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SUMMARY Patients and physicians worldwide are facing tremendous health care
hazards that are caused by the ongoing severe acute respiratory distress syndrome
coronavirus 2 (SARS-CoV-2) pandemic. Remdesivir (GS-5734) is the first approved
treatment for severe coronavirus disease 2019 (COVID-19). It is a novel nucleoside
analog with a broad antiviral activity spectrum among RNA viruses, including ebola-

virus (EBOV) and the respiratory pathogens Middle East respiratory syndrome coro- Citation Malin JJ, Suarez |, Priesner V,
navirus (MERS-CoV), SARS-CoV, and SARS-CoV-2. First described in 2016, the drug Fatkenheuer G, Rybniker J. 2021. Remdesivir

. L . . . against COVID-19 and other viral diseases. Clin
was denv§d from .an ant|V|raI. library of s-m.all molecules |ntend.ed to target emeljglng Microbiol Rev 34:600162-20. https//doiorg/10
pathogenic RNA viruses. In vivo, remdesivir showed therapeutic and prophylactic ef- 1128/CMR.00162-20.
fects in animal models of EBOV, MERS-CoV, SARS-CoV, and SARS-CoV-2 infection. Copyright © 2020 American Society for

However, the substance failed in a clinical trial on ebolavirus disease (EVD), where it MicrobiologysalliRightsiReserved:
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was inferior to investigational monoclonal antibodies in an interim analysis. As there , ;
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was no placebo control in this study, no conclusions on its efficacy in EVD can be Published 14 October 2020
made. In contrast, data from a placebo-controlled trial show beneficial effects for pa-
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tients with COVID-19. Remdesivir reduces the time to recovery of hospitalized pa-
tients who require supplemental oxygen and may have a positive impact on mortal-
ity outcomes while having a favorable safety profile. Although this is an important
milestone in the fight against COVID-19, approval of this drug will not be sufficient
to solve the public health issues caused by the ongoing pandemic. Further scientific
efforts are needed to evaluate the full potential of nucleoside analogs as treatment
or prophylaxis of viral respiratory infections and to develop effective antivirals that
are orally bioavailable.

KEYWORDS COVID-19, MERS-CoV, SARS-CoV, SARS-CoV-2, antiviral, coronavirus,
ebolavirus, remdesivir

INTRODUCTION

n December 2019, a novel coronavirus (nCoV), severe acute respiratory distress

syndrome coronavirus 2 (SARS-CoV-2), emerged in Wuhan, central China. Like in
SARS-CoV, infections with the closely related SARS-CoV-2 cause a respiratory disease
that can progress to viral pneumonia and acute respiratory distress syndrome (ARDS)
(1). Because of its onset in December 2019, the associated disease was called corona-
virus disease 2019 (COVID-19). Through 26 June 2020, the ongoing pandemic caused
more than 9 million confirmed COVID-19 cases and nearly 500,000 deaths globally (2).
In the light of an uncontrolled expansion and the steadily increasing COVID-19 fatalities
in January and February 2020, huge efforts were put into the identification of effective
antiviral agents against COVID-19. Nucleoside/nucleotide analogs are one of the most
promising antiviral drug classes in general, and significant drug discoveries emerged
from this class that today form the basis for treatments against infections with several
herpesviruses, human immunodeficiency virus (HIV), hepatitis B virus (HBV), and hep-
atitis C virus (HCV). Remdesivir or GS-5734 is a prodrug of a nucleoside analog with
direct antiviral activity against several single-stranded RNA viruses, including SARS-CoV
and Middle East respiratory syndrome coronavirus (MERS-CoV). The first cell-based
studies of remdesivir also showed antiviral activity against the novel SARS-CoV-2 (3, 4).
In the absence of any effective treatment options against COVID-19, remdesivir has
been applied under compassionate use. Recently, preliminary data from a randomized
placebo-controlled clinical trial showed that remdesivir reduces the time to recovery in
patients with COVID-19 (5), leading to an emergency-use authorization (EUA) by the
U.S. Food and Drug Administration (FDA) only 2 days after the first press release from
the National Institute of Allergy and Infectious Diseases (NIAID) (6). On 3 July, the
European Medicines Agency (EMA) granted a conditional marketing authorization for
remdesivir, now being the first approved antiviral treatment against COVID-19 (7) (Fig.
1). Here, we provide a comprehensive review of results from preclinical and clinical
studies on this important novel antiviral drug to understand its clinical significance. In
addition, we briefly describe the discovery and molecular mechanism of viral inhibition.

DISCOVERY OF REMDESIVIR (GS-5734)
Nucleoside Analogs as Antiviral Agents

Nucleoside and nucleotide analogs as small-molecule-based antivirals have been
explored for many years and form the backbone of treatment against viral infections,
including HIV, hepatitis B virus, and herpesvirus infections (8-10). In 2013, the nucle-
otide analog sofosbuvir was approved by the FDA for the treatment of chronic hepatitis
C virus infections. The novel compound that targets the RNA-dependent viral polymer-
ase (NS5B) revolutionized HCV treatment, as it is able to cure the formerly lifelong
chronic progressive disease when combined with other antivirals (11). In the past years,
nucleoside/nucleotide analogs were increasingly recognized as potential antivirals
targeting other positive-stranded RNA viruses such as members of the Flaviviridae,
Picornaviridae, Caliciviridae, and Coronaviridae families, as they share relevant amino
acid sequences with HCV (12), and the RNA-dependent polymerases are closely related
phylogenetically (13, 65). This supported the assembly of antiviral compound libraries
that could be screened against emerging RNA viruses. In the past years, several
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FIG 1 Milestones in the discovery of remdesivir as an anti-COVID-19 treatment. Shown is a chronological summary of important
achievements in the discovery and preclinical and clinical evaluations of remdesivir (GS-5734). Achievements appear according to the
year of manuscript publication or reception at a peer-reviewed journal. COVID-19, coronavirus disease 2019; EBOV, ebolavirus; EMA,
European Medicines Agency; EVD, ebolavirus disease; MERS-CoV, Middle East respiratory syndrome coronavirus; SARS-CoV(-2), severe
acute respiratory distress syndrome coronavirus (2); RCT, randomized controlled clinical trial; mAB, monoclonal antibody. (See

references 3, 5, 20, 21, and 24-29.)

pharmacological advances in the development of nucleoside analogs were made based
on structure-to-activity relationship (SAR) studies that improved pharmacokinetics,
antiviral activity, and selectivity (14-16). A comprehensive overview of the medicinal
chemistry and pharmacological evolution of antiviral nucleoside analogs can be
found elsewhere (17, 18). Nucleoside analogs require intracellular activation by phos-
phorylation in order to become their active metabolites. One of the most important
milestones was the addition of a monophosphate prodrug to the nucleoside, which
significantly improved intracellular delivery and activation (19-21). This so-called Pro-
Tide approach, developed by McGuigan et al. (22, 23), was also used to optimize the
precursor of remdesivir named GS-441524.

A Broad-Spectrum Antiviral Inhibits Ebolavirus

The parent molecule of remdesivir, GS-441524, was derived from a small-molecule
library of around 1,000 diverse nucleoside and nucleoside phosphonate analogs that
were assembled over many years of antiviral research based on their potential ability to
target emerging RNA viruses such as SARS-CoV and MERS-CoV of the Coronaviridae or
Zika and dengue viruses of the Flaviviridae family (20). Following the ebolavirus (EBOV)
epidemic in West Africa from 2013 to 2016, a selection of promising leads from this
library underwent intensive testing against different types of EBOV in collaboration
with the Centers for Disease Control and Prevention (CDC) and the U.S. Army Medical
Research Institute of Infectious Diseases (USAMRIID), which included studies in nonhu-
man primates (NHPs) (24). These efforts finally led to the identification of GS-5734, a
monophosphate prodrug version of GS-441524, as the most promising lead against
EBOV. GS-5734, later renamed remdesivir, had a broad antiviral spectrum, including
EBOV, Marburg virus, respiratory syncytial virus (RSV), HCV, and several paramyxovi-
ruses (20, 21, 24), in vitro. In addition, it demonstrated activity against MERS-CoV
(24-26) and SARS-CoV (25, 26). Favorable in vitro results stimulated further evaluation
in EBOV-infected macaques, where remdesivir suppressed viral replication and im-
proved survival, clinical signs of the disease, and pathophysiological blood markers (24).
After its discovery, remdesivir was administered under compassionate use to patients
with ebolavirus disease (EVD) but stopped after an interim analysis of the first random-
ized controlled clinical trial (RCT) showed an inferiority of remdesivir to treatments with
monoclonal antibodies (MAb114 and REGN-EB3). The trial evaluated the efficacies of

January 2021 Volume 34 Issue 1 e00162-20

cmr.asm.org 3


https://cmr.asm.org

Malin et al.

different investigational therapeutics against EVD. Following the interim analysis, the
remdesivir arm was halted for the remainder of the trial (27).

