evaluate shorter and earlier courses of remdesivir, as well as to assess remdesivir in combination

with other antiviral drugs and immunomodulatory agents.

25

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

Antimicrobial Agents ana

(19)
=
6
O]

(1)

——

U2)

(0)
o

——

o
g

\9}

2]

>

(=
=
O

(1)

——

(O

(19)

O

9}
<(

Antimicrobial Agents and

Chemotherapy

Chemotherapy

548

549

550

551

552

Financial disclosures: Dr. Francisco Marty reports grants from Gilead, Ansun, Chimerix, Merck
outside the submitted work; personal fees from AlloVir, Janssen, Kyorin, Merck, ReViral, and
Symbio outside the submitted work.

Declaration of interest: None

26

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Chemotherapy

Chemotherapy

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

References

1.

Tu YF, Chien CS, Yarmishyn AA, Lin YY, Luo YH, Lin YT, Lai WY, Yang DM, Chou

SJ, Yang YP, Wang ML, Chiou SH. 2020. A Review of SARS-CoV-2 and the Ongoing Clinical

Trials. Int J Mol Sci;21(7):2657. doi: 10.3390/ijms21072657

2.

4.

Zheng J. 2020. SARS-CoV-2: an Emerging Coronavirus that Causes a Global Threat. Int
J Biol Sci 16:1678-1685.

Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, Si HR, Zhu Y, Li B, Huang CL,
Chen HD, Chen J, Luo Y, Guo H, Jiang RD, Liu MQ, Chen Y, Shen XR, Wang X, Zheng
XS, Zhao K, Chen QJ, Deng F, Liu LL, Yan B, Zhan FX, Wang YY, Xiao GF, Shi ZL.
2020. A pneumonia outbreak associated with a new coronavirus of probable bat origin.
Nature 579:270-273.

Helmy YA, Fawzy M, Elaswad A, Sobieh A, Kenney SP, Shehata AA. 2020. The

COVID-19 Pandemic: A Comprehensive Review of Taxonomy, Genetics, Epidemiology,

Diagnosis, Treatment, and Control. J Clin Med 9(4):1225. doi: 10.3390/jcm9041225

S.

Meyerowitz EA, Richterman A, Gandhi RT, Sax PE. 2020. Transmission of SARS-CoV-
2: A Review of Viral, Host, and Environmental Factors. Ann Intern Med
doi:10.7326/m20-5008.

Wang J, Du G. 2020. COVID-19 may transmit through aerosol. Ir J Med Sci
doi:10.1007/s11845-020-02218-2:1-2.

World Health Organization. October 29, 2020. WHO Coronavirus Disease (COVID-19)

Dashboard. https://covid19.who.int/. Accessed October 29, 2020.

U.S Food and Drug Administration. May 01, 2020. Coronavirus (COVID-19) Update:

FDA Issues Emergency Use Authorization for Potential COVID-19 Treatment.

27

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Chemotherapy

Chemotherapy

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

10.

11.

12.

13.

14.

https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-

fda-issues-emergency-use-authorization-potential-covid-19-treatment. Accessed June 26,

2020.
European Medicines Agency. June 25, 2020. First COVID-19 treatment recommended

for EU authorization. https://www.ema.europa.eu/en/news/first-covid-19-treatment-

recommended-eu-authorisation. Accessed August 20, 2020.

Gilead. July 03, 2020. European Commission Grants Conditional Marketing
Authorization for Gilead’s Veklury® (remdesivir) for the Treatment of COVID-19.

https://www.gilead.com/news-and-press/press-room/press-releases/2020/7/european-

commission-grants-conditional-marketing-authorization-for-gileads-veklury-remdesivir-

for-the-treatment-of-

covid19#:~:text=In%20recognition%200f%20the%20current,Emirates%20and%20the%2

OEuropean%20Union. Accessed August 20, 2020.

U.S Food and Drug Administration. 2020. Veklury (remdesivir) EUA Letter of

Approval, reissued 10/22/2020. https://www.fda.gov/media/137564/download. Accessed

October 22, 2020.

Eastman RT, Roth JS, Brimacombe KR, Simeonov A, Shen M, Patnaik S, Hall MD.
2020. Remdesivir: A Review of Its Discovery and Development Leading to Emergency
Use Authorization for Treatment of COVID-19. ACS Cent Sci 6:672-683.

Ferner RE, Aronson JK. 2020. Remdesivir in covid-19. Bmj 369:m1610.

Jordan PC, Liu C, Raynaud P, Lo MK, Spiropoulou CF, Symons JA, Beigelman L, Deval
J. 2018. Initiation, extension, and termination of RNA synthesis by a paramyxovirus

polymerase. PLoS Pathog 14:¢1006889.

28

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Chemotherapy

Chemotherapy

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

15.

16.

17.

18.

Bradwell K, Combe M, Domingo-Calap P, Sanjuan R. 2013. Correlation between
mutation rate and genome size in riboviruses: mutation rate of bacteriophage Q.
Genetics 195:243-51.

Graham RL, Becker MM, Eckerle LD, Bolles M, Denison MR, Baric RS. 2012. A live,
impaired-fidelity coronavirus vaccine protects in an aged, immunocompromised mouse
model of lethal disease. Nat Med 18:1820-6.

Smith EC, Blanc H, Surdel MC, Vignuzzi M, Denison MR. 2013. Coronaviruses lacking
exoribonuclease activity are susceptible to lethal mutagenesis: evidence for proofreading
and potential therapeutics. PLoS Pathog 9:¢1003565.

