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Remdesivir (GS-5734), a viral RNA-dependent RNA polymerase (RdRP) inhibitor that can be used to treat
a variety of RNA virus infections, is expected to be an effective treatment for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection. On May 1, 2020, The U.S. Food and Drug Administration
(FDA) has granted Emergency Use Authorization (EUA) for remdesivir to treat COVID-19 patients. In light
of the COVID-19 pandemic, this review presents comprehensive information on remdesivir, including
information regarding the milestones, intellectual properties, anti-coronavirus mechanisms, preclinical
research and clinical trials, and in particular, the chemical synthesis, pharmacology, toxicology, phar-
macodynamics and pharmacokinetics of remdesivir. Furthermore, perspectives regarding the use of
remdesivir for the treatment of COVID-19 are also discussed.
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1. Introduction

The coronavirus disease 2019 (COVID-19) coronavirus pneu-
monia epidemic, which began in December 2019, has developed
into a global pandemic, and all populations (regardless of gender,
age, or race) are generally susceptible to infection with this highly
contagious virus [1e5]. The number of infected people is still
increasing rapidly (Fig. 1). In fact, since March 2020, the number of
COVID-19 patients has increased dozens of times, and these
numbers in the countries affected by the epidemic have been
rapidly growing [6,7]. Thus, the development of effective drugs or
vaccines for the treatment or prevention of COVID-19 has become
the most urgent task in the field of medical and drug research and
development (R&D) throughout the world. Genetic and proteomic
analyses of the new coronavirus have revealed that the nucleic acid
similarity between the new coronavirus and severe acute respira-
tory syndrome coronavirus (SARS-CoV) is 79.5%. In addition, this
new coronavirus and SARS-CoV share 94.6% similarity in the amino
acid sequences of seven conserved nonstructural proteins [8,9].
Therefore, the International Committee on Taxonomy of Viruses
(ICTV) determined that the new coronavirus belongs to the “severe
acute respiratory syndrome-related coronavirus” species and
named the new coronavirus severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2).

The common respiratory symptoms of COVID-19 include fever,
cough, shortness of breath, and dyspnoea [10e12]. In the most se-
vere cases, SARS-CoV-2 infections can lead to pneumonia, acute
respiratory syndrome, and even death due to kidney and multiple
organ failure [13e16]. Currently, no drugs,monoclonal antibodies or
vaccines have been approved for the treatment or prevention of
SARS-CoV-2 infections [17,18], and physicians are considering
“repurposing” several approved drugs to treat COVID-19 [19e26]. In
addition, remdesivir (GS-5374), which is a monophosphoramidate
prodrug of an adenosine analogue (Fig. 2) and a competitive inhib-
itor of viral RNA-dependent RNA polymerase (RdRP), has been
administered as a “compassionate medication” under the compas-
sionate drug use principle even though it has notmet the conditions
for approval [27e29].

This review summarizes the current status, patents, mecha-
nisms, preclinical research and clinical trial progress of remdesivir.
Although the available data are not sufficient to elucidate the ac-
tivity of remdesivir against SARS-CoV-2, the results showing the
antiviral activity of remdesivir against other coronaviruses have
provided researchers sufficient confidence and have resulted in
high expectations. Laboratory and clinical studies on the use of
remdesivir for the treatment of COVID-19 are still ongoing [17].
2. Current R&D status

Remdesivir is a broad-spectrum antiviral drug candidate
developed by Gilead Sciences that remains at the R&D stage
Fig. 2. Remdesivir (GS-5734).
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[30,31]. The primary clinical indication of remdesivir is for the
treatment of Ebola virus (EBOV) infection, but the drug has not been
approved for sale in any country in the world due to its poor effi-
cacy in a phase III clinical trial for Ebola virus disease (EVD) [32].

Remdesivir has been demonstrated to exert activity against the
coronavirus pathogens Middle East respiratory syndrome-related
coronavirus (MERS-CoV) and SARS-CoV, which are structurally
similar to SARS-CoV-2 [33e36], and this finding was observed both
in vitro and in vivo using animal models. Recent in vitro studies
indicated that remdesivir is effective for the control of SARS-CoV-2
infection [20,37]. Specifically, remdesivir exhibited good efficacy
after its administration to the first reported COVID-19 patient in the
United States as a compassionate drug for experimental treatment
[38]. At present, several governments, nongovernment organiza-
tions and regulatory authorities are administering remdesivir to
patients with COVID-19 as an emergency treatment in the absence
of any approved treatment options [39]. However, the results from
individual cases of compassionate use are insufficient to evaluate
the safety and efficacy of remdesivir in the treatment of COVID-19,
and these findings could be validated by further prospective clinical
trials.

Several clinical trials on the use of remdesivir as a treatment for
COVID-19 have been registered at ClinicalTrials.gov [40]. The pur-
pose of these clinical trials is to evaluate the safety and efficacy of
remdesivir in adults diagnosed with COVID-19 [41]. In addition,
two expanded access studies of remdesivir have been initiated with
the aim of establishing a treatment protocol for COVID-19. These
ongoing clinical trials are expected to blind unsealed and debrief
participants within twomonths. According to the partially released
clinical results, remdesivir exhibits efficacy in the treatment of
COVID-19 [42e44].

Because remdesivir is a promising candidate that has the po-
tential to effectively curb the COVID-19 epidemic, many companies
have begun R&D of generic remdesivir drugs. However, since 2011,
Gilead Sciences has applied for 166 remdesivir-related patents in
48 countries around the world, and these patents can be classified
into seven patent families. In addition, the number of patents for
which Gilead Sciences has applied reached its first peak (57 pat-
ents) during the MERS epidemic in 2015, and the second peak
occurred during the EVD outbreak in 2018. It is believed that after
the COVID-19 pandemic, there will be more therapeutic utilization
patents related to the use of remdesivir for the treatment of RNA
viruses.

At present, 11 patents across three patent families have been
granted, and these patents are related to the core skeleton, ana-
logues, derivatives, polymorphs, synthetic methods, dosage form
and usage of remdesivir (Table 1). It is worth noting that Gilead
Sciences registered a patent family for the treatment of Arenavir-
idae and Coronaviridae infections with remdesivir in 2016, and this
patent family has been granted in the United States. The claims of
this patent family described the treatment of all confirmed zoonotic
coronaviruses with remdesivir.