Lead Candidate against COVID-19

In December 2019, a novel coronavirus, SARS-CoV-2, emerged and caused a pan-
demic that is still ongoing. There were strong arguments for the antiviral effect of
remdesivir against coronaviruses emerging from multiple cell-based in vitro models,
including primary human airway epithelial (HAE) cell cultures (25), and, for MERS-CoV,
from a mouse model of pulmonary infection (28). In addition, in a rhesus macaque
model of MERS-CoV infection, remdesivir demonstrated strong prophylactic properties,
and administration was associated with clinical benefits for treated subjects (29). The
global hazards caused by the pandemic with the novel SARS-CoV-2 prompted the
identification of potential treatment options. Given the solid preclinical data, remdesivir
was considered one of the most promising candidates that went into clinical testing
against COVID-19.

MECHANISM OF ACTION

Remdesivir is a monophosphoramidate nucleoside prodrug that undergoes intra-
cellular metabolic conversion to its active metabolite nucleoside triphosphate (NTP). As
described for several other direct-acting antivirals, the active metabolite of remdesivir
(remdesivir triphosphate [remdesivir-TP] or GS-443902) subsequently targets the ma-
chinery responsible for the replication of the viral RNA genome, a highly conserved
element of the viral life cycle. Nucleoside analogs are synthetic compounds that work
by competition with endogenous natural nucleoside pools for incorporation into
replicating viral RNA. While these compounds mimic their physiological counterparts,
the incorporation of the analog molecule disrupts subsequent molecular processes. The
drug target and the exact processes that lead to the inhibition of viral replication have
been studied extensively in ebolavirus (24, 30). The suggested drug target, the EBOV
RNA-dependent RNA polymerase (RdRp) complex, was only recently biochemically
purified, which allowed for in-depth molecular analyses. Viral RdRp is the target protein
for the active metabolite remdesivir-TP. Remdesivir-TP acts as the substrate for RdRp
where it competes with ATP for incorporation into new strands. Inhibition of EBOV
RdRp most probably results from delayed chain termination, a mechanism that is
known from approved antivirals against human immunodeficiency virus type 1 (HIV-1)
and HBV (31-34). In the case of EBOV, the incorporation of remdesivir-TP into replicat-
ing RNA was observed to cause chain termination predominantly at five positions
downstream (i + 5) (30). Importantly, the activity of human RNA polymerase is not
inhibited in the presence of remdesivir-TP (24).

In SARS-CoV and MERS-CoV, remdesivir-TP interferes with the nsp12 polymerase,
which is a multisubunit RNA synthesis complex of viral nonstructural proteins (nsp’s)
produced as cleavage products of viral polyproteins. As nsp12 is highly conserved
across the coronavirus family, it is most likely that the mechanism of action (MOA) of
remdesivir does not differ significantly among CoVs (35, 36). Like in EBOV, remdesivir-TP
efficiently inhibits the replication of SARS-CoV and MERS-CoV by causing delayed chain
termination when being incorporated into the replicating RNA (26). A recent biochem-
ical analysis revealed that in SARS-CoV-2, remdesivir-TP causes the termination of RNA
synthesis at three positions after the position where it is incorporated (i + 3). This
mechanism was nearly identical in RdRps of SARS-CoV and MERS-CoV (37). The pre-
mature termination of RNA synthesis ultimately abrogates further transcriptional and
translational processes needed for the generation of new virions (Fig. 2). The resulting
antiviral effects of remdesivir have been studied in different cell-based models.

PRECLINICAL STUDIES
General Considerations

Remdesivir has been tested against various viruses in different cell-based systems
and target cells (Table 1). When comparing the results of antiviral assays, one has to
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FIG 2 Intracellular activation of remdesivir (GS-5734) and inhibition of coronavirus replication. Passage through the cell membrane by
remdesivir is facilitated by the prodrug component attached to the nucleoside core. Upon entering the target cell, the pronucleotide
undergoes further phosphorylation steps to become the active triphosphate metabolite that effectively inhibits viral RNA replication.
Delayed chain termination is caused by the following processes: (i) misintegration of nucleoside triphosphate (NTP) into replicating RNA
by RdRp, (i) prevention of further chain elongation after NTP plus 3 additional nucleosides, and (iii) premature termination of RNA

synthesis.

take into account that different assay methodologies and parameters such as the target
cell type and virus input used may have significant impacts on the efficacy outcome
(38). A variety of methods are available to assess the antiviral activity of candidate
compounds in cell-based models. Simplified, susceptible target cells allowing viral
replication are infected and subsequently exposed to serial concentrations of the test
compounds. Historically, compounds were analyzed for their ability to reduce the
amount of virus PFU on cellular layers (39). Although this method has the advantage of
addressing the complete viral life cycle, it has been widely replaced by molecular
methods that allow automated quantification. The antiviral effects of test compounds
can be assessed by monitoring viral replication by either quantification of viral RNA
using real-time PCR (rtPCR) or measurement of fluorescent reporter gene expression
(RGE) from genetically modified virus strains. A special type of reporter gene assay is
viral replicon (REPL) assays using genetically modified virus genomes that undergo
transcriptional and translational processes inside the target cell but do not yield
infectious progeny. Often, genes encoding structural proteins are exchanged by re-
porter genes that enable the monitoring of viral replication. This approach has been
used to study the inhibition of HCV replication. Alternatively, viral antigens (AGs) can be
quantified by fluorescence- or chemiluminescence-based immunostaining. Antiviral
effects can also be measured indirectly by assessing virus-induced cytopathic effects
(CPE) in the presence of test compounds. Assays measuring CPE can display not only
direct antiviral effects but also beneficial effects of compounds with antivirulence
properties. This is an advantage for high-throughput screening due to a gain of signal
(40). In addition, CPE can be used to measure antiviral activity when no robust RGE- or
rtPCR-based assay is available. It is unclear which type of assay provides the best
information that can predict in vivo efficacy. However, the comparability of results from
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TABLE 1 In vitro antiviral spectrum of remdesivir in cell-based assays?