Agostini ML, Andres EL, Sims AC, Graham RL, Sheahan TP, Lu X, Smith EC, Case JB,

Feng JY, Jordan R, Ray AS, Cihlar T, Siegel D, Mackman RL, Clarke MO, Baric RS, Denison

MR. 2018. Coronavirus Susceptibility to the Antiviral Remdesivir (GS-5734) Is Mediated by the

Viral Polymerase and the Proofreading Exoribonuclease. mBio 9:¢00221

DOI: 10.1128/mBi0.00221-18

19.

20.

Gordon CJ, Tchesnokov EP, Woolner E, Perry JK, Feng JY, Porter DP, Gotte M. 2020.
Remdesivir is a direct-acting antiviral that inhibits RNA-dependent RNA polymerase
from severe acute respiratory syndrome coronavirus 2 with high potency. J Biol Chem
295:6785-6797.

Lo MK, Jordan R, Arvey A, Sudhamsu J, Shrivastava-Ranjan P, Hotard AL, Flint M,
McMullan LK, Siegel D, Clarke MO, Mackman RL, Hui HC, Perron M, Ray AS, Cihlar
T, Nichol ST, Spiropoulou CF. 2017. GS-5734 and its parent nucleoside analog inhibit

Filo-, Pneumo-, and Paramyxoviruses. Sci Rep 7:43395.

29

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

Anfimicrobial A

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Chemotherapy

Chemotherapy

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

21.

22.

Warren TK, Jordan R, Lo MK, Ray AS, Mackman RL, Soloveva V, Siegel D, Perron M,
Bannister R, Hui HC, Larson N, Strickley R, Wells J, Stuthman KS, Van Tongeren SA,
Garza NL, Donnelly G, Shurtleff AC, Retterer CJ, Gharaibeh D, Zamani R, Kenny T,
Eaton BP, Grimes E, Welch LS, Gomba L, Wilhelmsen CL, Nichols DK, Nuss JE, Nagle
ER, Kugelman JR, Palacios G, Doerffler E, Neville S, Carra E, Clarke MO, Zhang L,
Lew W, Ross B, Wang Q, Chun K, Wolfe L, Babusis D, Park Y, Stray KM, Trancheva I,
Feng JY, Barauskas O, Xu Y, Wong P, et al. 2016. Therapeutic efficacy of the small
molecule GS-5734 against Ebola virus in rthesus monkeys. Nature 531:381-5.

Sheahan TP, Sims AC, Graham RL, Menachery VD, Gralinski LE, Case JB, Leist SR,

Pyrc K, Feng JY, Trantcheva I, Bannister R, Park Y, Babusis D, Clarke MO, Mackman RL,

Spahn JE, Palmiotti CA, Siegel D, Ray AS, Cihlar T, Jordan R, Denison MR, Baric RS. 2017.

Broad-spectrum antiviral GS-5734 inhibits both epidemic and zoonotic coronaviruses. Sci Transl

Med 9. 9(396):eaal3653. doi: 10.1126/scitranslmed.aal3653

23.

24.

25.

Wang M, Cao R, Zhang L, Yang X, Liu J, Xu M, Shi Z, Hu Z, Zhong W, Xiao G. 2020.
Remdesivir and chloroquine effectively inhibit the recently emerged novel coronavirus
(2019-nCoV) in vitro. Cell Res 30:269-271.

Martinot M, Jary A, Fafi-Kremer S, Leducq V, Delagreverie H, Garnier M, Pacanowski
J, Mékinian A, Pirenne F, Tiberghien P, Calvez V, Humbrecht C, Marcelin AG, Lacombe
K. 2020. Remdesivir failure with SARS-CoV-2 RNA-dependent RNA-polymerase
mutation in a B-cell immunodeficient patient with protracted Covid-19. Clin Infect Dis
doi:10.1093/cid/ciaal474.

Sheahan TP, Sims AC, Leist SR, Schifer A, Won J, Brown AJ, Montgomery SA, Hogg

A, Babusis D, Clarke MO, Spahn JE, Bauer L, Sellers S, Porter D, Feng JY, Cihlar T,

30

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

644 Jordan R, Denison MR, Baric RS. 2020. Comparative therapeutic efficacy of remdesivir
645 and combination lopinavir, ritonavir, and interferon beta against MERS-CoV. Nat
646 Commun 11:222.

647  26. de Wit E, Feldmann F, Cronin J, Jordan R, Okumura A, Thomas T, Scott D, Cihlar T,

Accepted Manuscripf Posted Online

648 Feldmann H. 2020. Prophylactic and therapeutic remdesivir (GS-5734) treatment in the
649 rhesus macaque model of MERS-CoV infection. Proc Natl Acad Sci U S A 117:6771-
650 6776.

651  27. Williamson BN, Feldmann F, Schwarz B, Meade-White K, Porter DP, Schulz J, van

652 Doremalen N, Leighton I, Yinda CK, Pérez-Pérez L, Okumura A, Lovaglio J, Hanley
653 PW, Saturday G, Bosio CM, Anzick S, Barbian K, Cihlar T, Martens C, Scott DP,
654 Munster VJ, de Wit E. 2020. Clinical benefit of remdesivir in rhesus macaques infected
gé 655 with SARS-CoV-2. Nature doi:10.1038/s41586-020-2423-5.
_é 656  28. European Medicines Agency. 2020. Summary on Compassionate Use- Remdesicir
o 657 Gilead. https://www.ema.europa.eu/en/documents/other/summary-compassionate-use-
658 remdesivir-gilead en.pdf. Accessed June 13, 2020.