3. Mechanism

Remdesivir is an RdRP inhibitor that can achieve antiviral effects
by inhibiting viral nucleic acid synthesis [26,45e47]. SARS-CoV-2 is
an enveloped, positive-sense, single-stranded RNA virus [48], and
the genomic replication process of RNA viruses is dominated by
RdRP, which is encoded by the virus itself [49e52]. After the virus
invades the host cell, the viral genomic RNA is directly used as a
template, and the host cell protein synthesis system is used for the
translation of RdRP [53e56]. RdRP is subsequently used to com-
plete the transcriptional synthesis of the negative-strand sub-
genomic RNA, the synthesis of various structural protein-related
mRNA, and the replication of viral genomic RNA [57e60]. RdRP can
accurately and efficiently synthesize tens of thousands of nucleo-
tides and thus facilitates all other biological activities after the virus
invades the host cell [61e63]. RdRP is an effective target of broad-
spectrum antiviral drugs, and at present, most of the anti-
coronavirus drugs targeting RdRP are nucleoside (Nuc) analogues
or RNA interferons [64].

Remdesivir, which is a monophosphoramidate prodrug of an
adenosine analogue, enters the host cell in the form of a prodrug, is
converted to nucleosidemonophosphate (NMP), and is then further
dephosphorylated to active nucleoside triphosphate (NTP) [65].
NTP and adenosine triphosphate (ATP) have a similar structure and
competitively bind to the viral RdRPwith similar efficiencies. NTP is
inserted into the RNA synthesis chain at position i through the
recognition of RdRP, and this process leads to RNA chain termina-
tion at a position a few bases downstream of position i. This process
is called “chain termination” and predominantly occurs at position
iþ5 [66]. Through this process, the replication of the virus is sup-
pressed (Fig. 3).

As a broad-spectrum antiviral drug, remdesivir exerts a good
antiviral effect on coronaviruses, including MERS-CoV and SARS-
CoV. Previous studies have shown that almost 80% of the genome
of SARS-CoV-2 is homologous to that of SARS-CoV, and almost all
SARS-CoV-2 proteins are homologous to SARS-CoV proteins [67].

4. Synthesis of remdesivir

Gilead Sciences identified compound 8a (Fig. 4, Sp and Rp iso-
mers ~1:1) through an anti-EBOV screening of selected compound
libraries, and studies have shown that 8a exhibits potent activity
against EBOV in HeLa and human umbilical vein endothelial
(HMVE) cells [68]. According to a stereochemical perspective, 8a
has two configurations, Sp-isomer (8b) and Rp-isomer (8c), and the
difference between the two lies in the spatial configuration of 2-
ethylbutyl-2-aminopropanoate and anisole. Among these, remde-
sivir is the Sp isomer (8b), and a previous study found that 8b ex-
hibits higher selectivity and an appropriate therapeutic window
that is suitable for antiviral therapy [68]. A comprehensive litera-
ture study identified three synthesis routes and various key syn-
thetic intermediates, which are outlined in a scheme map (Fig. 5).

4.1. Route 1

Synthetic route 1 was reported by Richard L. Mackman [68].
First, 2,3,5-tri-O-benzyl-D-ribono-1,4-lactone (2) is combined with
7-bromopyrrolo[2,1-f][1,2,4]triazine-4-amine (1a), and trime-
thylsilyl chloride (TMSCl) and n-BuLi or NaH and 1,2-
bis(chlorodimethylsilyl)ethane are then added for the N-protec-
tion of 1a. Subsequently, metal-halogen exchange is performed in
tetrahydrofuran (THF) at �78 �C to obtain compound 3. Compound
3 is combined with trimethylsilyl cyanide (TMSCN) in CH2Cl2 and
BF3 � Et2O at �78 �C, and the main product (R)-isomer (4) is then
separated by chromatography. Three benzyl protecting groups are
removed in CH2Cl2 and BCl3 to obtain compound 5. The diaste-
reomer mixture of the phosphoramidyl chloride hydrochloride
prodrug portion (7) is then coupled to obtain compound 8 at a yield
of 21% in the form of an approximately 1:1 mixture of di-
astereomers. The two diastereomers were resolved by chiral HPLC
to obtain the Sp isomer 8b, remdesivir.

4.2. Route 2

The second route is based on two studies by Richard L. Mackman
[68] and Warren, T. K [65]. In this scheme, 7-iodopyrrolo[2,1-f]
[1,2,4]triazin-4-amine (1b) is sequentially treated with TMSCl,



Table 1
Granted patents of remdesivir.

No. Title Applicant Patent Publication
Date

Subject Matter Conditions

1 Methods for treating Filoviridae virus infections Gilead
Sciences,
Inc.

US
2019275063

2019-09-12 Methods of use Viral infection

2 Methods for treating Filoviridae virus infections Gilead
Sciences,
Inc.

US 9949994 2018-04-24 Methods of use Ebola virus disease

US
2016361330

2016-12-15 Marburg virus
haemorrhagic fever

3 Methods for treating Filoviridae virus infections Gilead
Sciences,
Inc.

US 9724360 2017-08-08 Methods of use Ebola virus disease

US
2016122374

2016-05-05 Marburg virus
haemorrhagic fever

WO
2016069826

2016-05-06

JP 2017534614 2017-11-24
4 Methods for treating Filoviridae virus infections Gilead

Sciences,
Inc.

WO
2016069827

2016-05-06 Methods of use Ebola virus disease

Marburg virus
haemorrhagic fever

5 Methods for treating Filoviridae virus infections Gilead
Sciences,
Inc.

US 10251898 2019-04-09 Methods of use Viral infection

US
2018311263

2018-11-01

6 Methods for treating Flaviviridae virus infections Gilead
Sciences,
Inc.

WO
2017184668

2017-10-26 Methods of use Viral infection

7 Methods for treating Arenaviridae and Coronaviridae virus infections Gilead
Sciences,
Inc.

US
2019255085

2019-08-22 Methods of use Coronavirus acute
respiratory
syndrome

8 Crystalline forms of (S)-2-ethylbutyl 2-(((S)-(((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f]
[1,2,4]triazin-7-yl)-5-cyano-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)(phenoxy)
phosphoryl)amino)propanoate

Gilead
Sciences,
Inc.