Clinical Microbiology Reviews

RNA Target cell Assay ECso
Order Family virus Strain type(s) type (uM)  Reference
Amarillovirales Flaviviridae AHFV 200300001 A549 CPE 42 21
HCV GT 1b-Con1 Huh-7 REPL 0.057 20
KFDV P9605 A549 CPE 1.8 21
OHFV Bogoluvovska A549 CPE 1.2 21
TBEV Hypr A549 CPE 2.1 21
Bunyavirales Arenaviridae JUNV Romero Hela AG 0.47 24
LASV Josiah Hela AG 1.48 24
LASV Josiah Huh-7 AG 4.5 21
Hantaviridae ANDV Chile 9717869 Huh-7 AG 7.0 21
Nairoviridae CCHV IbAr 10200 Huh-7 AG NIHC 21
Phenuiviridae RVFV ZH501-GFP Huh-7 RGE NIHC 21
Martellivirales Togaviridae CHIV AF15561 U20s AG NIHC 24
VEEV SH3 Hela AG NIHC 24
Mononegavirales  Filoviridae EBOV EBOV-GFP HMVEC-TERT RGE 0.06 24
EBOV-GFP Huh-7 RGE 0.07 24
EBOV-GFP HMVEC-TERT RGE 0.053 20
Makona (WT) hPM AG 0.09 24
Makona (WT) HFF-1 AG 0.13 24
Makona (WT) Huh-7 or hPM,c Vero VY 0.003 21
Makona-ZsG Huh-7 RPE 0.014 21
Mayinga-GFP Huh-7 RGE 0.066 21
Mayinga-Gluc Huh-7 RGE 0.021 21
Kiwit Hela AG 0.10 20
Kiwit hPM AG 0.086 20
Zaire (WT) Hela AG 0.14 24
MARV Bat371-Gluc Huh-7 RGE 0.019 21
Bat371-GFP Huh-7 RGE 0.014 21
Paramyxoviridae ~ NiV M-Luc2AM Hela or 293T/17 RGE 0.045 21
M-GFP2AM Hela or 293T/17 RGE 0.029 21
M-1999 HelLa or HMVEC-L,c Vero VY 0.047 21
B-2004 Hela,c Vero/H358 (CPE) VY/CPE 0.032 21
HeV 1996 Hela,c Vero/Hela (CPE) VY/CPE 0.055 21
hPIV-3 JS-GFP Hela RGE 0.018 21
MV rMVEZGFP(3) Hela RGE 0.037 21
MuV IA 2006 Hela AG 0.79 21
Pneumoviridae RSV A2 HepG2 CPE 0.02 24
A2 HepG2 CPE 0.053 20
rgRSV224 (A2) Hela RGE 0.021 21
Rhabdoviridae VsV New Jersey Hela, H358 CPE NIHC 21
Nidovirales Coronaviridae HCoV-OC432  VR-1558 Huh-7 AG 0.15 46
HCoV-229E9  VR-740 Huh-7 CPE 0.024 46
VR-740 LLC-PK1 CPE 3.8 46
MHV MHV-A59 DBT PA 0.03 26
MERS-CoV Jordan N3 Vero E6 AG 0.34 24
MERS-GFP HAE RGE 0.074 25
MERS CoV nLUC Calu-3 RGE 0.025 25
MERS-RFP HAE rtPCR 0.07 26
EMC 2012 Calu-3 RGE 0.12 28
MERS CoV nLUC Calu-3 RGE 0.09 28
PDCoV OH-FD22 LLCPK P5 LLC-PK1 CPE NIHC 46
OH-FD22 LLCPK P5 Huh-7 CPE 0.02 46
SARS-CoV SARS-RFP HAE RGE 0.069 25
SARS-GFP HAE rtPCR 0.07 26
Frankfurt 1¢ Vero E6 CPE 43 4
SARS-CoV-2 Wuhan/WIV04/2019 Vero E6 ntPCR/AG  0.77 3
Hong Kong/VM20001061/2020  Vero E6 CPE [25] 47
Hong Kong/VM20001061/2020  Vero E6 rtPCR [26.9] 47
(Continued on next page)
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TABLE 1 (Continued)
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RNA Target cell Assay EG
Order Family virus Strain type(s) type (M) Reference
Hong Kong/VM20001061/2020 Vero E6 VY [23.15] 47
Australia/VIC01/2020° Vero E6 CPE 49 4
Ortervirales Retroviridae HIV-1 NA NA NA NIHC 24

9Endemic CoVs.
bClinical isolates.
“Primary infection before transferring viral progeny to Vero cell cultures.

9Viirus abbreviations: HFV, Alkhurma hemorrhagic fever virus; ANDV, Andes virus; CCHV, Crimean-Congo hemorrhagic fever virus; CHIV, chikungunya virus; EBOV,
ebolavirus; HCV, hepatitis C virus; HCoV, human coronavirus; HeV, Hendra virus; hPIV-3, human parainfluenza virus type 3; HIV-1, human immunodeficiency virus type
1; JUNV, Junin virus; KFDV, Kyasanur Forest disease virus; LASV, Lassa fever virus; MARV, Marburg virus; MERS-CoV, Middle East respiratory syndrome-related
coronavirus; MHV, murine hepatitis virus; MuV, mumps virus; MV, measles virus; NiV, Nipah virus; OHFV, Omsk hemorrhagic fever virus; PDCoV, porcine
deltacoronavirus; RSV, respiratory syncytial virus; RVFV, Rift Valley fever virus; SARS-CoV, severe acute respiratory syndrome coronavirus; TBEV, tick-borne encephalitis
virus; VEEV, Venezuelan equine encephalitis virus; VSV, vesicular stomatitis virus. Abbreviations of cell types: Calu-3, human lung epithelial cell line; DBT, murine
astrocytoma delayed brain tumor cells; HAE, primary human airway epithelial cells; LLC-PK1, porcine kidney cells; HMVEC-TERT, TERT-immortalized human foreskin
microvascular endothelial cells (ATCC 4025); hPM, human primary macrophages; Huh-7, epithelial-like tumorigenic hepatocyte cell line; Vero E6, African green
monkey kidney cells. Assay type abbreviations: AG, antigen reduction assay; CPE, cytopathic effect inhibitory assay; PA, plaque assay; rtPCR, real-time PCR; RGE,
reporter gene expression assay; REPL, viral replicon assay; VY, virus yield reduction assay. Abbreviations of efficacy measures: ECs,, half-maximal effective drug
concentration; NIHC, no inhibition at the highest concentration tested. Values in brackets indicate ECs, values calculated based on log,, viral load fitting. WT, wild

type; NA, not applicable.

direct methods measuring viral replication and from CPE-based assays is limited by the
fact that viral loads and related CPE do not automatically have a linear association.

The choice of target cell displays another important factor. Activity against filovi-
ruses is classically assessed in Vero E6 cells that were derived through the immortal-
ization of African green monkey kidney cells. This cell line is known to highly express
the angiotensin-converting enzyme 2 (ACE-2) receptor, which is required for viral entry
of both SARS-CoV and SARS-CoV-2 into the target cell (41). In addition, Vero E6 cells
support the replication of SARS-CoVs to high titers, which made them a standard cell
model to study related pathogens (42-45). Besides common target cells, the antiviral
activity of remdesivir was evaluated in human cell lines and primary cells that represent
more clinically oriented in vitro systems. Activity against filoviruses was tested in a
human liver cancer cell line (Huh-7) and human primary macrophages (hPMs). Anti-CoV
activity was evaluated in a human lung epithelial cell line (Calu-3), primary HAE cells,
and immortalized human foreskin microvascular endothelial cells (HMVECs). In contrast
to SARS-CoV experiments that were conducted in HAE cells, assays against SARS-CoV-2
were conducted in Vero E6 cells, which might explain the 1-log-lower antiviral efficacy
measured for SARS-CoV-2 (3, 25, 26). A recent comparison of replication kinetics and
CPE of SARS-CoV and SARS-CoV-2 in Vero E6 cells concluded that there were no
significant differences in drug sensitivities to remdesivir, thereby supporting this hy-
pothesis (4).

In Vitro Efficacy of Remdesivir

In 2016, Warren et al. (24) tested the small-molecule nucleoside analog remdesivir
(GS-5734) against EBOV. The half-maximum effective concentrations (ECs,s) for EBOV
inhibition were between 0.06 and 0.14 uM in different cell types, including human
macrophages and endothelial cells. It was also shown that remdesivir inhibits the
replication of other pathogenic RNA viruses such as RSV (ECs,, 0.019 uM) and MERS-
CoV (ECs,, 0.34 uM) while having low cytotoxicity in a wide range of human primary
cells and cell lines (24). The characterization of the antiviral spectrum of remdesivir in
vitro was subsequently reevaluated and expanded across multiple virus families, in-
cluding representatives of the filo-, paramyxo-, pneumo-, arena-, rhabdo-, flavi-, and
coronavirus families, including zoonotic and epidemic CoVs (20, 21, 25, 26, 28). Rem-
desivir effectively inhibited EBOV (EC,,, 0.003 to 0.1 uM) and RSV (ECs,, 0.021), with
results being comparable to those reported by Warren et al. (24). In addition, efficacy
against Marburg virus (EC,g, 0.014 to 0.19 uM) and several paramyxoviruses (EC,,, 0.018
to 0.79 uM) was demonstrated in cell-based assays (21). The ECs,s for MERS-CoV and
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SARS-CoV in reporter gene-based assays conducted by Sheahan et al. (25) were 0.025
to 0.12 uM and 0.069 uM, respectively, in HAE or Calu-3 cells. These results were later
confirmed by Agostini et al. (26) using rtPCR (both EC.,s, 0.07). Brown et al. (46)
demonstrated that the antiviral spectrum of remdesivir also includes porcine CoVs and
endemic human CoVs (HCoVs) that are associated with the common cold (HCoV-OC43
and -229E).

