
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Biochemical Pharmacology 193 (2021) 114800

Available online 19 October 2021
0006-2952/© 2021 Elsevier Inc. All rights reserved.

Review 

Remdesivir: Quo vadis?☆ 

Erik De Clercq 
KU Leuven, Department of Microbiology, Immunology & Transplantation, Rega Institute for Medical Research, Herestraat 49, 3000 Leuven, Belgium   

A R T I C L E  I N F O   

Keywords: 
Covid-19 
SARS-CoV-2 
RdRp 
Chain terminator 

A B S T R A C T   

Remdesivir (GS-5734, Veklury®) has remained the only antiviral drug formally approved by the US FDA for the 
treatment of Covid-19 (SARS-CoV-2 infection). Its key structural features are the fact that it is a C-nucleoside 
(adenosine) analogue, contains a 1′-cyano function, and could be considered as a ProTide based on the presence 
of a phosphoramidate group. Its antiviral spectrum and activity in animal models have been well established and 
so has been its molecular mode of action as a delayed chain terminator of the viral RdRp (RNA-dependent RNA 
polymerase). Its clinical efficacy has been evaluated, but needs to be optimized with regard to timing, dosage and 
duration of treatment, and route of administration. Safety, toxicity and pharmacokinetics need to be further 
addressed, and so are its potential combinations with other drugs such as corticosteroids (i.e. dexamethasone) 
and ribavirin.   

1. Introduction 

More than a year after the disease had been originally recognized, on 
May 1, 2020, Remdesivir got its Emergency Use Authorization (EUA) 
from the US Food and Drug Administration (FDA), to allow its use for the 
treatment of Covid-19 (SARS-CoV-2 infection) in adult and pediatric 
patients hospitalized with severe disease [1], the clinical use of the drug 
(marketed as Veklury®) has followed the path of a roller coaster. The 
scope of the EUA was expanded on August 28, 2020 and, again, on 
October 22, 2020 to approve its use in adults and pediatric patients (12 
years of age or older) [1]. Yet, the enthusiasm in using Remdesivir was 
dampened by the World Health Organization (WHO) Solidarity Trial 
[2], as echoed in the editorial of Science [3]. 

Milestones in the discovery of Remdesivir (GS-5734) leading to its 
use in the treatment of Covid-19 are depicted in Fig. 1 [4]. 

2. Chemical structure 

In reviewing the milestones (Fig. 1) in the discovery of Remdesivir, 
Malin et al. [4] did not mention the paper of Cho et al. [5]. Yet, this was 
the first paper where the parent compound (GS-441524) of Remdesivir 
was mentioned. GS-441524 was even found superior to Remdesivir for 
Covid-19 treatment [6]. 

When analyzing the chemical structure of Remdesivir (GS-5734, 
Veklury®) (Fig. 2) the following structural determinants could be 

considered as essential: (1) the heterocyclic part analogous to adenine, 
allowing hydrogen bonding [i.e. base pairing with uracil in its inhibitory 
effect on the RdRp (RNA-dependent RNA polymerase level)]; (2) the fact 
that GS-5734 is a C-nucleoside, thus imparting protection from phos-
phorylating cleavage at the HN-C linkage; (3) the presence of a 1′-CN 
group; (4) the ribosyl moiety ensuing inhibition of RNA (instead of DNA) 
synthesis, and (5) the presence of a phosphoramidate group, contrib-
uting to its tissue targeting (i.e. lung epithelial cells). The 1′-CN group is 
the most intriguing structural determinant. It was already highlighted in 
the original paper [4], and again emphasized in later studies on the 
mechanism of action of Remdesivir, i.e. its interaction with the SARS- 
CoV-2 RdRp [7,8]. 

3. Chemical synthesis 

Like other ProTide prodrugs, Remdesivir contains a chiral phos-
phorus center; therefore, a novel chemoenzymatic strategy has been 
developed to enable the synthesis of the pure (Rp)-diastereomer of 
Remdesivir [9]. Other attempts towards a practical approach of the 
chemical synthesis of Remdesivir have been published by Xie et al. [10] 
and Wang et al. [11]. A facile, one-pot chemical synthesis that offers an 
excellent opportunity for industrial production of Remdesivir, stems 
from Gannedi et al. [12]. 
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4. Antiviral activity spectrum 

Remdesivir owes its activity against SARS-CoV-2 to its interaction 
with the viral RNA-dependent RNA polymerase (RdRp) (see below). This 
also explains why Remdesivir is not only active against SARS-CoV-2 but 
also zoonotic coronaviruses with a highly divergent RdRp [13,14]. 

Remdesivir can efficiently inhibit RdRps from various flaviviruses, 
such as Yellow fever, West Nile fever, Japanese encephalitis, Tick-borne 
encephalitis, Zika and Dengue [15], and, besides Ebola, novel filoviruses 
(i.e. Lloviu and Bombali) [16]. Most importantly, the antiviral activity of 
Remdesivir was found to extend to Respiratory Syncytial Virus (RSV), 
even in vivo (African Green Monkey model) and, again the 1′-CN group 
was found to be essential for this antiviral effect [17]. 

5. Mechanism of action 

Several studies have pointed to the RdRp as the molecular target of 
action of Remdesivir [18]. The importance of the 1′-CN group in delayed 
chain termination was highlighted by Shannon et al. [19]. Remdesivir 
would be a better substrate than ATP for the viral RdRp [20]. It would be 
covalently incorporated into the primer strand “at the first replicated 
base pair” and thereby terminate chain elongation [21]. 