KR
2019141747

2019-12-24 Polymorphs Viral infection

CN 110636884 2019-12-31 Drug
substances

US
2018346504

2018-12-06

WO
2018204198

2018-11-08

9 Compositions comprising an RNA polymerase inhibitor and cyclodextrin for treating
viral infections

Gilead
Sciences,
Inc.

WO
2019014247

2019-01-17 Dosage forms
and
compositions

Viral infection

US
2019083525

2019-03-21

10 Methods and compounds for treating Paramyxoviridae virus infections Gilead
Sciences,
Inc.

CN 103052631 2013-04-17 Methods of use Viral infection

US
2015111839

2015-04-23

KR
2013091743

2013-08-19

US
2012027752

2012-02-02

US
2019055251

2019-02-21

CN 105343098 2016-02-24
KR
2018012336

2018-02-05

WO
2012012776

2012-01-26

US
2015152116

2015-06-04

EP 2595980 2013-05-29
IN
201948034308

2019-10-18

JP 2013535453 2013-09-12
US 10065958 2018-09-04

11 10-Substituted carba-nucleoside analogues for antiviral treatment Gilead
Sciences,
Inc.

CN 102015714 2011-04-13 Drug
substances

Hepatitis C

2009-12-24

(continued on next page)
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No. Title Applicant Patent Publication
Date

Subject Matter Conditions

US
2009317361
KR
2016138591

2016-12-05

KR
2011004883

2011-01-14

EP 2268642 2011-01-05
JP 2011521903 2011-07-28
EP 2937350 2015-10-28
WO
2009132135

2009-10-29

Fig. 3. Mechanism of remdesivir-mediated inhibition of coronavirus replication in host cells. The blue arrows and numbers represent the following essential viral infection steps:
(1) attachment of the coronavirus particle to its specific receptor ACE2 and uncoating of the virus after adsorption into host cells; (2) establishment of replication organelles at the
endoplasmic reticulum, where both genome replication and gene expression occur; (3) early translation of the incoming viral genome, which results in the generation of the RdRP;
and (4) viral RNA replication. The purple wireframe and arrows represent the intracellular triphosphorylation of remdesivir and the competitive binding of NTP and ATP to RdRP to
terminate viral RNA replication. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Diastereomers of remdesivir.
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Fig. 5. Diagram of remdesivir synthesis.
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PhMgCl and isopropylmagnesium chloride lithium chloride (i-
PrMgCl$LiCl) in THF at �20 �C and then condensed with lactone (2)
to produce adduct 3. The cyanation of lactol (3) with TMSCN with
trimethylsilyl trifluoromethanesulfonate (TMSOTf) and tri-
fluoromethanesulfonic acid (TfOH) in CH2Cl2 at �78 �C generates
the corresponding epimeric cyanide, and the desired (R)-isomer (4)
is separated from this mixture through chromatography. The
debenzylation of intermediate (4) in the presence of BCl3 in CH2Cl2
at �20 �C generates triol (5), whose diol moiety is protected with
2,2-dimethoxypropane using H2SO4 in acetone to yield the iso-
propylidene derivative (9). The condensation of primary alcohol (9)
with amidophosphate (11a) in the presence of MgCl2 and N,N-
diisopropylethylamine ((i-Pr)2NEt) in acetonitrile (MeCN) yields
protected remdesivir (12), which is deprotected with aqueous HCl
in THF to furnish the target remdesivir.
4.3. Route 3

In their disclosed patent family, Gilead Sciences described a
third synthesis route for remdesivir [69e73]. The scheme is initi-
ated by the N-protection of 7-iodopyrrolo[2,1-f][1,2,4]triazin-4-
amine (1b) with TMSCl and PhMgCl, and this step is followed by
metal-halogen exchange with i-PrMgCl$LiCl in THF at �15 �C. The
subsequent addition of persilylated lactone (13) with LaCl3$2LiCl in
THF at �15 �C yields the lactol intermediate (14), and the cyanation
and selective desilylation of lactol (14) with TMSCN using TMSOTf
and trifluoroacetic acid (TFA) in CH2Cl2 at �40 �C generates the
corresponding epimeric cyanide. The desired (R)-isomer (15) is
then separated from this mixture by preparative HPLC. The
condensation of primary alcohol (15) with amidophosphate (11a)
in the presence of MgCl2 and (i-Pr)2NEt in THF or with penta-
fluorophenyl protected derivative 11b in the presence of tert-
butylmagnesium chloride (tBuMgCl) in THF produces silylated 8b,
and this compound subsequently undergoes deprotection by
means of HCl, tetrabutylammonium fluoride (TBAF), KF or pyr-
idinium hydrofluoride to furnish the target remdesivir (8b).

The synthesis of intermediates 11a or 11b is a key step in all
three routes. The condensation of 2-ethylbutyl L-alaninate hydro-
chloride (6) with phenyl dichlorophosphate using triethylamine
(Et3N) in CH2Cl2 gives 2-ethylbutyl N-[chloro(phenoxy)phos-
phoryl]-L-alaninate (7), which upon coupling with 4-nitrophenol or
pentafluorobenzene in the presence of Et3N in CH2Cl2 provides the
corresponding aminophosphate derivatives. The resolution of the
epimers through treatment with Et3N in isopropyl acetate (i-
PrOAc)/heptanes or by recrystallization in isopropyl ether (i-Pr2O)
at 0 �C yields (S)-aminophosphates 11a or 11b.