659 29.  Yan VC, Muller FL. 2020. Advantages of the Parent Nucleoside GS-441524 over

660 Remdesivir for Covid-19 Treatment. ACS Med Chem Lett 11:1361-1366.

661  30. Humeniuk R, Mathias A, Cao H, Osinusi A, Shen G, Chng E, Ling J, Vu A, German P.
662 2020. Safety, Tolerability, and Pharmacokinetics of Remdesivir, An Antiviral for

663 Treatment of COVID-19, in Healthy Subjects. Clin Transl Sci doi:10.1111/cts.12840.
664 31.  World Health Organization. 2018. Deliberations on design options for randomized

665 controlled clinical trials to assess the safety and efficacy of investigational therapeutics

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod

666 for the treatment of patients with Ebola virus disease. https://www.who.int/ebola/drc-

31

P
o
O
_
Q
=
[e]
£
Q
EC
O



http://aac.asm.org/

(o
=
S
o)
@
nf—
U2)
@
(a1
nf—
ol
=
\9)
2]
>
(=
=
o)
©
nf—
ol
©
\9)
\9)
<(

Chemotherapy

Chemotherapy

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

32.

33.

34.

35.

36.

2018/summaries-of-evidence-experimental-therapeutics.pdf?ua=1. Accessed June 15,

2020.

Kiser TH, Fish DN, Aquilante CL, Rower JE, Wempe MF, MacLaren R, Teitelbaum 1.
2015. Evaluation of sulfobutylether-B-cyclodextrin (SBECD) accumulation and
voriconazole pharmacokinetics in critically ill patients undergoing continuous renal
replacement therapy. Crit Care 19:32.

U.S Food and Drug Administration. July, 2020. Fact Sheet for health care providers
emergency use authorization (EUA) of veklury® (remdesivir).
https://www.fda.gov/media/137566/download Accessed October 28, 2020

NIH. 2020. COVID-19 Treatment Guidelines.

https://www.covid 1 9treatmentguidelines.nih.gov/antiviral-therapy/remdesivir/. Accessed

Sep 21, 2020.

Helleberg M, Niemann CU, Moestrup KS, Kirk O, Lebech AM, Lane C, Lundgren J.
2020. Persistent COVID-19 in an Immunocompromised Patient Temporarily Responsive
to Two Courses of Remdesivir Therapy. J Infect Dis 222:1103-1107.

Wang Y, Zhang D, Du G, Du R, Zhao J, Jin Y, Fu S, Gao L, Cheng Z, Lu Q, Hu Y, Luo
G, Wang K, Lu Y, Li H, Wang S, Ruan S, Yang C, Mei C, Wang Y, Ding D, Wu F, Tang
X,YeX, YeY, LiuB, Yang J, Yin W, Wang A, Fan G, Zhou F, Liu Z, Gu X, Xu J,
Shang L, Zhang Y, Cao L, Guo T, Wan Y, Qin H, Jiang Y, Jaki T, Hayden FG, Horby
PW, Cao B, Wang C. 2020. Remdesivir in adults with severe COVID-19: a randomised,

double-blind, placebo-controlled, multicentre trial. Lancet 395:1569-1578.

32

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

Anfimicrobial A

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Chemotherapy

Chemotherapy

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

37. World Health Organization. February 18, 2020. WHO R&D blueprint novel Coronavirus

COVID-19 therapeutic trial synopsis. https:/www.who.int/publications-detail/covid-19-

therapeutic-trial-synopsis. Accessed June 13, 2020

38. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, Hohmann E,
Chu HY, Luetkemeyer A, Kline S, Lopez de Castilla D, Finberg RW, Dierberg K,
Tapson V, Hsieh L, Patterson TF, Paredes R, Sweeney DA, Short WR, Touloumi G, Lye
DC, Ohmagari N, Oh MD, Ruiz-Palacios GM, Benfield T, Fitkenheuer G, Kortepeter
MG, Atmar RL, Creech CB, Lundgren J, Babiker AG, Pett S, Neaton JD, Burgess TH,
Bonnett T, Green M, Makowski M, Osinusi A, Nayak S, Lane HC. 2020. Remdesivir for
the Treatment of Covid-19 - Final Report. N Engl ] Med doi:10.1056/NEJMo0a2007764.

39. Goldman JD, Lye DCB, Hui DS, Marks KM, Bruno R, Montejano R, Spinner CD, Galli
M, Ahn MY, Nahass RG, Chen YS, SenGupta D, Hyland RH, Osinusi AO, Cao H, Blair
C, Wei X, Gaggar A, Brainard DM, Towner WJ, Muiloz J, Mullane KM, Marty FM,
Tashima KT, Diaz G, Subramanian A. 2020. Remdesivir for 5 or 10 Days in Patients
with Severe Covid-19. N Engl J Med doi:10.1056/NEJMo0a2015301.

40. Spinner CD, Gottlieb RL, Criner GJ, Arribas Lopez JR, Cattelan AM, Soriano Viladomiu A,
Ogbuagu O, Malhotra P, Mullane KM, Castagna A, Ann Chai LY, Roestenberg M, Yin
Tsang OT, Bernasconi E, Le Turnier P, Chang SC, SenGupta D, Osinusi AO, Cao H, Blair
C, Wang H, Gaggar A, Brainard DM, McPhail MJ, Bhagani S, Young Ahn M, Sanyal AJ,
Huhn G, Marty FM. Effect of Remdesivir vs Standard Care on Clinical Status at 11 Days in
Patients With Moderate COVID-19: A Randomized Clinical Trial. JAMA 2020;324:1048-

57.