After the outbreak of SARS-CoV-2 in January 2020, remdesivir was rapidly tested in
a Vero E6 cell-based model that made use of direct viral quantification by rtPCR along
with the antimalaria and immune-modulating drug chloroquine and known antivirals
such as ribavirin and penciclovir. Remdesivir was active against SARS-CoV-2, with an
EC,, of 0.77 uM, which was slightly lower than that of chloroquine (ECyq, 1.13 wM) and
remarkably lower than those of other tested antivirals (ECs,, 2.12 to 109.50 wM). More
recently, a comprehensive comparison of the antiviral effects of remdesivir on the
replication kinetics and cytopathology of clinical isolates of SARS-CoV and SARS-CoV-2
was made in Vero E6 cells. Here, both viruses showed similar sensitivities to remdesivir,
with ECgos of 4.3 and 4.9 uM, respectively, when measuring the 50% cytopathologic
effect (4). These values are substantially higher than those reported in previous studies
that made use of reporter gene or rtPCR assays, which seems to have a methodological
background. However, the higher values in this study may also reflect significantly
lower susceptibilities of SARS-CoV and SARS-CoV-2 clinical isolates to remdesivir. Choy
et al. (47) recently determined the EC,, (23.15 to 25 uM) for another SARS-CoV-2 clinical
isolate (Hong Kong/VM20001061/2020) using three different Vero E6 cell-based assays.
However, the comparability of these results to those of previous studies is limited by
viral load calculations fitted to logarithmic scales (log,, RNA copies per milliliter) in
order to estimate the effect of increasing drug concentrations. Finally, efficacy data
were also reported by the manufacturer. Gilead's fact sheet on remdesivir reports an
EC,, of 0.137 uM (preliminary data), but no information is given on the specific strain
that was tested by the China CDC in collaboration with Gilead Sciences (48). A complete
overview of (peer-reviewed) published in vitro efficacy data is given in Table 1.

Antiviral Resistance

Nucleoside analogs such as remdesivir are generally expected to have a higher
barrier to antiviral resistance than other antivirals such as neuraminidase inhibitors due
to their well-conserved and vulnerable drug target (19). However, a general obstacle in
the development of antiviral nucleoside analogs against CoVs is the presence of a
potent exoribonuclease (ExoN)-mediated proofreading function of the RdRp sub-
domain nsp12, which causes resistance against ribavirin and 5-fluorouracil (26). ExoN is
able to identify and remove incorporated nucleoside analogs. An important observa-
tion was that virus mutants lacking ExoN are 4-fold more sensitive to remdesivir (ECs,,
0.019 uM) than the wild type with intact proofreading, implying that remdesivir is
prone to ExoN-mediated proofreading. Nevertheless, this effect was shown to be
concentration dependent, and even with intact ExoN proofreading, remdesivir inhibits
viral replication still at submicromolar concentrations in direct antiviral assays (26). The
relatively modest effect of ExoN on remdesivir susceptibility was attributed to the fact
that the incorporation of remdesivir into replicating RNA occurs efficiently in compar-
ison to natural nucleotides and to the mechanism of delayed chain termination that
causes nsp12 inhibition by remdesivir (37, 49, 50). The additional natural nucleotides
that are subsequently incorporated may have protective effects against ExoN activity
(49).

Although nsp12 RdRp is highly conserved among CoVs, the amino acid identity still
varies between 67 and 100% when including human and zoonotic CoVs (25), and
variations in the amino acid sequence could have effects on viral susceptibility to
remdesivir. Therefore, Brown et al. (46) tested the antiviral activity of remdesivir in
strains with the most divergent RdRp compared to SARS- and MERS-CoV. They included
endemic human CoVs (229E and OC43) and a porcine CoV known to harbor a native
residue in the nsp12 subunit that confers antiviral resistance in betacoronaviruses. They
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found that the activity of remdesivir includes both contemporary human and highly
divergent zoonotic CoVs and that natural variations in wild-type RdRp do not confer
remdesivir resistance.

Another important factor regarding the remdesivir drug target is that mutations
leading to changes in neighboring amino acids of the nsp12 subunit will most probably
result in a substantial loss of viral fitness. Agostini et al. (26) demonstrated that
mutations in nsp12 can be induced in wild-type murine hepatitis virus (MHV) by serial
passage in the presence of increasing concentrations of GS-441524. These mutations
(F476L and V553L) led to decreased remdesivir susceptibility, with a 2.4-fold or 5-fold
shift in the EC,, (0.057 to 0.13 uM). The introduction of these substitutions into the
SARS-CoV genome had a similar effect on remdesivir susceptibility, but mutants were
unable to compete against the wild-type strain in coinfection passages without selec-
tive pressure. Furthermore, variants carrying F476L or V553L were attenuated in vivo, as
shown by decreased lung titers in a mouse model of SARS-CoV infection.

In summary, remdesivir has a high genetic barrier to resistance development, and
known resistant variants suffer from a loss of competitive fitness. This may suggest that
these mutations will most likely not be maintained in nature and do not favor an
uncontrolled spread of remdesivir-resistant variants. Compounds that are able to block
ExoN-mediated proofreading would be of interest for combination therapy as they
significantly increase virus susceptibility to remdesivir in vitro.

Efficacy in Animal Models

Ebolavirus disease. The pro moiety of remdesivir can be degraded by serum
esterase, which negatively affects efficacy and the pharmacokinetic profile. Because of
high serum carboxylesterase activity in most rodents primarily used for animal models,
initially, there was no suitable rodent model to study the efficacy of remdesivir in vivo
(24). The first in vivo studies were therefore performed in NHPs that have lower or no
serum esterase activities and are therefore comparable to humans (51). In an NHP
model of fatal EVD, rhesus monkeys were inoculated with EBOV by intramuscular
injection and treated for 12 days with an intravenous (i.v.) vehicle (n = 3), 3 mg/kg of
body weight on day 0 or day 2 (n = 6 per group), 3 mg/kg after a 10-mg/kg loading
dose on day 2 or day 3 (n = 6 per group), or 10 mg/kg of GS-5734 once daily starting
3 days after inoculation. Of 12 animals treated 3 days after virus exposure (10 mg/kg
daily or 3 mg/kg with a 10-mg/kg loading dose), 100% of NHPs survived the 28-day
in-life phase. In contrast, only 8 out of 18 subjects treated on day 0 or 2 survived the
infection (all at 3 mg/kg daily; 6 received a 10-mg/kg loading dose). Antiviral effects
(reduction in plasma viral RNA) and reductions in clinical signs were more pronounced
in the 10-mg/kg treatment group. Warren et al. concluded that there was substantive
postexposure protection with daily dosing of 10 mg/kg remdesivir (24).

MERS-CoV. For MERS-CoV, a head-to-head assessment of remdesivir versus combi-
nations of lopinavir, ritonavir, and interferon beta was performed in esterase-deficient
mice with a humanized dipeptidylpeptidase 4 (DDP4) receptor. Humanization of the
DDP4 receptor is required for MERS-CoV infection in mouse models because the
wild-type DDP4 receptor does not enable MERS-CoV spike protein binding. Wild-
type mice are therefore not susceptible to MERS-CoV infections (52). In this study, the
therapeutic and prophylactic properties of remdesivir could be reproduced, and in the
overall view of the authors, remdesivir was superior to other tested antivirals and
combination treatments (28).