In summary, synthetic route 1 utilizes supercritical fluid chro-
matography (SFC) separation, which is difficult for large-scale in-
dustrial production, whereas synthetic routes 2 and 3 apply chiral
synthesis to avoid SFC separation. However, these three synthesis
routes have the common defect that the yield of the key interme-
diate 4 or 15 is relatively low, which affects the overall yield.
5. Pharmacology, toxicology and pharmacodynamics

Remdesivir exhibits potent antiviral activities against a variety
of RNAviruses, including Coronaviridae, Filoviridae, Paramyxoviridae
and Arenaviridae, in cultured cell lines and mouse and nonhuman
primate models. However, the antiviral activity of remdesivir is
selective, and this drug exerts no significant inhibitory effect on
DNA viruses and certain RNA viruses, such as alphaviruses and
retroviruses [65].
5.1. Coronaviridae

Coronaviruses are associated with a variety of diseases in
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humans and vertebrates and can cause respiratory, digestive, cir-
culatory, and nervous system diseases [74,75]. Current research has
demonstrated that coronaviruses, which exhibit family-wide ge-
netic diversity in RdRP, are susceptible to inhibition by remdesivir.
As a broad-spectrum antiviral drug, remdesivir functions against
SARS-CoV-2, MERS-CoV, SARS-CoV, human coronavirus OC43
(HCoV-OC43), human coronavirus 229E (HCoV-229E), murine
hepatitis virus (MHV) and porcine deltacoronavirus (PDCoV).

5.1.1. SARS-CoV-2
M. Wang et al. [20] tested the antiviral activities of remdesivir

against SARS-CoV-2 in vitro. In Vero E6 cells, remdesivir effectively
blockedSARS-CoV-2 infectionat lowconcentrations (EC50¼ 0.77mM)
and exhibited low cytotoxicity (CC50 > 100 mM) and a high selection
index (SI > 129.87). In addition, the EC90 value of remdesivir against
SARS-CoV-2 in Vero E6 cells was 1.76 mM. A. Pizzorno et al. [37]
evaluated the antiviral potential of remdesivir against SARS-CoV-2 in
both Vero E6 and human airway epithelial (HAE) models. The results
showed that postinfection treatment with remdesivir exerts a very
strong antiviral effect.

B. Williamson et al. [76] used a rhesus macaque model of SARS-
CoV-2 infection to evaluate the effect of remdesivir treatment on
COVID-19 outcome. In contrast to vehicle-treated animals, animals
treated with remdesivir did not exhibit signs of respiratory disease
and showed reduced pulmonary infiltrates on radiographs. Signif-
icant reductions in the virus titres in bronchoalveolar lavages were
observed as early as 12 h after the first treatment was administered.
At necropsy on day 7 after inoculation, the lung viral loads of the
remdesivir-treated animals were significantly lower, and a clear
reduction in lung tissue damage was observed. In summary, ther-
apeutic treatment with remdesivir initiated early during infection
exerts a clear clinical benefit in SARS-CoV-2-infected rhesus ma-
caques. These data support the early initiation of remdesivir
treatment for COVID-19 patients to prevent progression to severe
pneumonia.

5.1.2. MERS-CoV
MERS-CoV can cause severe lower respiratory tract infections in

people, and the fatality rate can reach as high as 36% [77e79], and
remdesivir can inhibit MERS-CoV replication in multiple in vitro
models. T.P. Sheahan et al. [80] evaluated the antiviral activity of
remdesivir in continuous human lung epithelial (HLE) cells and
found a IC50 value of 0.025 mM. Furthermore, primary HAE cell
cultures constitute the most biologically relevant in vitro lung
model. The antiviral activity of remdesivir against MERS-CoV in
HAE culture yielded an IC50 value of 0.074 mM. A similar test was
performed by M.L. Agostini et al. [81], who treated MERS-CoV-
infected HAE cultures with remdesivir and obtained an EC50 value
of 0.074 mM.

T.P. Sheahan et al. [80] reported a similar dose-dependent
decrease in both the intracellular genomic and subgenomic viral
RNA in MERS-CoV-infected HAE cells in response to increasing
concentrations of remdesivir. Moreover, the in vitro toxicity was
evaluated by measuring the expression of tumour necrosis factor
(TNF) and the Fas cell surface death receptor (FAS) in remdesivir-
treated HAE cells and normal human bronchiolar epithelial (NHBE)
cells. However, a dose-dependent effect of remdesivir on increased
transcription of these apoptotic factors was not observed. The
effective concentration of remdesivir in HAE cells was found to be at
least 100-fold lower than the observed cytotoxic concentration.

T.P. Sheahan et al. [82] compared the therapeutic efficacy of
remdesivir against MERS-CoV with that of a combination of lopi-
navir, ritonavir and interferon beta (LPV/RTV-IFNb). This study
showed that remdesivir and IFNb exert superior in vitro antiviral
activities compared with those of LPV and RTV. In a mouse model,
both prophylactic and therapeutic doses of remdesivir improved
pulmonary function, reduced the lung viral loads and relieved se-
vere lung pathology, and these therapeutic effects were better than
those of the LPV/RTV-IFNb combination.

E. de Wit et al. [83] tested the efficacy of prophylactic and
therapeutic remdesivir treatment using a rhesus macaque primate
model of MERS-CoV infection. The initiation of prophylactic
remdesivir treatment 24 h prior to inoculation completely pre-
vented the MERS-CoV-induced symptoms, strongly inhibited
MERS-CoV replication in lung tissues, and prevented respiratory
lesions. The initiation of therapeutic remdesivir treatment 12 h
postinoculation also provided significant clinical benefits, including
reduced clinical symptoms, decreased virus replication in the lungs,
and decreased severity of lung lesions.

5.1.3. SARS-CoV
SARS-CoV is a zoonotic pathogen that can cause severe respi-

ratory disease in humans [84,85]. M.L. Agostini et al. [81] assessed
the activity of remdesivir against SARS-CoV in primary HAE cells
and found an EC50 value of approximately 0.069 mM. In addition,
the administration of remdesivir 24 h after SARS-CoV infection also
resulted in decreased viral titres of SARS-CoV at 48 and 72 h
postinoculation, and no measurable remdesivir-induced cellular
toxicity was observed in the HAE cultures. In a mouse model of
SARS-CoV pathogenesis, the prophylactic and early therapeutic
administration of remdesivir significantly reduced the lung viral
load, improved respiratory function, including bronchiolitis, peri-
vascular inflammatory infiltration, and intra-alveolar oedema
associated with diffuse alveolar damage, and improved prognosis
[80].