33

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Chemotherapy

Chemotherapy

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

41. Pan H, Peto R, Karim QA, Alejandria M, Henao-Restrepo AM, Hernandez Garcia C, Kieny
MP, Malekzadeh R, Murthy S, Preziosi MP, Reddy S, Roses Periago M, Sathiyamoorthy V,
Rettingen JA, Swaminathan S. 2020. Repurposed antiviral drugs for COVID-19—interim
WHO SOLIDARITY trial results. medRxiv preprint doi:

https://doi.org/10.1101/2020.10.15.20209817.

42.  World Health Organization. 2020. An international randomised trial of additional
treatments for COVID-19 in hospitalised patients who are all receiving the local standard

of care. https://www.who.int/publications/m/item/an-international-randomised-trial-of-

additional-treatments-for-covid-19-in-hospitalised-patients-who-are-all-receiving-the-

local-standard-of-care. Accessed October 21, 2020.

43, Cochrane Methods. RoB 2: A revised Cochrane risk-of-bias tool for randomized trials.

https://methods.cochrane.org/bias/resources/rob-2-revised-cochrane-risk-bias-tool-

randomized-trials. Accessed October 21, 2020.
44.  World Health Organization. Global COVID-19 Clinical Platform: Rapid core case report
form (CRF)

. https://www.who.int/publications/i/item/WHQO-2019-nCoV-Clinical CRF-2020.4. Accessed

October 21, 2020.
45. ClinicalTrials.gov. July 22, 2020. Trial of Treatments for COVID-19 in Hospitalized

Adults (DisCoVeRy). https://clinicaltrials.gov/ct2/show/NCT04315948. Accessed June

13,2020
46.  ClinicalTrials.gov. August 13, 2020. Adaptive COVID-19 Treatment Trial 2 (ACTT-2).

https://clinicaltrials.gov/ct2/show/NCT04401579. Accessed June 13, 2020

34

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

732 47. ClinicalTrials.gov. 2020. Adaptive COVID-19 Treatment Trial 3 (ACTT-3).

733 https://clinicaltrials.gov/ct2/show/NCT04492475. Accessed October 08, 2020.

734 48.  ClinicalTrials.gov. August 13, 2020. A Study to Evaluate the Efficacy and Safety of

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

735 Remdesivir Plus Tocilizumab Compared With Remdesivir Plus Placebo in Hospitalized
736 Participants With Severe COVID-19 Pneumonia (REMDACTA).
737 https://www.clinicaltrials.gov/ct2/show/NCT04409262. Accessed June 13, 2020

738  49. Igbinosa I, Miller S, Bianco K, Nelson J, Kappagoda S, Blackburn BG, Grant P,

739 Subramanian A, Lyell D, El-Sayed Y, Aziz N. 2020. Use of Remdesivir for Pregnant
740 Patients with Severe Novel 2019 Coronavirus Disease. Am J Obstet Gynecol
741 doi:10.1016/j.2j0g.2020.08.001.

742 50. Burwick RM, Yawetz S, Stephenson KE, Collier AY, Sen P, Blackburn BG, Kojic EM,

; gé 743 Hirshberg A, Suarez JF, Sobieszczyk ME, Marks KM, Mazur S, Big C, Manuel O,

é 744 Morlin G, Rose SJ, Naqvi M, Goldfarb IT, DeZure A, Telep L, Tan SK, Zhao Y,

E G 745 Hahambis T, Hindman J, Chokkalingam AP, Carter C, Das M, Osinusi AO, Brainard

c

) 746 DM, Varughese TA, Kovalenko O, Sims MD, Desai S, Swamy G, Sheffield JS, Zash R,
747 Short WR. 2020. Compassionate Use of Remdesivir in Pregnant Women with Severe
748 Covid-19. Clin Infect Dis doi:10.1093/cid/ciaal466.

749 51, Mulangu S, Dodd LE, Davey RT, Jr., Tshiani Mbaya O, Proschan M, Mukadi D,

750 Lusakibanza Manzo M, Nzolo D, Tshomba Oloma A, Ibanda A, Ali R, Coulibaly S,

751 Levine AC, Grais R, Diaz J, Lane HC, Muyembe-Tamfum JJ, Sivahera B, Camara M,
752 Kojan R, Walker R, Dighero-Kemp B, Cao H, Mukumbayi P, Mbala-Kingebeni P, Ahuka
753 S, Albert S, Bonnett T, Crozier I, Duvenhage M, Proffitt C, Teitelbaum M, Moench T,
754 Aboulhab J, Barrett K, Cahill K, Cone K, Eckes R, Hensley L, Herpin B, Higgs E,

35

Chemotherapy

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Chemotherapy

Chemotherapy

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

52.

53.

54.

55.

Ledgerwood J, Pierson J, Smolskis M, Sow Y, Tierney J, Sivapalasingam S, Holman W,
Gettinger N, Vallée D, et al. 2019. A Randomized, Controlled Trial of Ebola Virus
Disease Therapeutics. N Engl J Med 381:2293-2303.

