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a  b  s  t  r  a  c  t

The  management  of SARS-CoV-2  has  not  yet  been  clearly  determined  and  is  based  on  potential  therapies
evaluated  during  the SARS-CoV  and  MERS-CoV  outbreaks.  An  emerging  potential  therapeutic  approach
currently  being  evaluated  in  numerous  clinical  trials  is  the  remdesivir  agent,  which  acts  on COVID-19
by  interfering  with  key  steps  in  the  virus  replication  cycle.  It is  considered  a  therapeutic  option  to  be
evaluated  against  COVID-19,  based  on data  on  its  in  vitro  and  in  vivo activity  against  MERS-CoV  and
COVID-19
Remdesivir
Clinical tests

SARS-CoV  coronaviruses.
In  this  work,  we  provide  an  overview  of  remdesivir’s  discovery,  mechanism  of  action,  and  the  current

studies  exploring  its  clinical  effectiveness.  Recommendations  for  its  use  against  COVID-19  infection  are
also summarized.

© 2021  Published  by Elsevier  Ltd on  behalf  of King  Saud  Bin  Abdulaziz  University  for  Health  Sciences.
This  is  an  open  access  article under  the  CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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Introduction

Viral infections of the respiratory tract are one of the lead-
ing causes of human morbidity and mortality worldwide [1,2].
Among these respiratory viruses, coronaviruses, susceptible to
infect humans and animals, are ubiquitous. Since the late 1960s,
human coronaviruses have been recognized as upper respiratory
tract pathogens associated with benign conditions, such as the

acute respiratory syndrome (SARS), MERS-CoV, that of the Mid-
dle East respiratory syndrome [7–11] and COVID-19 caused by a
virus called SARS-CoV-2. It appears to have first emerged in Wuhan,
China, in late 2019. The outbreak has since spread across China to
other countries around the world. By the end of January, the new
coronavirus had been declared a public health emergency of inter-
national concern by the WHO  and it is believed that the disease has
jumped from bats to humans [12,13]. Insufficient human resources,
common cold and the respiratory tract [3–6].
More recently, three types of coronavirus have been identified

responsible for serious pneumonitis: SARS-CoV, pathogen of severe
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orous borders, as well as the lack of hygiene knowledge of the pop-
lation, are factors favouring the spread of the disease. Despite the
ignificant progress made since the beginning of the epidemic, the

ontrol of COVID-19 remains a major challenge for governments
nd members of the international community.

Indeed, it appears very urgent to develop new molecular tools
hat will make it possible to verify the suspected medical implica-
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tion of COVID-19, then to envisage prevention and treatment. As
of July 29, 2020, more than 16 558 289 confirmed cases have been
identified internationally of which 738 344 cases in Africa, 8 840
524 cases in Americas, 1 507 734 cases Eastern Mediterranean, 3
283 277cases in Europe, 1 892 056 cases in South-East Asia, and
295 613 cases in Western Pacific [14]. More than 528 204 deaths
associated with COVID-19 have been reported, making COVID-19 a
major health emergency [14]. Through great efforts, mainly based
on strict containment measures, China managed to emerge from
the first wave of the epidemic at the beginning of April 2020, when
social order slowly returned to normality. While different precau-
tionary measures have been taken at the national level in the EU
to limit and monitor the entry of potential cases of COVID-19 from
China, before the end of February the first symptomatic cases were
reported in a number of EU countries, such as Italy, Spain, Germany
and, some weeks later, in the UK.

Currently, antiviral drugs are being evaluated as potential
treatments for COVID-19. Indeed, repositioning substances with
historical antiviral activity is a promising avenue for finding an
effective treatment for COVID-19 infection. In this context, stud-
ies published in the literature have emphasized the effectiveness
of many drugs, in particular: ribavirin, penciclovir, nitazoxanide,
nafamostat, chloroquine, remdesivir (RDV, GS-5734) and favipi-
ravir (T-705) [15]. In addition, WHO  has called for more complex
clinical studies on the effect of molecules with apparent antiviral
properties such as RDV [16]. It has been suggested that RDV may
be an option of choice to inhibit COVID-19 [17].