5.1.4. HCoV-OC43
HCoV-OC43 is one of the seven coronaviruses to which humans

are susceptible, and these viruses typically cause upper respiratory
infection in children and severe lower respiratory infection in adult
and elderly patients with underlying respiratory conditions [86,87].
Remdesivir is a potent antiviral drug against HCoV-OC43
(EC50 ¼ 0.15 mM, CC50 > 10 mM, SI > 66). According to a HCoV-
OC43 focus forming assay, a dose-dependent reduction in HCoV-
OC43 antigen foci could be observed in remdesivir-treated Huh7
cells. As demonstrated by RNA fluorescence in situ hybridization
(FISH) microscopy, the HCoV-OC43 FISH signal disappeared after
treatment with the highest dose of remdesivir (0.25 mM), but de-
creases in the remdesivir dose were associated with gradual in-
creases in virus replication to levels similar to those found in
untreated cells. Therefore, remdesivir can reduce the HCoV-OC43
genomic RNA level in a dose-dependent manner [45].

5.1.5. HCoV-229e
HCoV-229E is a common pathogen that causes upper respira-

tory tract infection in humans [88]. Patients infected with HCoV-
229E can also present with gastrointestinal diseases and nervous
system-related symptoms [89]. Treatment with remdesivir leads to
a dose-dependent reduction in HCoV-229E replication without
drug-induced cytotoxicity (EC50 ¼ 0.024 mM, CC50 > 10 mM,
SI > 400) [45].

5.1.6. MHV
MHV can induce a highly infectious disease in mice, which

exhibit various manifestations including hepatitis, encephalitis and
enteritis [90]. M.L. Agostini et al. [81] studied the inhibitory activity
of remdesivir against MHV in delayed brain tumour (DBT) cells and
found that remdesivir exhibits concentration-dependent inhibi-
tion: after treatment with a remdesivir concentration higher than
0.5 mM, no virus could be detected in the DBTcells, and the EC50 and
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CC50 were 0.03 and 39 mM, respectively. An assessment of the effect
of resistance to remdesivir on viral fitness indicated that mutations
that confer resistance to remdesivir impair the competitive fitness
of MHV. In addition, drug resistance could be overcome by
increased concentrations of remdesivir. This study supports the
development of remdesivir as a broad-spectrum therapeutic.

5.1.7. PDCoV
PDCoV is an emerging swine enteropathogenic coronavirus that

causes acute diarrhoea andmortality in piglets [91]. A.J. Brown et al.
[45] reported that remdesivir is highly effective against PDCoV. In
Huh7 cells cultured in L-1-tosylamido-2-phenylethylchloromethyl
ketone (TPCK) trypsin-containing and serum-free media, PDCoV
replication was reduced by remdesivir in a dose-dependent
manner, and the EC50 value was 0.02 mM.

5.2. Filoviridae

Filoviridae is a type of single-stranded, negative-stranded RNA
virus named for its filamentous appearance [92]. Currently, only
two genera of the Filoviridae family have been identified: EBOV and
Marburg virus. T.K. Warren et al. [65] studied the efficacy of
remdesivir against filoviruses in cellular and animal models. As
demonstrated using cell-based assays, remdesivir exhibits activity
against a broad range of filoviruses, including Marburg virus and
several variants of EBOV, such as Ebola Makona virus, Ebola Kikwit
virus, Bundibugyo Ebola virus and Sudan viruses. Currently, the
in vivo and in vitro activities of remdesivir against EBOV are sup-
ported by relatively sound research.

5.2.1. EBOV
EBOV is the pathogen that causes EVD in humans and

nonhuman primates [93]. The initial EVD epidemic outbreak in
West Africa included a total of 28,616 patients and exhibited a
mortality rate of nearly 50% between December 2013 and January
2016 [94,95]. T.K. Warren et al. [65] showed that remdesivir could
inhibit EBOV replication in multiple human cell lines, including
endothelial cells, liver Huh-7 cells, primary macrophages, foreskin
fibroblasts and HeLa cells, with EC50 values ranging from 0.06 to
0.14 mM.

Subsequent studies using the rhesus monkey model of EBOV
infection revealed that the once-daily intravenous administration
of 10 mg/kg remdesivir for 12 days resulted in profound suppres-
sion of EBOV replication and protected 100% of the EBOV-infected
animals by preventing lethal syndrome and ameliorating clinical
symptoms and pathophysiological markers. Even when the
remdesivir treatments were initiated three days after viral expo-
sure, systemic viral RNAwas detected in only two of the six treated
rhesus monkeys. These experiments showed that remdesivir
treatment provided substantial protection in nonhuman primates
(NHPs) after EBOV exposure.

5.3. Paramyxoviridae

Paramyxoviridae harbour single-stranded, negative-strand RNA,
and Paramyxoviridae viruses are characterized by a unique affinity
for mucin, a highmutation rate and a short incubation time [96,97].
Among these viruses, Nipah virus (NIV), respiratory syncytial virus
(RSV) and Newcastle disease virus (NDV) can be contagious to
humans and animals, and studies conducted to date have revealed
that remdesivir exerts inhibitory activities against NIV and RSV
[65,98].

5.3.1. NIV
NIV is an emerging pathogen in the Paramyxoviridae family [99].
In infected individuals, NIV causes a range of illnesses ranging from
asymptomatic (subclinical) infection to acute respiratory illness
and fatal encephalitis [100]. M.K. Lo et al. [98] reported the antiviral
activities of remdesivir against NIV. According to a virus titre
reduction assay, an antigen reduction assay, a reporter assay and a
cytopathic effect assay, the EC50 values of remdesivir against NIV
ranged from 0.029 to 0.047 mM. Further research indicated that
submicromolar concentrations of remdesivir inhibit NIV mini-
genome replication in a dose-dependent manner.

M.K. Lo et al. [101] tested the efficacy of remdesivir against NIV
using African greenmonkeys (AGMs). AGMswere inoculatedwith a
lethal dose of NIV, and treatment based on once-daily intravenous
administrations of remdesivir was initiated 24 h after inoculation
and continued for 12 days. Mild respiratory symptoms were
observed in two of the four treated animals, whereas all the control
animals developed symptoms of severe respiratory disease. Finally,
all the remdesivir-treated animals survived. This in vivo experiment
indicated that remdesivir is a promising antiviral therapeutic that
can protect AGMs from lethal NIV infection.