Doérnemann J, Burzio C, Ronsse A, Sprecher A, De Clerck H, Van Herp M, Koli¢ MC,
Yosifiva V, Caluwaerts S, McElroy AK, Antierens A. 2017. First Newborn Baby to
Receive Experimental Therapies Survives Ebola Virus Disease. J Infect Dis 215:171-174.
Chiotos K, Hayes M, Kimberlin DW, Jones SB, James SH, Pinninti SG, Yarbrough A,
Abzug MJ, MacBrayne CE, Soma VL, Dulek DE, Vora SB, Waghmare A, Wolf J,
Olivero R, Grapentine S, Wattier RL, Bio L, Cross SJ, Dillman NO, Downes KJ,
Timberlake K, Young J, Orscheln RC, Tamma PD, Schwenk HT, Zachariah P, Aldrich
M, Goldman DL, Groves HE, Lamb GS, Tribble AC, Hersh AL, Thorell EA, Denison
MR, Ratner AJ, Newland JG, Nakamura MM. 2020. Multicenter Initial Guidance on Use
of Antivirals for Children With Coronavirus Disease 2019/Severe Acute Respiratory
Syndrome Coronavirus 2. Journal of the Pediatric Infectious Diseases Society
doi:10.1093/jpids/piaa045.

Adamsick ML, Gandhi RG, Bidell MR, Elshaboury RH, Bhattacharyya RP, Kim AY,
Nigwekar S, Rhee EP, Sise ME. 2020. Remdesivir in Patients with Acute or Chronic
Kidney Disease and COVID-19. Journal of the American Society of Nephrology
doi:10.1681/asn.2020050589:ASN.2020050589.

Luke DR, Tomaszewski K, Damle B, Schlamm HT. 2010. Review of the basic and
clinical pharmacology of sulfobutylether-beta-cyclodextrin (SBECD). J Pharm Sci

99:3291-301.

36

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

Anfimicrobial A

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Chemotherapy

Chemotherapy

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

56.

57.

58.

59.

60.

61.

Hafner V, Czock D, Burhenne J, Riedel KD, Bommer J, Mikus G, Machleidt C,
Weinreich T, Haefeli WE. 2010. Pharmacokinetics of sulfobutylether-beta-cyclodextrin
and voriconazole in patients with end-stage renal failure during treatment with two
hemodialysis systems and hemodiafiltration. Antimicrob Agents Chemother 54:2596-
602.

Minh Patrick LE QLH, Pierre JAQUET, Paul-Henri WICKY, Vincent, BUNEL LM,
Benoit VISSEAUX, Jonathan MESSIKA, Diane DESCAMPS,, Hervé MAL J-FT, Gilles
PEYTAVIN. 2020. Removal of remdesivir’s metabolite GS-441524 by hemodialysis in a
double lung transplant recipient with COVID-19. ACC doi:10.1128/AAC.01521-20.
Thakare S GC, Modi T, Bose S, Deb S, Saxena N, Katyal A, Patil A, Patil S, Pajai A,
Bajpai D, Jamale T,. 2020. Safety of Remdesivir in Patients with Acute or Chronic
Kidney Disease. Kidney International Reports doi:

https://doi.org/10.1016/].ekir.2020.10.005.

Malsy J, Gandhi C, Veletzky L, Heide J, Hennigs A, Gil-Ibanez I, Stein A, Liitgehetmann
M, Rosien U, Jasper D, Peine S, Hiller J, Haag F, Schmiedel S, Huber S, Jordan S, Addo
MM, Schulze Zur Wiesch J. 2020. Sustained response after remdesivir and convalescent
plasma therapy in a B-cell depleted patient with protracted COVID-19. Clin Infect Dis
doi:10.1093/cid/ciaal 637.

Baang JH, Smith C, Mirabelli C, Valesano AL, Manthei DM, Bachman M, Wobus CE,
Adams M, Washer L, Martin ET, Lauring AS. 2020. Prolonged SARS-CoV-2 replication
in an immunocompromised patient. J Infect Dis doi:10.1093/infdis/jiaa666.
ClinicalTrials.gov. 2020. Adaptive COVID-19 Treatment Trial (ACTT).

https://clinicaltrials.gov/ct2/show/results/NCT04280705. Accessed October 4, 2020.

37

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

Anfimicrobial A

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Chemotherapy

Chemotherapy

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

62.

63.

64.

65.

66.

67.

ClinicalTrials.gov. 2020, July 21. Safety, Tolerability and Pharmacokinetics of Inhaled
Nanoparticle Formulation of Remdesivir (GS-5734) and NA-831 (NEUROSIVIR).
Heneghan CJ, Onakpoya I, Thompson M, Spencer EA, Jones M, Jefferson T. 2014.
Zanamivir for influenza in adults and children: systematic review of clinical study reports
and summary of regulatory comments. Bmj 348:22547.

Horby P, Lim WS, Emberson JR, Matham M, Bell JL, Linsell L, Staplin N, Brightling C,
Ustianowski A, Elmahi E, Prudon B, Green C, Felton T, Chadwick D, Rege K, Fegan C,
Chappell LC, Faust SN, Jaki T, Jeffery K, Montgomery A, Rowan K, Juszczak E, Baillie
JK, Haynes R, Landray MJ. 2020. Dexamethasone in Hospitalized Patients with Covid-
19 - Preliminary Report. N Engl J Med doi:10.1056/NEJMoa2021436.
ClinicalTrials.gov. 2020. Study to Evaluate the Efficacy and Safety of Remdesivir (GS-
5734™) Treatment of Coronavirus Disease 2019 (COVID-19) in an Outpatient Setting.

https://clinicaltrials.gov/ct2/show/NCT04501952. Accessed September 20, 2020

Davey RT, Jr., Fernandez-Cruz E, Markowitz N, Pett S, Babiker AG, Wentworth D,
Khurana S, Engen N, Gordin F, Jain MK, Kan V, Polizzotto MN, Riska P, Ruxrungtham
K, Temesgen Z, Lundgren J, Beigel JH, Lane HC, Neaton JD. 2019. Anti-influenza
hyperimmune intravenous immunoglobulin for adults with influenza A or B infection
(FLU-IVIG): a double-blind, randomised, placebo-controlled trial. Lancet Respir Med
7:951-963.