In this study, we will give an overview of remdesivir (RDV,
GS-5734) and its antiviral activities against Ebola virus. Recommen-
dations for its use against COVID-19 infection are also summarized.

Structure and pharmacokinetics of remdesivir

RDV is a prodrug of nucleoside analogs, which can be metab-
olized in cells to adenosine triphosphate analogs that inhibit viral
RNA polymerase. Remdesivir has broad-spectrum activity against
members of several families of viruses, including filoviruses (e.g.
Ebola virus) and coronaviruses (e.g. SARS-CoV and Middle East
Respiratory Syndrome Coronavirus [MERSCoV]). It is essentially a
modified version of the natural component of adenosine which
is essential for DNA and RNA. The active form of RDV contains
three phosphate groups; it is this form that is recognized by the
virus’s RNA polymerase enzyme. Once RDV is incorporated into the
RNA growth chain, the presence of carbon-nitrogen (CN) groups
can cause the sugar to bend, which in turn distorts the shape of
the RNA chain. Therefore, only three additional nucleotides can be
added. This stops the production of RNA strands and eventually
interrupts virus replication. The main structural feature that distin-
guishes RDV from adenosine is the modification of specific chemical
bonds on the molecule. Instead of joining a carbon and a nitrogen
atom, the chemist replaces the nitrogen with another carbon to
form a carbon-carbon bond. This is essential to the success of this
drug because the coronavirus has a special enzyme that can rec-
ognize and eliminate artificial nucleosides. However, by modifying
the chemical bond, the RDV cannot be removed by the enzyme, so it
remains in the growing chain and prevents replication (Scheme 1).

In 2017, it was synthesized by the team of Dustin Siegel et al.
for the treatment of the Ebola virus during the 2013–2016 epi-
demic in West Africa [18]. Antiviral activity was also subsequently
demonstrated against other single-stranded RNA viruses: Marburg
virus, SARS-CoV, MERS-CoV, and paramyxoviruses (e.g. respiratory
syncytial virus, Nipah virus, and Hendra virus) [11,18–22].
To use RDV, a loading dose (200 mg  for adults, adjusted for
child weight) should be injected intravenously on the first day, fol-
lowed by a daily maintenance dose (100 mg  for adults) for up to
10 days. In non-human primates, daily administration of 10 mg/kg
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Scheme 1. Chemical structure of remdesivir.

DV results in a shorter plasma half-life of the prodrug (t1/2 = 0.39
), but intracellular levels of the triphosphate form persist [23].

The effectiveness of RDV against SARS-CoV-2 and related coro-
aviruses was  confirmed in vitro and preclinical in vivo animal
odels. These include a recent in vitro study evaluating antivi-

al activity against SARS-CoV-2. An IC50 of 770 nM and an IC90 of
760 nM (with a cytotoxic concentration >100 mM)  were demon-
trated in this study [15]. In addition, Sheahan et al. and Wit  et al.
ave demonstrated the in vivo efficacy of remdesivir in inhibit-

ng viral replication and reducing virus-related pathology against
elated coronaviruses [24,25]. These findings, along with the safety
rofile of remdesivir in the clinical trial assessment against EBOV
26], support the evaluation of remdesivir as a potential therapeutic
rug for repurposing against the SARS-CoV-2 pandemic.

In a non-fatal rhesus monkey model of SARS-CoV-2 infection,
arly administration of RDVs was  shown to result in significant
ntiviral and clinical effects (reduced pulmonary infiltrates and
irus titers in bronchoalveolar washings compared to vehicle alone)
27].