5.3.2. RSV
RSV is the most common pathogen that causes acute lower

respiratory tract infections in infants worldwide [102]. T.K. Warren
et al. [65] utilized replication-competent RSV-infected cells to
determine the antiviral activity of remdesivir, and the EC50 and EC90

values were found to equal 0.019 and 0.051 mM, respectively.
Among the currently reported data regarding the effective con-
centrations against different RNA viruses, the lowest EC50 value of
remdesivir was found against RSV, which likely indicates that
remdesivir exerts its most potent in vitro antiviral activity against
RSV.

5.4. Arenaviridae

Currently, four of the thirteen reported arenaviruses are known
to cause human viral haemorrhagic fever [103]. Among the four
pathogenic arenaviruses, Junin virus (JUNV) can cause severe
argentine haemorrhagic fever (AHF) with 20%e30% mortality rates,
whereas Lassa fever virus (LASV) can cause fatal Lassa fever (LF) in
humans. T.K. Warren et al. [65] reported that the EC50 values of
remdesivir against JUNV and LASV were 0.47 and 1.48 mM,
respectively. In addition, the EC90 values for the remdesivir-
mediated inhibition of JUNV and LASV replication were 1.33 and
2.80 mM, respectively.

In summary, these studies on the antiviral activity of remdesivir
further enhance the cognitive depth, confidence and ability to using
this drug to combat the emerging SARS-CoV-2.

6. Pharmacokinetics

The high serum esterase activity in many rodent models de-
grades the remdesivir promoiety and adversely impacts its phar-
macokinetic profile. Thus, NHPs are considered the most suitable
animal model for evaluating the pharmacokinetic properties of
remdesivir [104]. Pharmacokinetics experiments using monkeys
orally administered remdesivir indicated a low bioavailability due
to the high first-pass hepatic extraction of phosphoramidates.
Moreover, the oral administration of this drug to coronavirus-
infected patients might not be ideal because severe gastrointes-
tinal symptoms could limit the effective absorbed dose. Therefore,
intravenous injection (IV) or subcutaneous injection (SC) is the
appropriate administration route of remdesivir [68].

T.K. Warren et al. [65] studied the pharmacokinetics, meta-
bolism and distribution of remdesivir in both healthy rhesus
monkeys and healthy crab-eating monkeys. Rhesus monkeys were
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intravenously injected with remdesivir (10 mg/kg), and the half-life
of remdesivir in plasma was short, namely, T1/2 ¼ 0.39 h. After its
administration, remdesivir was rapidly distributed into peripheral
bloodmononuclear cells and converted to themain metabolite NTP
within 2 h, and the half-life of NTP in plasma was 14 h. The plasma
concentration of NTP was continuously higher than the EC50 and
exerted antiviral effects within 24 h. After the intravenous injection
of remdesivir (10 mg/kg) into crab-eating monkeys, remdesivir
metabolites distribute to the testis, epididymis, eyes and central
nervous systems at different concentrations. A low concentration is
detected in the central nervous system at the early stages of
treatment, and 7 days after injection, the metabolite concentration
was higher in the cerebrospinal fluid and even higher in plasma.

T.P. Sheahan et al. [80] studied the pharmacokinetics of
remdesivir in SARS-CoV-infected secreted carboxylesterase 1c
(Ces1c) gene-knockout mice. These mice cannot secrete Ces1c to
improve the plasma stability of remdesivir. When subcutaneously
administered at 50mg/kg once a day or at 25mg/kg twice a day, the
obtained pharmacokinetic profiles demonstrated characteristics
similar to those previously observed in rhesus monkeys. Both
administration strategies improved the weight loss of the mice due
to SARS-CoV and significantly decreased the viral titres in the lungs,
although the twice-daily administration of 25 mg/kg exerted better
results. The half-life of NTP in mouse lung tissue is approximately
3 h, whereas that in primate lung tissue is 14 h. A 25 mg/kg twice-
daily administration regimen can maintain the effective concen-
tration in the knockout mice during the administration interval.

Additional studies have shown that the peak concentration of
NTP in the plasma of rhesus monkeys after the administration of
10mg/kg remdesivir is 30e40 mmol/L [65], whereas that in the lung
Fig. 6. Information on the clinical trials of r
tissue of mice is 2e10 mmol/L [80]. In summary, the pharmacoki-
netic data indicate that the experimental dose of remdesivir could
provide sustained and effective intracellular NTP levels and thus
exerts intracellular antiviral effects in sites of viral accumulation.

7. Clinical trials

Remdesivir has been developed for the treatment of EVD by
Gilead Sciences for nearly 10 years and remains in clinical trials. The
clinical dates of the phase I and II trials on the treatment of EVD
with remdesivir have not been fully disclosed. During the EVD
phase III trial, the mortality rate was not significantly decreased by
remdesivir treatment, and the curative effect did not reach a sta-
tistically significant difference. Therefore, the clinical development
of remdesivir was suspended until the outbreak of COVID-19. Phase
II and III clinical trials on the treatment of COVID-19 are currently
being performed based on the compassionate drug use principle. A
phase I trial of remdesivir was not conducted partially because a
phase I trial was performed during the EVD epidemic (Fig. 6).

7.1. EVD

7.1.1. Phase I trial
The purpose of the blinded, randomized, and placebo-controlled

phase I trial of remdesivir was to evaluate its safety, tolerability, and
pharmacokinetics after its IV administration in healthy adult vol-
unteers. The single-dose IV administration of 3e225 mg of
remdesivir was well tolerated and did not lead to dose-limiting
toxicity. The multiple-dose IV administration of 150 mg of remde-
sivir once daily for 7 or 14 days was generally well tolerated. No
emdesivir detailed in ClinicalTrials.gov.



C. Liang et al. / European Journal of Medicinal Chemistry 201 (2020) 112527 11
subjects experienced grade 3 or 4 treatment-emergent adverse
effects (TEAEs) or exhibited laboratory test abnormalities during
the clinical trial. Several participants showed reversible grade 1 or 2
elevations in alanine aminotransferase (ALT) or aspartate amino-
transferase (AST) but no abnormalities in total bilirubin, alkaline
phosphatase (ALP), or albumin. Remdesivir did not cause any
adverse effects on renal or liver function in either the single-dose
study or the multiple-dose study.