Remdesivir was also evaluated in a rhesus macaque model of MERS-CoV infection.
The prophylactic administration of 5mg/kg 24 h before inoculation with MERS-CoV
prevented all six tested animals from developing active disease. Therapeutic adminis-
tration by 12 h postinoculation reduced clinical signs of the disease, viral replication in
the lungs, and pathological lung tissue processes in all six animals of the treatment
group. Those authors therefore considered remdesivir to be a potential candidate
against the novel SARS-CoV-2 (29).
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SARS-CoV and SARS-CoV-2. Given the limited plasma stability of remdesivir in
rodents that is caused by high serum esterase activity, its antiviral activity against CoVs
was evaluated in a mouse model of SARS-CoV infection using carboxylesterase 1c
knockout (Ces1c=/~) mice. Here, prophylactic and early therapeutic administration of
remdesivir (24 h before or 24 h after inoculation) reduced viral loads in the lungs and
improved respiratory functions and clinical signs of the disease when given subcuta-
neously at doses of 25 mg/kg twice daily (25). In comparison to studies in NHPs or
humans, high doses of remdesivir are necessary in mouse models, as tissue levels of the
active remdesivir metabolite are approximately 10 times lower than those in NHPs,
even in esterase-deficient mice. In addition, remdesivir-TP is more rapidly degraded in
rodent lung tissues than in NHP lungs and primary human airway cells (25, 28).

Recently, the efficacy of remdesivir treatment was finally tested in a rhesus macaque
model of SARS-CoV-2 infection (53). Animals were infected with SARS-CoV-2 (n = 12) by
combined intranasal, oral, ocular, and intratracheal inoculations and subsequently
treated with intravenous placebo or remdesivir (10-mg/kg loading dose followed by
5 mg/kg daily) for 6 days starting at 12 h postinfection. Remdesivir-treated animals did
not show signs of respiratory disease and had lower lung virus titers and less lung tissue
damage than the placebo group. According to the manufacturer’s information on the
pharmacokinetic bridge from rhesus monkeys to humans, these doses approximate
serum drug exposures that are equivalent to 200 mg and 100 mg, respectively (48). It
is also important to note that the dynamics of acute SARS-CoV-2 infection progress
more rapidly in animal models than in humans and that optimal treatment time points
that are calculated based on expected viral load peaks cannot be directly translated to
humans (54). Although the results of this study have to be interpreted with caution
until final publication, they support early treatment initiation with remdesivir for
SARS-CoV-2 infections.

CLINICAL STUDIES
Compassionate-Use Experience

More than 1,200 adult patients, 76 pediatric patients, and 96 pregnant women with
COVID-19 were treated with remdesivir through the compassionate-use program ac-
cording to the manufacturer Gilead Sciences. Liver function test abnormalities were
reported in 19 of 163 evaluated cases (55). Once the COVID-19 epidemic started in
China, at a time when there was no clinical trial in preparation, the first observational
data for remdesivir arose from patients treated under compassionate use. In a pro-
spective cohort study funded by Gilead Sciences, 61 patients with COVID-19 were
treated with remdesivir for a 10-day course (200 mg on day 1, followed by 100 mg
daily). Clinical improvement was observed in 36 (68%) of 53 evaluable patients (56).
Another study from Italy reported on 35 patients treated with remdesivir in a general
infectious disease ward. Interpretations of data from this study are very limited due to
the low sample size, as only 22 patients completed a 10-day treatment course. The
most frequent adverse events (AEs) were elevations of liver transaminase levels (15/35
patients) and acute kidney injury (8/35 patients) (57). As there were no control groups,
no efficacy statements can be made based on these studies. One approach with a
simulated control group is currently under peer review and suggests reductions in
mortality with remdesivir (58). Several clinical trials were conducted to evaluate its
efficacy against EVD and COVID-19.

Phase 2/3 Clinical Trials

Ebolavirus disease. Two studies on remdesivir were conducted in the context of
ebolavirus disease, PREVAIL IV (ClinicalTrials.gov identifier NCT02818582) and the
Pamoja Tulinde Maisha (PALM) trial (ClinicalTrials.gov identifier NCT03719586). PREVAIL
IV was a small phase 2 study in 38 men with evidence of ebolavirus persistence in their
semen, who were formerly included in the observational EVD survivor study PREVAIL Ill.
However, no reliable safety or efficacy data on remdesivir were derived from this study.
The first randomized controlled phase 2/3 clinical trial evaluating the efficacy of
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remdesivir (PALM) started in 2018 in the Democratic Republic of Congo during an
outbreak of EVD. Within 9 months, a total of 681 patients were enrolled in the study
assessing the efficacies of four different therapeutic strategies in an open-label parallel
1:1:1:1 design. Patients received either remdesivir, the single monoclonal antibody
MADb114, a coformulated composition of 3 human IgG1T monoclonal antibodies called
REGN-EB3, or the triple monoclonal neutralizing antibody complex ZMapp (control
group). The primary endpoint was death at day 28 of enrollment. An interim analysis on
9 August 2019 that included data from 499 patients showed that the mortality rates
with both ZMapp (84/169; 49.7%) and remdesivir (93/175; 53.1%) were higher than
those with MAb114 (61/174; 35.1%) and REGN-EB3 (52/155; 33.5%). Therefore, random-
ization into these groups was subsequently stopped. As this study did not include a
placebo control arm, no definite conclusions on the clinical efficacy of remdesivir
against EVD can be made. However, the observed mortality rate of approximately 50%
is comparable to that of the natural course of the disease and thus does not suggest
a substantial clinical benefit of remdesivir (59).

COVID-19. The first phase 3 randomized, double-blind, placebo-controlled trial
evaluating the efficacy of remdesivir against COVID-19 (ClinicalTrials.gov identifier
NCT04257656) started in February 2020 in Wuhan. Hospitalized patients with severe
COVID-19 were enrolled (defined as having hypoxia and radiological signs of lung
involvement) and treated for 10 days with standard doses of remdesivir (200 mg on day
1 and 100 mg on days 2 to 10; n = 158) or a placebo (n = 79). Due to the rapidly
changing dynamics of the outbreak in China, with a local decrease in new includable
cases during March 2020, the trial was stopped preterm with only 237 patients enrolled
and could not reach the calculated target enroliment size. In the final analysis of the
present data set, treatment with remdesivir was not associated with significant clinical
improvement in the treatment arm compared to the placebo (hazard ratio [HR], 1.23
[95% confidence interval {Cl}, 0.87 to 1.75]). Furthermore, there was no significant
difference between groups regarding mortality and time to viral clearance. In a
subgroup of patients who were treated early within 10 days of symptom onset,
remdesivir was associated with a numerical median reduction of 5 days in the time to
clinical improvement, but this finding was not statistically significant (HR, 1.52 [95% Cl,
0.95 to 2.43]). Those authors therefore proposed to evaluate remdesivir earlier in the
course of COVID-19 (60).

The adaptive COVID-19 treatment trial (ACTT) started at the end of February 2020
and included a total of 60 study sites globally. A total of 1,063 hospitalized patients with
all stages of COVID-19 that included signs of lower respiratory tract involvement
(hypoxia or radiological evidence) were enrolled until 19 April 2020. Patients received
either standard doses of remdesivir (n = 541) or a placebo (n = 522) for 10 days in a
double-blind design. The primary outcome was time to recovery, defined as discharge
from the hospital or continued hospitalization for infection control purposes only (no
further medical treatment needed) (5). On 27 April 2020, the Data and Safety Monitor-
ing Board (DSMB) concluded that there was a significant effect of remdesivir after
reviewing an interim data analysis. Based on the available data, the DSMB recom-
mended enabling patients of the placebo arm to benefit from a switch to remdesivir,
which required early unblinding for a limited number of patients (61). The preliminary
data have recently been published and show that treatment with remdesivir was
associated with a reduction in the time to recovery from a median of 15 to 11 days
(recovery rate ratio [RRR], 1.32 [95% CI, 1.12 to 1.55] [P < 0.001]). This effect was
independent of symptom duration prior to randomization. But subgroup analyses
showed that patients with the need for oxygen therapy (ordinal score of 5) benefit most
from the treatment (RRR, 1.47 [95% Cl, 1.17 to 1.84] [n = 421]), while no effect could be
demonstrated for patients on invasive ventilation and/or extracorporeal membrane
oxygenation (ECMO). The mortality rate by 14 days was 7.1% (remdesivir) versus 11.9%
(placebo), which was not statistically significant (HR, 0.7 [95% Cl, 0.47 to 1.03] [P = 0.06])
(5). Based on the preliminary results of this trial, the FDA issued an emergency-use
authorization for remdesivir only 2 days after the initial press release from the NIAID.
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While complete results have not yet been published, another clinical trial was con-
ducted, which evaluated the optimal treatment duration with remdesivir. The random-
ized open-label trial GS-US-540-5773 (previously SIMPLE) started in March 2020 and
evaluated the efficacy of a 10-day treatment regimen (n = 197) versus a 5-day regimen
(n = 200) of remdesivir in severe COVID-19. The results were recently published and
suggest similar effects of 5-day and 10-day treatments when adjusting for baseline
clinical status. Clinical improvement, clinical recovery, and mortality by day 14 were
assessed. Due to the absence of a control group, these results do not permit an overall
assessment of the efficacy of remdesivir (62). In addition to the study of severe
COVID-19 cases, another open-label trial in patients with moderate COVID-19 is ongo-
ing (Table 2).