A study by Wang et al. showed that RDV was  well tolerated
nd no new safety issues were identified. The overall proportion
f patients with serious adverse events tended to be lower in
atients receiving remdesivir than in placebo recipients [28]. How-
ver, the researchers found that a greater proportion of patients
ho received RDV than those who received placebo were discon-

inued prematurely by the investigators due to adverse events,
ncluding gastrointestinal symptoms (anorexia, nausea, and vom-
ting), increased aminotransferases or bilirubin, and deterioration
f cardiopulmonary status.

It is currently in clinical development for the treatment of Ebola
irus infection [26]. Indeed, it can reach persistent levels of its form
n the bloodstream concomitantly [21].

Research studies, published in the literature, have demonstrated
he antiviral activity of RDV on various viruses of the coronavirus
amily. They confirmed in vitro activity, including epithelial cell cul-
ures in human respiratory tract. In addition, these results extend
he spectrum of in vitro antiviral activity of RDV to infectious coro-
aviruses [22]. Furthermore, RDV can reduce the viral load in the

ungs and improve the clinical signs of the disease as well as respi-
atory function. These data encourage the use of this drug against
erious human coronavirus infections [21].

RDV has shown better results in controlling SARS-CoV-2 infec-
ion (EC50 = 0.77 �M)  compared to other antivirals such as; ribavirin
EC50 = 109.5 �M),  penciclovir (EC50 = 95.96 �M),  nitazoxanide
EC50 = 2.12 �M),  chloroquine (EC50 = 1.13 �M),  hydroxychloro-

uine (EC50 = 0.77 �M)  and favipiravir (EC50 = 61.9 �M)  [15].
hese results are encouraging to evaluate RDV for patients infected
ith COVID-19. Although there is no approved antiviral treatment

or the treatment of coronavirus infections, the preclinical data
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Fig. 1. SARS-CoV-2 genome and RNA-dependent RNA polymerase structure and me

obtained from the use of RDV are promising [25]. These antiviral
effects in vitro have raised much hope to use this drug against many
viral infections including COVID-19 [29–31].

Mechanism of action of remdesivir

Recently, Calvin Gordon et al. [32] using polymerase enzymes
from the coronavirus that causes MERS, found that the enzymes can
incorporate RDV, which resembles an RNA building block, into new
RNA strands. Very shortly after the addition of RDV, the enzyme
ceases to be able to add other RNA subunits resulting in a halt in
the replication of the genome [32].

Another work [33] reported that the efficacy of the viral RNA-
dependent RNA polymerase has been shown by enzyme kinetics to
effectively incorporate the active triphosphate form of RDV (RDV-
TP) into the RNA. The scientists hypothesize that this might happen
because RNA containing RDV takes on a strange shape that doesn’t
fit into the enzyme. To find out for certain, structural data on
the enzyme and the newly synthesized RNA should be collected.
This data could also help researchers design future drugs with
even greater polymerase activity [32]. Based on studies conducted
on the Ebola virus, RDV was found to inhibit the action of the
RNA-dependent RNA polymerase, causing the lengthening of the
synthesized chain (Fig. 1).
Remdesivir in treating COVID-19

There is no recognized treatment for COVID-19. However, man-
agement of severe cases consists of intensive palliative care to

b
1
T

657
sm of action of remdesivir according to [34]. (Created with “BioRender.com”).

aintain kidney function and electrolyte balance while limiting
leeding and shock [29–31]. Recently, remdesivir (RDV, GS-5734)
as been shown to have very positive activity against COVID-
9 infection, as evidenced by clinical trials in infected patients
15,35,36]. Note that RDV is 74% eliminated in the urine and 18%
liminated in the feces [37]. 49% of the recovered dose is in the
orm of the metabolite GS-441524 (Scheme 2), and 10% is recov-
red as the unmetabolized parent compound [37]. GS-441524,
redominant metabolite of RDV and superior to Remdesivir against
ovid-19, shows comparable efficacy in cell-based models of pri-
ary human lung and cat cells infected with coronavirus. In vitro

tudy in simian or human cells with the coronavirus strain SARS-
oV-2 (COVID-19) indicates that RDV potentially blocks viral

nfection after the virus enters the cell.
RDV has a higher selectivity index (SI) > 129.87 in simian cells

hen compared to other nucleoside analogs including ribavirin SI
 3.65), penciclovir SI > 4.17) and favipiravir SI > 6.46) [15].