7.1.2. Phase II trial
The phase II clinical trial [NCT02818582] evaluated the antiviral

activity, longer-term EVD clearance and safety of remdesivir in
male EVD survivors who exhibit evidence of EVD persistence in
their semen [105]. This studywas a double-blind, randomized, two-
phase (treatment and longer-term follow-up), two-arm trial of
remdesivir versus placebo in 38 male EVD survivors. The partici-
pants were randomized 1:1 to receive either 100 mg of remdesivir
or placebo once a day via IV administration for 5 days. The antiviral
activity, safety and tolerability of remdesivir were assessed during
the treatment phase. The longer-term clearance of EVD was
assessed during the 5-month follow-up phase. In 2019, a phase II
trial of remdesivir for the treatment of EVD was performed, but the
clinical results have not been released.

7.1.3. Phase II/III trial
On November 21, 2018, a phase II/III trial [NCT03719586] of four

investigational therapies for EVD was conducted in the Democratic
Republic of Congo. The researchers evaluated the safety and effi-
cacy of the triple monoclonal antibody ZMapp (the control group),
the antiviral agent remdesivir, the single monoclonal antibody
MAb114, and the triple monoclonal antibody REGN-EB3 in 681 EVD
carriers through the Pamoja Tulinde Maisha (PALM) trial. All four
agents used in the trial were administered intravenously. The pri-
mary end point was the fatality rate after 28 days, and the minor
end point was the time from enrolment to the time when the Ebola
nucleic acid test results became negative.

The results showed that the case fatality rate of the patients in
the remdesivir group was 53%, which was significantly higher than
those in the MAb114 (35%) and REGN-EB3 groups (33%) and higher
than that in the ZMapp control group (49%) [32]. The median viral
nucleic acid negative conversion time in the MAb114 (16 days) and
REGN-EB3 groups (15 days) was shorter than that in the ZMapp
group (27 days). Because the case fatality rate of the remdesivir
group was higher than 50%, the median viral nucleic acid negative
conversion time might be longer than 28 days. The results sug-
gested that the anti-EBOV efficacy of remdesivir did not meet ex-
pectations, thus, an in-depth study on the treatment of EVD with
remdesivir has not been performed.

7.2. COVID-19

7.2.1. Phase II trial
The U.S. National Institute of Allergy and Infectious Diseases

(NIAID) has initiated a phase II [NCT04280705] trial of remdesivir.
This study is an adaptive, randomized, double-blind, placebo-
controlled trial that aims to evaluate the safety and efficacy of
remdesivir in hospitalized adult patients diagnosed with SARS-
CoV-2 infection. The study is also a multicentre trial that will be
conducted at up to 50 sites worldwide. The participants were
assigned 1:1 to receive either placebo or remdesivir. The regimen
involves the intravenous administration of 200mg of remdesivir on
Day 1 followed by amaintenance regimen of 100mg per day during
the 10-day course of hospitalization. This study is expected to end
on April 1, 2023.
7.2.2. SOLIDARITY trial (phase II/III trial)
The World Health Organization (WHO) has developed a master

protocol for COVID-19 clinical trials in an effort to standardize the
design of clinical trials conducted around the world such that re-
searchers can compile data obtained from different clinical trials
and obtain clearer and stronger evidence. On March 19, the WHO
announced that it and its partners will jointly launch a large-scale
global clinical trial, called the SOLIDARITY trial, to evaluate the
clinical efficacy and safety of different investigational therapeutics
in hospitalized patients with COVID-19. The SOLIDARITY trial is a
global, multi-arm, randomized, controlled, adaptive design clinical
trial that included a control group and four treatment groups. The
patients in the control group will receive the standard of care (SoC)
in their country, and the patients belonging to the other four
treatment groups will be treated with remdesivir, LPV/RTV, LPV/
RTV-IFNb or hydroxychloroquine. Each country and hospital can
choose one or more drugs for the clinical trial according to their
own circumstances.

Oslo University Hospital joined the SOLIDARITY trial and initiated
a multicentre, adaptive, randomized, open clinical trial
[NCT04321616] to evaluate the safety and efficacy of hydroxy-
chloroquine, remdesivir and SoC in hospitalized adult patients
diagnosed with COVID-19. This trial will follow the core WHO pro-
tocol but has additional efficacy, safety and explorative endpoints.

7.2.3. Phase III trial
Gilead Sciences initiated two phase III clinical studies to eval-

uate the safety and efficacy of remdesivir in adults diagnosed with
COVID-19. These randomized, open-label, multicentre studies will
enrol approximately 1000 patients at medical centres primarily
across Asian countries and in other countries around the world
with high numbers of diagnosed patients beginning in March 2020.
The study [NCT04292899] will evaluate the safety and efficacy of
both a 5-day (200 mg of remdesivir on day 1 and 100 mg of
remdesivir on days 2, 3, 4, and 5) and a 10-day (200 mg of
remdesivir on day 1 and 100 mg on days 2e10) remdesivir dosing
regimen accompanied by SoC in patients with severe manifesta-
tions of COVID-19. Another study [NCT04292730] will utilise the
same remdesivir dosing regimens with the SoC for patients with
moderate COVID-19 manifestations and will compare this treat-
ment with SoC alone. The primary end point of both trials will be
the proportion of participants whose body temperature and oxygen
saturation return to normal levels on the 14th day, and the sec-
ondary end point will be the proportion of emergency adverse
events that lead to drug withdrawal during the study. These two
clinical trials are expected to be completed in May 2020.

In addition, Chinese health authorities have initiated two clin-
ical trials of remdesivir as a candidate drug using patients who have
been infected with SARS-CoV-2. The two studies are being coor-
dinated by the China-Japan Friendship Hospital and conducted at
multiple sites in Hubei Province. The study [NCT04257656]
recruited patients who are suffering from severe clinical manifes-
tations of COVID-19, such as difficulty breathing that requires
supplemental oxygen. The treatment plan involves a 200-mg
loading dose of remdesivir on day 1 followed by a 100-mg once-
daily maintenance dose administered IV for 9 days. Another study
[NCT04252664] includes patients with confirmed SARS-CoV-2
infection who were hospitalized but exhibited mild clinical mani-
festations and did not require any breathing support. The dosing
regimens were consistent with those used in the other study
[NCT04257656].