SAFETY AND DRUG TOLERABILITY

Gilead Sciences, the manufacturer of remdesivir, conducted four phase 1 clinical
trials to evaluate the safety, tolerability, and pharmacokinetics of remdesivir (GS-US-
399-1812, -1954, -4231, and -5505) in a total of 138 patients, of whom 131 received
remdesivir and 7 received a placebo. Overall, the drug is generally well tolerated.
Adverse events (pooled data) occurred in only a few cases and included phlebitis (8
subjects), constipation (7), headache (6), ecchymosis (5), nausea (5), and pain in
extremities (5). Only a few grade 1 and 2 laboratory abnormalities were detected:
transient elevations of alanine aminotransferase (ALT)/aspartate aminotransferase (AST)
levels from day 5 until day 25 (12 subjects), mild reversible prolongation of the
prothrombin time without changes in international normalized ratio (INR) (7 subjects),
and mild hyperglycemia (4 subjects). There were no signs of nephrotoxicity in healthy
subjects and no patterns of clinically relevant changes in vital signs or electrocardio-
grams (63). The available safety data from phase 1/2 studies are provided in a fact sheet
for health care providers that was published in the context of the emergency-use
authorization issued by the FDA and can be downloaded (55). In the first phase 3 trial
of remdesivir that was conducted in the context of EVD, one event of hypotension
occurred in the remdesivir arm that was judged as not being related to underlying EVD
by the site investigators. The event occurred during the administration of the loading
dose and led to a fatal cardiac arrest. An independent pharmacovigilance committee
concluded that the death could not be readily distinguished from underlying fulminant
EVD (27). Safety data from the compassionate-use study are not conclusive as there was
no control group. However, the most frequently reported adverse events in patients
treated with remdesivir were increases in hepatic enzyme levels (32 patients; 60%) and
diarrhea (5 patients; 9%) (56). In the Chinese phase 3 trial where 155 patients with
COVD-19 received remdesivir, no deaths occurred that were judged as being possibly
related or related to the study drug. The frequencies of adverse events (most frequently
constipation, hypoalbuminemia, hypokalemia, and anemia) were virtually identical in
the treatment and placebo groups (60). Preliminary data from the ACTT study do not
change this picture. The incidences of most adverse events were not found to be
significantly different among the treatment and placebo groups. Grade 3 to 4 adverse
events in general and some adverse events such as anemia or increased transaminase
levels occurred slightly more often in the placebo group (grade 3 to 4 AEs in 172 versus
156 with remdesivir). Other adverse events occurred slightly more often in the remde-
sivir group (increased creatinine levels, pyrexia, and hyperglycemia) (5). In the open-
label trial on patients with severe COVID-19, the most common adverse events were
nausea (9%), worsening of respiratory failure (8%), elevated AST levels (77%), and
constipation (7%) (62).

Taken together, at this time, there is no evidence for grade 3 to 4 or even severe
adverse events resulting from once-daily doses of remdesivir (75 mg up to 225 mg i.v.)
for treatment durations of up to 14 days. The drug seems to be well tolerated. Grade
1 and 2 adverse events have been described in healthy volunteers and patients with
COVID-19 treated with remdesivir and mainly refer to transient elevations of ALT or AST
levels. There are not sufficient data on the safety of remdesivir in patients younger than

January 2021 Volume 34 Issue 1 e00162-20

Clinical Microbiology Reviews

cmr.asm.org 12


https://cmr.asm.org

Clinical Microbiology Reviews

Remdesivir, a Broad-Spectrum Direct Antiviral

(ebed 1xau uo panupuod)

[el} J21uadINW ALI4YAIT0S
uejuel|—aled JO piepuels [ed0| dy3 BulAIRda)

le a1e oym spuaned pazijendsoy ui 61-0INOD (ALI¥vaInos)
0£69%/1e13/ArIrMMM//:sd1iy VN Buiobuo 000°€ ‘wiy 0z0zZ 1dv 8 104 sjuswiesl} [euolIppe Jo |el} paziwopuey LNES69¥05000C0C LDdI
sjuaned pa1ddjul-z-A\0D
9191ZEPOLON/MOYs -SYVS ul sBnup jeaianue Juaiayp Jo Adedype ayy
/g¥/Aob's|etediuld//:sdny VN Buiobuo 00£ ‘wiy 020¢ JelN 8¢ Uo [el} J23udNINW ALIYYAIOS (UelbamiIoN) YON (ALIYVAIN0S) 919LZEYOLON
(uoneziuebiQ
Y3eaH pPHOM) [BHY ALIMYAITOS Aousbisw3
Y3[eaH d1igNnd dy3 yum uondunfuod u
‘(61-AINOD 404 syuswneal] ueipeued] OD1VD)
syuaned pazijeydsoy ul 61-QIAQD JO JUSWILAI]
ay1 4oy sonnadesayy [euonebinsaaul jo Aoedyys
0690€€770.LON/MOYs pue A13jes a3 JO [eLi) [edIul]> Pa||0AIu0d
/g¥/Aob's|eed1uld//:sdny VN Buiobuo 006'C Wiy 020C JeiN 81 ‘[]aqe|-uado ‘paziwopuel ‘aAndepe ISudIIN (ALIYVYAIT0S) 0690€€¥01ON
1USW1eaI) dJed-Jo-piepuels 0) pasedwod
61-AINOD S1espow yum syuedpdined
0€£C6C¥0LDN/MOYs ul (€£5-SD) JIAISOPWAL JO ANIANDE [eliAue pue (31dWIS) v£LS
/g¥/nobrsjeuediul//sdny VN Burobuo 009'L "wiy 020C JeiN Sl Aiayes ay1 a1enjeas o) Apnls paziwopuel € aseyd -0%S-SN-S5 0€£Z6CY0LON
JIAISDPWIL JO suawibai Aep
-0L SA Aep-G Ul SJUSAS 9sI9Ape 61-AINOD 219A3s yum siuedidiied
pue ‘Ayijerow ‘A19A0d31 ‘sniels 0202 Ul (€/£5-SD) JIAISOpPWI JO ALIAIDR [eJIAIIUR pue (31dWIS) €445
29 [e21ul> ur syuswdACIdWI JeiulS |udy 6 paisjdwod 16€ 020T 1B 9 K134es ay) a1enjers 01 Apnis paziwopuel € aseyd -0%5-SN-SD 66876Z70LON
(%6'LL SA%LL) ¥L Aep
uo 93eJ A}jerow Ul uondNpPaL
[eouBWNU B YUM pajedosse
sem pue ([S5'L-ZL'L ‘1D %S6]
z€'L :A19n0d31 10) ONle) d)el) synpe pazijeudsoy ul 61-AIAQD JO
sjnpe pazijeydsoy ui A19A0331 JuswWieas] 9yl 1oy soinadessy) [euonebnsaaul
0] W) pPadnpal JIAISSPWI JO 020C Jo Aoedyje pue A1ajes sy Jo [el) PS||0IIU0d (1L1DV) 944§
S 951n0d> Aep-Q| e :synsai Aleujwijaid Kepy 1z paiojdwod €90'L 020Z 994 LT papul|q paziwopues ‘@Andepe ‘191udn Ny -0%7$-SN-0D S0Z08ZH#01DN
61-AINOD
91eJopow pue pliw yum susned jnpe
pazijendsoy ui JiAisapwial Jo A1ajes pue Adedyje
9925201 DN/MOYs 93 a1en|eAd 0} ApN1s 191U NW P3[|0JIU0D +¥9/5-0%5-SN-0D
/2¥/nobs|elediul]d//:sdny VN papuadsng 80¢ 020T 924 Tl -ogaoe|d ‘pul|g-3|gnop ‘paziwopuel ¢ aseyd ¥99CSCY0LON
61-AIAOD 219A3s yum syuaned jnpe
pazijeadsoy ul JiAIsapwial jo A1ajes pue Adedyjs
(ISL7L=£8°0 1D %S6] €£T'L "dH) 020T ‘e o€ 3y} 31enjeAd 0} Apnis I33USdNINW P3]|0I3U0d
09 Juswanoidwi [estuld Juedyiubis oN ‘wiziaid panajdwiod JAx4 020T 924 9 -oqaded ‘pul|g-s|qnop ‘paziwopuel € aseyqd 959/ST¥01ON
aA3 yum siuaned
ul (yutodpua Arewnd) skep gz 9seas|p SNIIAR|OgD
1e yieap bBunuanaid ur sbnip yum syuaned jo juswieasl 9yl Joj sonnadesay
JeuonebsaAul 19Ylo 01 JoLSJUl 61L0C Jeuonebnsanul jo Apnis Aoeoyys pue A1ajes
VA4 Sem 11 Jey} pamoys siskjeue wiialu| 1dag 6 parejdwo)d 189 8L0C AON LT Pa]|011u0d paziwopuel eaiqinoinw 4anuadiiny (W1Vd) 98S6LLEOLDN
uswias
ul 92ua1sIs4ad SNJIARIOGS JO 9DUIPIAD YUM
SIOAIAINS B]OG] 3jew Ul A19jes pue ‘SnIIAe|ogD
JO @dueJEd|D WIRI-I9BUO| ‘AuAnDe |esiAue
785818Z0LDON/ApNis 610 Ssasse 0 $€/G-SD JO [e || dseyd pajjonuod
/MOoYs/g1d/A06s|eLijediul]d//:sdny VN 10 £ pa1gjdwod 8¢ 910z AInr L -oga>e|d ‘aseyd-omy ‘pazjwopuel ‘puljg-3|gnog (A 1IVATYd) 285818Z01DN
92U49)3J 10 3INOS [SINEETJVEY)) snieis syuedpiaed (1K ow Kep) 911 [ePYO (Sweu 1ioys) Jaynuap! jeut
(s)buipuy Adedyye Aay JO 'ON ajep uels