Peterson RL, Vock DM, Powers JH, Emery S, Cruz EF, Hunsberger S, Jain MK, Pett S,
Neaton JD. 2017. Analysis of an ordinal endpoint for use in evaluating treatments for

severe influenza requiring hospitalization. Clin Trials 14:264-276.

38

HOYVYIS3Y 1VA019D ¥3ZIdd ¥ 0202 ‘2 1oquianoN uo /Bio’wse-oee//:dny woiy papeojumod


http://aac.asm.org/

Antimicrobial Agents ana

(19)
=
6
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Antimicrobial Agents and

Chemotherapy

Chemotherapy

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

Figure 1: Chemical structure of remdesivir and its metabolites (modified from(12))
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Figure 2: Mechanism of remdesivir
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Release of viral RNA
3
’ ‘ RNA dependent RNA
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Inhibition of viral
replication

Remdesivir Remdesivir
monophosphate Triphosphate
GS-441524 GS-443902

SARS-CoV-2

ACE-2 Receptor

Remdesivir

Remdesivir

Shown here (1) entry of SARS-CoV-2 into the target cell by binding to the ACE-2 receptor on
the cell surface; (2) once SARS-CoV-2 enters the cell, it releases its viral RNA; (3) SARS-CoV-
2 uses the host machinery to translate RNA into RNA-dependent RNA polymerase (RdRp); (4)
RdRp is then used to facilitate viral replication; 5. once remdesivir enters the cell, it is converted
into remdesivir triphosphate, which competes with endogenous ATP, that is used as a source of

nucleotide, for incorporation into RdRp and leading to chain termination.

*Courtesy of Lama Albadi
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852  Table 1: Plasma and peripheral blood mononuclear cell (PBMC) pharmacokinetics following a
853  single intravenous infusion remdesivir lyophilized formulation in human healthy adult subjects

854  (adopted from (30, 31))
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Pharmacokinetic Remdesivir 75 mg Remdesivir 150 mg | Remdesivir 75 mg
parameter 2-hour infusion 2-hour infusion 30-minute infusion
(n=10) (n=10) n=9)

Remdesivir plasma

AUCp (hng/mL)® | 1839.9 3261.1 1254.7
Conax (ng/mL) 1720 (28.4) 2720 (35.0) 2930 (29.2)
Tin (b 0.84 (0.8-0.96) 1.11 (0.97-1.8) 1(0.85-1.03)

GS-441524 (monophosphate metabolite) in PBMC

> AUCq (hng/mL)* | 2200 4330 2020
O
< Conax (ng/mL) 77.5 (21.0) 148 (26.5) 69.1 (32.8)
i
O]
T1/2 (h)° 22.9 (21.7-27.0) 26.3 (24.2-28.7) 26.7 (25.0-26.9)

GS-443902 (triphosphate metabolite) in PBMC

AUCip¢ (h. pm)* 176.2 294.7 394.3

Crnax (UM) 2.5(16.2) 6.0 (46.1) 5.937.7)

Tin(h)° 42.68 (30.61-47.41) | 35.95(27.27-41.5) 48.79 (26.21-69.52)
Accumulation ratio™ | 3.1 (2.39-3.38) 2.7 (2.19-3.03) 3.46 (2.15-4.7)

855  a Data expressed as mean
856 b Data expressed as median (IQR)

857 ¢ Accumulation ratio = 1/(1-e'k*ta“); where k = 0.693/t,; and tau is dosing interval of 24 hours
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858  AUC, area under the curve; Cpay, peak plasma concentration; Ty, half-life
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860  Table 2: Ordinal Scales used for Clinical Status in Clinical Trials
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861

Scale used in | Clinical Status Scale used in the

Wang et al. SIMPLE severe

and ACTT and SIMPLE

Trials (37) moderate
trials(66, 67)

8 Death 1

7 Hospitalized on invaseive mechanical ventilation or 2

extracorpeal membrane oxygenation

6 Hospitalized, on non-invasive ventilation or high-flow 3
oxygen devices

Hospitalized, requiring low-flow supplemental oxygen 4
4 Hospitalized, not requiring supplemental oxygen, but 5
requiring ongoing medical care (related or not to COVID-
19)
3 Hospitalized, not requiring supplemental oxygen or 6

requiring ongoing medical care (other than that specified
in the protocol for remdesivir administration)

Chemotherapy

1-2 Not hospitalized 7

Antimicrobial A
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862  Table 3: Published randomized trials of remdesivir in COVID-19

Chemotherapy

Study Methods Study Population Key results Strengths/ Interpretation
Limitations
Wang et al. Double-blind, » Age >18 years * No difference in time to clinical | * Strengths: randomized Given that the study

Lancet 2020 (36)

randomized,
placebo-
controlled trial
(200 mg
loading dose,
100 mg
maintenance
dose on days 2-