Additionally, the Institut National de la Sant�e Et de la Recherche
M�edicale (INSERM) in France initiated a study [NCT04321616]
evaluating remdesivir and other potential treatments on March 20,
2020, using the master protocol developed by the WHO. COVID-19
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patients will be randomized among four treatment arms, and each
treatment will be administered in addition to the usual SoC in the
participating hospital. The treatment drugs will include remdesivir,
LPV/RTV, LPV/RTV-IFNb and hydroxychloroquine, and the primary
endpoint will be the subject’s clinical status (on a 7-point ordinal
scale) at day 15.

7.2.4. Studies of adverse events
The outbreak of COVID-19 encouraged the initiation of several

clinical trials and treatment experiments worldwide. Groupe Hos-
pitalier Pitie-Salpetriere initiated a clinical trial [NCT04314817] of
adverse events related to the treatments used to treat COVID-19
since March 17, 2020. This study investigates the reports of
adverse events related to the molecules used for treatment, which
include but are not limited to LPV/RTV, chloroquine, azithromycin,
remdesivir and IFNb.

7.2.5. Expanded access studies
The U.S. Army Medical Research and Development Command

initiated an expanded access study of remdesivir [NCT04302766]
following the U.S. Food and Drug Administration’s (FDA) rapid re-
view and acceptance of Gilead Sciences’ investigational new drug
(IND) filing on March 10, 2020. Subsequently, Gilead Sciences also
initiated an expanded access trial of remdesivir for the treatment of
SARS-CoV-2 infection on March 27 [NCT04323761]. The primary
intent of these expanded access studies is to provide treatment for
COVID-19 patients rather than to collect data about remdesivir.
Patients who cannot participate in a clinical trial of remdesivir but
have severe COVID-19may benefit from treatment with remdesivir.

8. Future perspectives

The clinical trials of remdesivir have attracted worldwide
attention. On March 12, 2020, S.A. Kujawski and colleagues first
released a small sample clinical report on medRxiv.org [106], and
this report describes the epidemiological and clinical course and
virological characteristics of the first twelve COVID-19 patients
diagnosed in the United States. All the patients experience good
prognosis and were declared cured or improving. Three of the
twelve patients were treated with remdesivir combined with an-
tibiotics on days 7e10, 11e15, or 11e20 and exhibited improved
respiratory symptoms. However, the patients who received
remdesivir experienced gastrointestinal side effects. F.-X. Lescure
et al. [43] reported the relevant characteristics of the first
confirmed cases of COVID-19 in Europe, and three of the patients
were treated with remdesivir. During their treatment, these pa-
tients experienced varying degrees of viral load declines accom-
panied by an elevation in the alanine aminotransferase level and a
rash. However, no conclusions could be drawn on the potential
efficacy of remdesivir on the treatment of SARS-CoV-2 infections,
and whether this adverse event is related to remdesivir remains
unclear.

J. Grein et al. [42] reported that the majority of patients with
severe coronavirus symptoms treated with remdesivir showed
clinical improvement in a compassionate use trial. specifically, in
this cohort of patients, clinical improvement was observed in 36 of
53 patients (68%), and seven patients (13%) died. The most common
adverse events were increased hepatic enzymes, diarrhoea, rash,
renal impairment, and hypotension. These compassionate-use data
have some limitations but are of great significance to patients who
have achieved symptom improvement.

Unlike general antiviral drugs, such as oseltamivir, which are
more effective at the early stage of viral infection, a recent study
demonstrated that remdesivir could also be effective for the treat-
ment of COVID-19 patients with severe clinical symptoms [44].
In addition, two phase III clinical trials of remdesivir led by Chi-
nese health authorities are targeting mainly severe COVID-19 adult
cases [NCT04257656, NCT04252664], and the results are expected to
be disclosed on April 27th, 2020. However, because the epidemic of
COVID-19 has recently been well controlled in China, no more
eligible patients could be enrolled. As a result, these two clinical
studies have been suspended. The clinical results of the severe group
[107] showed that the treatmentwith remdesivir did not shorten the
duration of illness or reduce mortality from COVID-19 compared
with the placebo in hospitalized patients in the trial. However, while
not statistically significant, analysis of the pre-specified secondary
outcomes found that the time to clinical improvement and the
duration of invasive mechanical ventilation were shorter in people
who were treated with remdesivir within 10 days of showing
symptoms compared with the durations in people who received
standard care. In summary, the true effectiveness of the antiviral
drug remdesivir remains unclear, and future studies of remdesivir
are needed to better understand its potential effectiveness.

In addition, it was reported that the phase trial [NCT04280705]
of remdesivir for the treatment of COVID-19 initiated by the NIAID
has obtained promising data, and the trial has met its primary
endpoint. Meanwhile, Gilead Sciences announced positive results
from the phase III trial [NCT04292899] evaluating 5-day and 10-day
dosing durations of remdesivir in hospitalized patients with severe
COVID-19. The study demonstrated that patients receiving a 10-day
treatment course of remdesivir achieved similar improvements in
clinical status compared with those taking a 5-day treatment
course (odds ratio: 0.75 [95% CI 0.51e1.12] on day 14).

Recently, due to the public health emergency, the FDA has
granted an emergency use authorization (EUA) for the investiga-
tional antiviral remdesivir for the treatment of hospitalized pa-
tients with severe COVID-19 in the United States. Subsequently, the
JapaneseMinistry of Health, Labour andWelfare granted regulatory
approval of remdesivir as a treatment for SARS-CoV-2 infection,
through an exceptional approval pathway. These approvals are
based on clinical data from the NIAID’s global phase trial, Gilead
Sciences’ phase III trial in patients with severe COVID-19, and the
available data from the compassionate use program. In addition,
multiple additional clinical trials are ongoing to generatemore data
on the safety and efficacy of remdesivir as a treatment for COVID-
19.

The present review provides a comprehensive summary of the
available information related to the development and clinical trials
of remdesivir. It is undeniable that the development of effective
anti-SARS-CoV-2 drugs over a short period of time faces substantial
challenges and unknown risks. However, R&D and clinical trials of
other drugs in addition to the promising antiviral candidate drug
remdesivir are also progressing in parallel. Researchers from sci-
entific research institutions and pharmaceutical companies as well
as front-line physicians should strengthen their cooperation to
jointly promote the pharmaceutical, preclinical and clinical trials of
relevant anti-coronavirus drugs.
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