S9seaSIp [eJIA Isulebe JIAISSpWal JO s|euy [ed1uld €/ dseyd Z 31dvL

cmrasm.org 13

Issue 1 e00162-20

Volume 34

January 2021


https://clinicaltrials.gov/ct2/show/study/NCT02818582
https://clinicaltrials.gov/ct2/show/study/NCT02818582
https://clinicaltrials.gov/ct2/show/NCT04252664
https://clinicaltrials.gov/ct2/show/NCT04252664
https://clinicaltrials.gov/ct2/show/NCT04292730
https://clinicaltrials.gov/ct2/show/NCT04292730
https://clinicaltrials.gov/ct2/show/NCT04330690
https://clinicaltrials.gov/ct2/show/NCT04330690
https://clinicaltrials.gov/ct2/show/NCT04321616
https://clinicaltrials.gov/ct2/show/NCT04321616
https://www.irct.ir/trial/46930
https://cmr.asm.org

Clinical Microbiology Reviews

Malin et al.

syinpe pazijeydsoy ui
61-AIAOD JO siuswieas} jo Adedyds pue A1ajes

VN VN pauueld VN VN 33 Jo [eu} paziwopuel ‘SAndepe JaudRINK (OHM) ¥T85-01S-SN-0D
syinpe pazijeydsoy ui
8765 L €70.LDN/P10331/MOYys 61-AIAOD J0 siudwieal) Jo Adedys pue Aiajes (Rgap0Ds1Q) 708
/g¥/Aob's|eediuld//:sdny VN Burobuo 00L'€ Wiy VN 3Y3 Jo [eu) paziwopuel ‘SAndepe JaudRINA -0¥S-SN-0D 865 LEVOLON
aseasip
Kiojendsas AODU-610Z 249435 Yum sjuaied
1npe pazijeudsoy ul 21ed JO piepuels yum
pauIquiod JIAIsapwal Jo A19jes pue Adedyys
9yl 91enjeAd 03 ApNis Ja1uLd|NW ‘pa||0JIu0d
VN VN pauueld VN VN -oqade(d ‘pul|g-3|qnop ‘paziwopuel € aseyd 85/5-0¥S-SN-0D
0L¥6¥EF0LDN/MOYS 0207 Jaqwa1das Jod0104d JuBWIEDN)
/ga/A0b's|eed1ul//:sdny VN L paisjdwo)d 00§ ‘wiy 0707 4dy LL 61-AIAOD Pa1AIP (WAALWH) Butwaly sy 0L¥6¥EY0LON
9dU343)31 10 324N0S (11AIs9pWIaL) snjels syuedpied (1K ow Kep) 311 [enyso (weu J0ys) 1aynuapl |euy
(s)buipuy Adedyye Aay Jo "'oN ?1ep uels

(Penunuod) Z 3719VL

cmrasm.org 14

Issue 1 e00162-20

Volume 34

January 2021


https://clinicaltrials.gov/ct2/show/NCT04349410
https://clinicaltrials.gov/ct2/show/NCT04349410
https://clinicaltrials.gov/ct2/show/record/NCT04315948
https://clinicaltrials.gov/ct2/show/record/NCT04315948
https://cmr.asm.org

Remdesivir, a Broad-Spectrum Direct Antiviral

18 years of age and pregnant women. Long-term toxicities are known from other
nucleoside analogs used for sustained antiviral treatments of chronic infections with
HIV or HBV but should not be of relevance for the relatively short-term treatments with
remdesivir.

DOSING AND ADMINISTRATION
Prodrug Design

Nucleoside analogs require active cellular uptake by nucleoside transporters and
intracellular activation by cellular and viral kinases to become their active NTP metab-
olite. This activation process requires three phosphorylation steps, of which the first
step is most often inefficient and rate limiting (64). A common problem of nucleoside
analogs is that they yield suboptimal levels of NTP at the site of infection (65).
Remdesivir is a monophosphoramidate prodrug of a 1’-cyano-substituted adenosine
nucleoside analog that is able to bypass the rate-limiting first phosphorylation step to
effectively deliver intracellular NTP (66). The prodrug component is necessary to mask
the negatively charged phosphonate group, which allows faster entry into target cells
independently of membrane transporters. Phosphonate-containing pronucleotides
have the disadvantage that their diacids are deprotonated at a physiological pH (67).
Remdesivir has suboptimal oral bioavailability and therefore can be administered only
by intravenous infusion in the actual formulation. However, there might be pharma-
cological approaches to solve this problem. One example of a clinically approved
nucleoside phosphonate with an oral formulation is the nucleoside reverse transcrip-
tase inhibitor (NRTI) tenofovir (67), which is one of the drugs most frequently used for
therapy of HIV infections.