Publications for inpatients with COVID-19 who  received RDV
ia compassionate access devices have been published [29–31].
ndeed, Grein et al. showed that for a group of 53 patients
ospitalized for COVID-19 and who were treated with RDV for com-
assionate use, clinical improvement was observed in 36 patients
or the most part over a period of 10 days. Approval of the efficacy
f this drug will require continuous randomization, site-controlled
rials of treatment with RDV [29].
A publication by Holshue et al. reports on a case that was treated
y the RDV on the 11th day of his illness and then improved on the
2th day (oxygenation stopped and oxygen saturation 96%) [30].
hese results, therefore, require in-depth studies and clinical tests
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Scheme 2. Structure of remdesivir (B) and its prec

to achieve definite results. Furthermore, Lescure et al. prescribe
indications for using RDV as a treatment for COVID-19 depending
on the worsening of the infection [31]. This study relates to a series
of 5 cases, 3 of which received at least one dose of RDV. In two
patients, treatment took place at the time of the worsening of the
disease. In one of them, the RDV was stopped after 5 days. In the
third patient, RDV was discontinued after a single dose due to renal

replacement therapy to prevent accumulation of cyclodextrin. This
research group considered that RDV may  be the best potential drug
for the treatment of COVID-19 infection. The loading dose of 200 mg
has been indicated for patients with severe intravenous infection.

i
p
w

Table 1
Published primary studies on the use of remdesivir against coronaviruses: case series and

Author name study settings Type of study Infection classes Stu

Brown et al. United States Cohort series human endemic and
zoonotic
deltacoronaviruses

und
RD
and

Sheahan et al. United States Cohort series epidemic and zoonotic
coronaviruses

Eva
and
GS-
div
zoo

Grein et al. United States – MERS-CoV com
the
wit
LPV

658
s (A) and metabolites (C) derived from Drugbank.

Another study carried out by the Hillaker team, tracks the treat-
ent of a single patient on day 13 of his illness [38]. At the time

f RDV administration, the patient was in the intensive care unit,
nder intubation, and treated with hydroxychloroquine. Forty-
ight hours after treatment, the patient’s condition had improved.
he patient was incubated 60 h after treatment and was  able to
reathe in ambient air 24 h later.
On the other hand, Manli Wang et al. suggesting that it’s work-
ng concentration will probably be reached in non-human models
rimate (PSN) [15]. In addition, the assay showed that this drug
orks at a later stage of entry of the virus, which is consistent

 cohort series.

dy design Concluding remarks References

erstand the spectrum of
V efficacy among human

 zoonotic Coronavirus

-RDV inhibits endemic human
coronavirus 229E and OC43
and a member of the
deltacoronavirus genus,
PDCoV, which have the most
divergent RdRp of known
coronaviruses compared to
SARS and MERS CoVs. -RDV as
a potential antiviral for current
endemic and epidemic
coronavirus as well as future
emerging coronavirus

[22]

luate the antiviral potency
 extent of activity of
5734 (RDV) against a
erse panel of human and
notic coronaviruses.

-RDV may  prove effective
against endemic MERS
coronavirus in the Middle East,
circulating human CoV, and,
possibly most importantly,
emerging CoV of the future

[11]

pare the prophylactic and
rapeutic efficacy of RDV
h the combination of
/RTV and IFNb

-RDV may  improve disease
outcomes in coronavirus
-infected patients, serve to
protect health care workers in
areas with endemic MERS-CoV
and prove valuable in
preventing future epidemics in
the event of novel coronavirus
emergence in the future.