10 or placebo)

* Positive SARS-CoV-2
PCR

* Radiographic evidence
of pulmonary infiltrates

* Sp0O2 <94% on room
air

» Symptomatic < 12 days
* ALT or AST < 5x ULN

* eGFR > 30 mL/min

recovery (21 days vs. 23days), day-
28 mortality (15% vs. 13%), or
viral load reduction observed
between remdesivir and placebo

« Incidence of adverse events was

similar between the two groups

controlled trial; low loss to
follow-up; evaluated
SARS-CoV-2 viral-load

« Limitations: did not
complete enrollment due to
the control of the outbreak,
resulting in low power for

the study

was underpowered,
results are

inconclusive
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Beigel etl al.
NEIM 2020

(ACTT-1) (38)

Double-blind,
randomized,
placebo-
controlled trial
(200 mg
loading dose,
100 mg
maintenance
dose for up to 9
days or

placebo)

» Age >18 years

* Positive SARS-CoV-2
PCR

» Radiographic evidence
of pulmonary infiltrates

* SpO2 <94% or
requiring supplemental
oxygen, mechanical
ventilation or ECMO

* ALT or AST < 5x ULN

* ¢GFR > 30 mL/min

* Patients who received remdesivir
had a significantly shorter recovery
time by day-29 (10 vs. 15 days).
The odds of clinical improvement
at day 15 were higher in the
remdesivir group (OR 1.50). This
change was more evident in
patients requiring supplemental
oxygen (OR 1.47)

* Day-14 and -29 mortality were
lower for the remdesivir group (7%
vs. 12%) and (11% vs. 15%)
though not statistically significant
* No difference in incidence of

serious adverse events

« Strengths: Adequate
power; high protocol
adherence

* Limitations: did not
evaluate SARS-CoV-2

viral-load

Remdesivir is
effective at improving
clinical recovery in
COVID-19 patients.
Remdesivir may be
beneficial in
preventing progression
to more severe
respiratory disease and
its benefit is most
apparent in those
requiring

supplemental oxygen.
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Goldman et al.
NEJM 2020
(SIMPLE Severe)

(39

Randomized,
open-label,
phase 3 trial
(Group 1: 200
mg loading
dose, 100 mg
maintenance
dose for up to 4
days

Group 2: 200
mg loading
dose, 100 mg
maintenance
dose forup to 9

days)

» Age >12 years

* Positive SARS-CoV-2
PCR

* Radiographic evidence
of pulmonary infiltrates

* Sp02 <94% or
requiring supplemental
oxygen

* ALT or AST < 5x ULN

* ¢GFR > 50 mL/min

* There was no difference in
clinical improvement of at least 2-
points in the ordinal scale between
5-day and a 10-day course (65%
vs. 54%)

* Among patients receiving
noninvasive ventilation or high-
flow oxygen on day 5, day-14
mortality was 10% in the 5-day
group vs. 15% in the 10-day group
* Among patients receiving
mechanical ventilation or ECMO
on day 5, day-14 mortality was
40% in the 5-day group vs. 17% in

the 10-day group

« Strengths: first study to
evaluate optimal duration
of remdesivir in COVID-
19; adequate power; high
protocol adherence

* Limitations: did not
evaluate SARS-CoV-2
viral-loads; excluded
patients on mechanical

ventilation or ECMO

5 days of remdesivir is
sufficient to treat
COVID-19 patients
who are not receiving
mechanical
ventilation/ECMO.
Patients who progress
to mechanical
ventilation or ECMO
may benefit from a 10

days course
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Spinner et al.
JAMA, 2020
(SIMPLE

Moderate) (40)

Randomized,
open-label,
phase 3 trial
(Group 1: 200
mg loading
dose, 100 mg
maintenance
dose for up to 4
days

Group 2: 200
mg loading
dose, 100 mg
maintenance
dose forup to 9
days

Group 3:

» Age >12 years

* Positive SARS-CoV-2
PCR

* Radiographic evidence
of pulmonary infiltrates

* SpO2 >94% and
breathing on room air at
screening

* ALT or AST < 5x ULN

* eGFR > 50 mL/min

* Those randomized to a 5-day
course of remdesivir had a
statistically significant difference
in clinical status compared with
standard of care at day 11, but not
those randomized to a 10-day
group. This difference was of

uncertain clinical importance

« Strengths: first study to
evaluate remdesivir in
patients with moderate
COVID-19 pneumonia;
had adequate power

* Limitations: did not
evaluate SARS-CoV-2
viral-loads; did not stratify
by sites, which could have
influenced the results,
given the differences in
patient care and discharge

practices

A 5-day course of
remdesivir may be
sufficient to treat
patients with moderate

COVID-19 pneumonia
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standard care)

Chemotherapy

Pan et al.
(SOLIDARITY)

(41)

Randomized,
open-label,
phase 3 trial
(Remdesivir
200 mg loading
dose, 100 mg
maintenance
dose for up to 9
days or

standard of

» Age >18 years
* Diagnosis of Definitive

COVID-19

* Remdesivir was not associated
with a reduction in in-hospital
mortality compared to standard of
care (11% vs. 11.2%)

* Remdesivir was not associated
with educed initiation of
ventilation or hospital length of

stay

« Strengths: large sample
size

« Limitations: open-label
study; no definition of
COVID-19 or definitive
COVID-19, did not stratify
by oxygen requirements or
site; has not reported
duration of symptoms prior

to start of treatment;