Drug Exposure

The prodrug remdesivir (GS-5734) has a relatively short systemic half-life (~0.9 h)
and is rapidly converted intracellularly into several intermediate metabolites (GS-
704277 and GS-4471524) before being converted into the more stable and active TP
metabolite (GS-443902) (24, 54). Plasma concentrations of remdesivir that are reached
by the administration of therapeutic doses are several times higher than the concen-
trations required to inhibit SARS-CoV-2 replication in vitro (48, 54, 68). A dose of 200 mg
remdesivir yields a maximum concentration of drug in serum (C,,,,) of 9.03 uM (area
under the concentration-time curve [AUC] of 4.85 uM), and subsequent dosing of
100 mg daily reaches a C,,,,, of 4.33 uM (AUC of 2.59 uM) on day 5 (54). Data on tissue
distributions are available from studies with cynomolgus monkeys, where remdesivir
and its metabolites were detectable in testes, eyes, and brain 4 h after a 10-mg/kg dose,
which is comparable to 200 mg in humans. Unfortunately, no data on pulmonary drug
delivery were reported in this publication (24). Distribution into lung tissues was
recently studied in six rhesus macaques, where the intermediate metabolite GS-441524,
which was used as a surrogate for tissue loading, could be detected in all samples 24
h after injection of remdesivir. The intermediate metabolite GS-704277 was not detect-
able in lung tissue samples (53). It remains unclear how plasma concentrations of
remdesivir and its metabolites correlate with pulmonary drug delivery in humans, and
there are speculations of suboptimal exposure in respiratory target cells of SARS-CoV-2
(69). Thus, therapeutic strategies that improve pulmonary drug exposure might be
helpful to further improve the clinical efficacy of remdesivir.

Dosing Recommendations

Remdesivir is administered by intravenous infusion over 30 to 120 min. The standard
dose for adults and pediatric patients weighing 40 kg and higher is a loading dose of
200 mg followed by once-daily doses of 100 mg. Dose adjustments are necessary for
pediatric patients weighing less than 40 kg. It is not known if dose adjustments based
on kidney or liver function are necessary. Administration in patients with a glomerular
filtration rate (GFR) below 30 ml/min is not recommended based on the potential
accumulation of sulfobutylether-B-cyclodextrin sodium salt present in both formula-
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tions of remdesivir (55). The optimal treatment duration for COVID-19 is still unknown.
In phase 3 trials, a treatment course of 5 or 10 days was investigated. Based on these
data, the actual recommendations in the context of emergency authorizations are
5 days for patients who do not require mechanical ventilation, which can be extended
up to 10days if patients do not demonstrate clinical improvement. For patients on
mechanical ventilation, the actual recommended treatment duration is 10 days (55).

CONCLUSIONS
Remdesivir against Ebolavirus Disease

The in vitro activity of remdesivir against EBOV has been demonstrated in various
cell-based models and for many different EBOV strains (20, 21, 24). In addition, it
showed therapeutic and prophylactic effects in a rhesus monkey model of lethal EVD
(24). However, in the PALM study, remdesivir was less efficacious than other investi-
gational drugs. As this study did not include a placebo control group, no definite
conclusions on the clinical efficacy of remdesivir in EVD can be made. The mortality rate
among patients treated with remdesivir was approximately 50%, which was similar to
that of the control group treated with the triple monoclonal antibody ZMapp but
significantly higher than those with MAb114 (35.1%) and REGN-EB3 (33.5%) (27). In a
previous trial on EVD, the mortality rates were 22% among ZMapp-treated patients and
about 37% among patients who received the standard of care only (59). The reason for
these differences in mortality rates is unclear and may result from differences in the
virulence of EBOV, sample size, patient population, or standard-of-care practices.
However, a final interpretation of the clinical effects of remdesivir remains elusive, and
based on the results of the PALM trial, it is unlikely that remdesivir will be clinically
reevaluated for the treatment of EVD.

Remdesivir against COVID-19

Remdesivir is active in vitro against various CoVs, including SARS-CoV-2 (3, 4, 47, 55),
and its mechanism of action has been studied extensively. Animal studies that included
nonhuman primate models of MERS-CoV and, recently, SARS-CoV-2 support its efficacy,
especially when administered early in the course of the disease (29, 70). Finally, a phase
3 trial showed beneficial clinical effects of remdesivir in patients who require supple-
mental oxygen, while clinical efficacy for critically ill patients who require mechanical
ventilation could not be demonstrated (5). Remdesivir reduces the time to recovery by
31%, which is a relatively modest but clearly therapeutic effect (5). Besides these
beneficial effects on patients, this may help to reduce the number of inpatient days,
with positive effects on hospital costs and capacity issues that have emerged during the
COVID-19 pandemic in several countries. With regard to mortality, a lower 14-day
mortality rate of patients treated with remdesivir was reported from the ACTT study,
which may indicate a beneficial but not statistically significant effect. Taking into
account that the study was not powered to evaluate mortality, this is still a positive
signal that must be further evaluated in large-scale studies. A meta-analysis with
pooled data from the two available RCTs that is still under peer review concludes a
statistically significant reduction in mortality (risk ratio [RR], 0.69 [95% Cl, 0.49 to 0.99])
(71). Although the clinical data on remdesivir are not fully published yet, the emergency
authorizations and recent approval by the EMA are encouraging, as most other
investigational drugs have failed until now (72, 73), leaving remdesivir the only antiviral
with clinically proven efficacy against COVID-19 to date. Complete results of the ACTT
study, including impacts on viral loads and mortality by day 28, as well as results from
ongoing trials and meta-analyses will provide more information on the clinical efficacy
of remdesivir.

Future Perspective

After decades of research on direct-acting antiviral drugs, remdesivir is the first
nucleoside analog that can be used to treat infections caused by a respiratory virus. In
the light of its beneficial clinical effects, its favorable safety profile, and the absence of
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alternatives to treat COVID-19, remdesivir will increasingly be used outside the context
of clinical trials or compassionate-use programs. The drug is already available in the
United States and Japan based on emergency-use authorizations and was recently
approved in Europe. However, treatment with the antiviral drug remdesivir alone will
not be sufficient to reliably save the lives of patients suffering from COVID-19 or to
solve the hazardous public health issues caused by the ongoing COVID-19 pandemic.
Antiviral therapy in hospitalized patients cannot prevent the virus from being trans-
mitted among communities and cannot reverse pathophysiological processes that
have occurred already at the time of diagnosis. In general, prophylactic measures would
be much more efficient in reducing COVID-19-associated morbidity and mortality as
well as economic implications (1). The prophylactic use of remdesivir might be effective,
as it completely protected exposed macaques from MERS-CoV-induced clinical disease
(29). Prophylactic effects are also known from other virostatic-acting drugs like neur-
aminidase inhibitors that may prevent influenza virus infections and can also be used
as postexposition prophylaxis (74). However, the prophylactic use of remdesivir is
generally hampered by its poor oral bioavailability and the absence of an oral formu-
lation. Further pharmacological efforts are needed to make the drug accessible to an
outpatient population. Recently, the manufacturer announced in an open letter that a
phase 1 trial with remdesivir inhalation is being planned and already accepted by the
FDA (75). Interestingly, another SARS-CoV-2 active nucleoside analog called EIDD-1931,
which is orally bioavailable, is currently in preclinical evaluation (76). Finally, it should
be mentioned that drug pricing will also have significant implications for the possibility
of applying remdesivir with a broader scope.

The therapeutic efficacy of remdesivir might be improved by the addition of other
antivirals or immunomodulatory agents. It has recently been shown that glucocortico-
ids are able to improve clinical outcomes in cases of severe and critical COVID-19 (77).
Based on these data, it can be expected that physicians will use both remdesivir and
glucocorticoids to treat patients with severe or critical COVID-19. However, combina-
tion therapy should be used with caution, as drug interactions may occur. In vitro,
remdesivir acts as the substrate or inhibitor of several drug-metabolizing enzymes
(e.g., CYP3A4), which could influence the exposure levels of other therapeutic
agents. In addition, these agents may interfere with the pharmacokinetics of
remdesivir. The immunomodulatory drug hydroxychloroquine, for example, seems
to reduce the antiviral activity of remdesivir by impairing its intracellular metabolic
activation (55). Another approach that may improve clinical outcomes could be
combination therapy with direct antiviral drugs that target several processes within
the viral life cycle. Although this strategy is highly effective in the therapy of chronic
infections with HIV and HCV, it is unclear if this is true for acute infections with
SARS-CoV-2. Clinical trials evaluating combination therapy are needed to estimate
their role in COVID-19.
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