[25]
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Table  1 (Continued)

Author name study settings Type of study Infection classes Study design Concluding remarks References

Gordon et al. Canada Cohort series COVID-19 compassionate-use basis to
patients hospitalized with
Covid-19, the illness caused by
infection with SARS-CoV-2.
Patients were those with
confirmed SARS-CoV-2
infection who  had an oxygen
saturation of 94% or less while
they were breathing ambient
air or who were receiving
oxygen support

- RDV may have clinical benefit
in patients with severe
Covid-19. - The type of
supportive care (e.g.,
concomitant medications or
variations in ventilatory
practices) and differences in
institutional treatment
protocols and hospitalization
thresholds may impact on
outcomes.-

[29]

Agostini  et al. United states Cohort series human CoV Asses the efficacy of the
nucleotide prodrug remdesivir
(GS-5734) to include a group
�-2a CoV

- RDV is highly active against
coronaviruses and that there is
a  high genetic barrier to
achieve resistance. - potential
novel determinants of
polymerase function and
nucleotide selectivity or
fidelity that will guide future
structure-function and
biochemical studies of the
polymerase and RDV
mechanism are identified. -
RDV demonstrate its potential
utility in the broad-spectrum
treatment of coronavirus
infections.

[21]

Zhong  et al. Beijing, China – 2019-nCoVs Measurement of the effects of
these compounds on the
cytotoxicity, virus yield and
infe

-RDV is highly effective in the
control of 2019-nCoV infection
in vitro

[15]
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Abbreviations: PDCoV, Porcine deltacoronavirus; LPV, Lopinavir; RTV, Ritonavir; IFN

with its putative antiviral mechanism as a nucleotide analog. This
research team has thus shown that RDV effectively inhibits viral
infection in a human cell line which is sensitive to COVID-19 [39].
In general, the remedy indicated for compassionate use has been
based on the worsening of the clinical condition of the patient
infected with COVID-19. Controlled clinical trials are required to
determine the safety and efficacy of RDV and any other investiga-
tional agents for the treatment of patients with COVID-19 infection
[40].

Recently, the efficacy of RDV has been the subject of scientific
debate. In fact, in the United States, the preliminary results of a
clinical trial for a thousand patients showed that RDV had helped
hospital patients to recover 31% faster [41–43]. The mortality in the
RDV group was 8% compared to 11.6% in the control group. The Food
and Drug Administration (FAD) has given permission to hospitals
in the United States to provide resuscitation to patients in intensive
care [44].

On the other hand, Chinese researchers are also conducting a
study on the efficacy of RDV. The data obtained is not encouraging.
RDV has no significant effect on patients infected with COVID-19
since this study is conducted on a small number of patients [28]. In
the majority of the published research, the authors indicated that
the results of studies on the use of RDV in the treatment of COVID-
19 are limited by the small size of the group, the short duration
of follow-up, the potentially missing data due to the nature of the
program, the lack of information on patients treated at baseline and
the absence of a randomized control group.

Other potential candidates are the subject of clinical studies
for COVID-19 disease, including chloroquine, hydroxychloroquine,
and the combination lopinavir/ritonavir. However, since the phar-
macodynamics rational is more limited, it is not possible to draw

up a formal opinion pending the results of clinical studies. Table 1
summarize published primary studies on the use of antiviral RDV
against coronaviruses

659
ction rates of 2019-nCoVs.

. Recombinant human interferon beta.

onclusion

RDV is beneficial for COVID-19 treatment but uncertain on very
imited preclinical data (degree of low certainty), a priori good secu-
ity profile. The majority of clinical practice trials report that there
s currently insufficient evidence to recommend a specific treat-

ent for subjects with COVID-19. In fact, any treatment should be
dministered as part of a randomized controlled trial. In the con-
ext of health emergencies, the researchers recommend, however,
o use different molecules alone or in combination. To this end,
DV, which presents a broad spectrum of activities against SARS-
oV2, and MERS-CoV, is now recommended as a potential drug for
OVID-19.
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