Remdesivir was not
associated with
improved in-hospital
mortality among
patients hospitalized

with COVID-19
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care)

inclusion criteria unclearly
defined; patients who are
discharged were not
followed; did not use

WHO ordinal scale

863

864

865

866

867

868

869

870

871

872

873

ALT: alanine aminotransferase
AST: aspartate aminotransferase
ULN: upper limit of normal

eGFR: estimated glomerular filtration rate
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874  Table 4: Remdesivir characteristics and clinical guide

Characteristic Key Information Practical recommendations by

authors

Chemical name 2-ethylbutyl N-{(S)-[2-C-(4- aminopyrrolo[2,1-

f][1,2,4]triazin-7-yl)-2,5-anhydro-d-altrononitril-
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——
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6-O-yl]phenoxyphosphoryl}-L-alaninate

Chemical structure

. 0 N
o Ty
W P 0 T/ \N/J
o h N
Other names GS-5734
Mechanism of Inhibition of viral replication by competing with
action endogenous ATP for incorporation into viral

Chemotherapy

RNA via RNA-dependent RNA polymerase,

Anfimicrobial A

leading to chain termination.
Antiviral activity Active against coronaviruses (SARS-CoV,
MERS-CoV, SARS-CoV-2), filoviruses (Ebola
virus, Marburg virus), and paramyxoviruses
(RSV, Nipah virus, and Hendra virus)
ECsp and ECg( 0.77 uM and 1.76 pM respectively
against SARS-CoV-2(23).
Remdesivir F476L and V5531 mutations mediate resistance ~ There is currently no available

resistance to remdesivir and are associated with a fitness remdesivir resistance testing.
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defect(18). D848Y mutation in RdRp can lead to
treatment failure(24).
Authorized FDA-approved for pediatric and adult patients
indication hospitalized with COVID-19 in the United States(11).

Conditional marketing authorization in the

Accepted Manuscripf Posted Online

European Union(9).
Approved in Japan, Taiwan, India, Singapore, the

United Arab Emirates(10).

Formulation A remdesivir 100 mg lyophilized powder vial is ~ Only available for IV administration,
reconstituted with 19 mL of sterile water for as of October 2020
injection and diluted into 0.9% saline. The lyophilized formulation allows for
éi Remdesivir is also supplied as aqueous-based longer-term storage compared to
_éé concentrated 5 mg/mL solution. aqueous-based concentrated solution.
é’ Remdesivir is solubilized with sulfobutylether-f3-

cyclodextrin (SBECD). Each vial of remdesivir
lyophilized powder contains 3 grams of SBECD,

while each aqueous solution vial contains 6

grams of SBECD each.

Dosage Adults and pediatrics weighing > 40: loading We favor a 30 minutes infusion time
dose 0f 200 mg on day 1, followed by a to maximize intracellular
maintenance dose of 100 mg. concentration of the

Pediatric patients weighing 3.5-40 kg: loading pharmacologically active metabolite.

dose of 5 mg/kg, followed by a maintenance dose From clinical trials data and our
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Pharmacokinetics

Drug interactions

of 2.5 mg/kg.

Treatment duration is up to 5 days, and can be
extended to 10 days if patients do not experience
clinical improvement. For mechanically
ventilated patients or those receiving ECMO 10

days of treatment is recommended.

Absorption: remdesivir is not suitable for oral
administration due to extensive first pass
metabolism resulting in poor bioavailability and
low systemic absorption.

Metabolism: Remdesivir is a substrate of
metabolizing CYP450 enzymes (CYP2C8,
CYP2D6, and CYP3A); transporters OATP1BI
and P-gp.

Distribution: remdesivir widely distributed into
tissues, but has poor blood-brain barrier
penetration.

Elimination: 74% excreted renally and 18% in
the feces.

Inhibitor of CYP1A2, CYP2C9, CYP2C19,
CYP2D6, CYP3A4, OAPT1B1, OATP1B3,

MRP4, and NCTP

experience, patients in general wards
can recover quickly (no longer need
oxygen, no constitutional symptoms)
and are ready for discharge before 5
days of treatment. These patients do
not need to complete 5 days of
treatment.

Remdesivir should only be

administered via the IV route.

Currently, drug-drug interactions of
remdesivir in humans have not been

evaluated and their clinical relevance
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Adverse events of

note

Renal dysfunction

Hepatic dysfunction

Substrate of of CYP2CS8, CYP2D6, and CYP3A,
OATP1BI1 and P-gp

Chloroquine and hydroxychloroquine reduce
remdesivir’s antiviral activity in vitro.

Possible risk of elevation in liver function

enzymes.

No recommendations regarding dose adjustment
for renal dysfunction. Current trials have
exclusion criteria for eGFR <30 mL/min or those
requiring renal replacement therapy, due to the
presence of the excipient SBECD.

No recommendations regarding dose adjustment
for hepatic dysfunction. Current trials have
exclusion criteria for elevated liver function

enzymes.

has not been established.

Chloroquine or hydroxychloroquine
should not be co-administered with
remdesivir.

Frequent monitoring of liver function
enzymes while on remdesivir should
be performed.

Given the short duration of remdesivir
and the relatively low SBECD content,
we think benefit outweighs the risk for
patients hospitalized with COVID-19
and renal dysfunction.

Given the risk of liver function
enzyme elevation with remdesivir, it
should be used with caution in patients
with underlying hepatic dysfunction

when the benefits outweigh the risks.

875

876

877
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