That Remdesivir might be a delayed chain terminator was again 
hypothesized by Wang et al. [22]: primer extension would be paused 
when the added Remdesivir monophosphate (RMP) is translocated at 
the i + 3 position (with i being the nascent base pair at the initial 
insertion site of RMP). Delayed RNA chain termination was again sug-
gested by Götte and co-workers [23]: once incorporated at position i, the 
inhibitor caused RNA synthesis arrest at position i + 3. This mechanism 
of chain termination originally proposed for the MERS viral RdRp was 
then reiterated for SARS-CoV-2 RdRp [24]. A second mechanism of ac-
tion was postulated, whereby the efficiency of incorporation of the 
complimentary UTP opposite template RMP would be compromised 
[25]. 

Remdesivir could be viewed as a delayed translocation inhibitor of 

the SARS-CoV-2 RdRp (Fig. 3). Blocking of the translocation occurs after 
the incorporation of the fourth RMP. This leads to a stalling of the 
polymerization process and is due to a steric clash between the 1′-cyano 
group of RMP and the protein (RdRp) [26]. That the SARS-CoV-2 RdRp 
is stalled by Remdesivir after the addition of three more nucleotides 
(which means that it is blocked only by the addition of the fourth RMP) 
has also been suggested by Kokic et al. [27]. The SARS-CoV-2 RdRp 
Nsp12 has also a unique nidovirus RdRp-associated nucleotidyl trans-
ferase (NiRAN) domain that transfers nucleoside monophosphates to the 
Nsp9 protein and the nascent RNA. Remdesivir may also interfere with 
the allosteric activation of NiRAN [28]. 

6. Metabolism 

Remdesivir (GS-5734) is taken up by the target cells (Fig. 4) and first 
hydrolyzed by hydrolases [Cathepsin A (CatA), carboxylesterase 1 
(CES1)] to its alanine intermediate Met X (GS-704277), which is further 
hydrolyzed to the monophosphate form by histidine triad nucleotide- 
binding protein 1 (HINT1). The monophosphate is then consecutively 
phosphorylated to the di- and triphosphate by cellular 

Fig. 1. Abbreviations 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; RCT, randomized controlled clinical trial; mAB, monoclonal antibody. Figure taken from Malin 
et al. [4]. 

Fig. 2. Chemical structure of Remdesivir (GS-5734, Veklury®).  

Fig. 3. Chain termination at RdRp level by Remdesivir. Figure taken from 
Bravo et al. [26]. 
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phosphotransferases. The picture for the intracellular processing of 
Remdesivir (GS-5734) (modified) is taken from Santoro and Carafoli 
[29]. Li and co-workers [30] assumed that Remdesivir is sufficiently 
taken up by the lung cells to enable efficient intracellular metabolism of 
Remdesivir and Met X to its monophosphate and successive phosphor-
ylation to its active triphosphate metabolite GS-443902. 

7. Animal model infections 

Prophylactic Remdesivir administration initiated 24 h prior to 
MERS-CoV infection in rhesus macaques completely prevented the dis-
ease, and even when treatment was initiated 12 h post-inoculation it 
provided a clear clinical benefit accompanied by a reduction of virus 
replication in the lungs [31]. This benefit was confirmed with Remde-
sivir treatment initiated early after infection of rhesus macaques with 
SARS-CoV-2, suggesting that clinical benefit with Remdesivir treatment 
may be expected if started (as) early (as possible) after Covid-19 infec-
tion in human patients [32]. Similarly, Remdesivir has proved effica-
cious in cynomolgus macaques infected with the filovirus Marburg when 
treatment was initiated 5 days post virus inoculation [33]. 

GS-441524, the active metabolite of Remdesivir has been found to 
inhibit SARS-CoV-2 infection in murine models [34], without notable 
toxicity. Remarkably, GS-441524 was accredited as a promising inex-
pensive drug candidate for treating Covid-19 and other CoV diseases. It 
is anticipated that following its uptake by the cells it is readily converted 
to its monophosphate (indicated by nucleoside monophosphate in 
Fig. 4) and subsequently to its triphosphate before targeting the RdRp. 

8. Clinical efficacy 

That Remdesivir would be efficacious in the treatment of Covid-19 
was first reported by Grein et al. [35] on 10 April 2020. They 
observed clinical improvement in 36 of 53 patients (68%). Then, on 29 

April 2020, a randomized, double-blind, placebo-controlled, multi- 
centered trial revealed that Remdesivir was not associated with statis-
tically significant clinical benefits [36]. Then, on 22 May 2020, Beigel 
et al. [37] stated that Remdesivir would be superior to placebo in 
shortening the time to recovery in adults hospitalized with Covid-19. 

Among hospitalized adults with severe Covid-19, Remdesivir may 
shorten the time to clinical improvement [38], and this faster time to 
recovery and survival may be observed particularly following early 
treatment [39]. 

Goldman et al. [40] in their article published on May 27, 2020, did 
not observe a significant difference between a 5-day course and a 10-day 
course of Remdesivir in patients with severe Covid-19. Jiang et al. [41] 
reported a significantly higher rate of clinical improvement with a 5-day 
course of Remdesivir compared to the 10-day course. However, it was 
not translated into 14-day mortality benefit [42]. 

According to Kaka et al. [43], in patients not receiving ventilation, a 
5-day course may provide greater benefits (with lower drug costs) than a 
10-day Remdesivir course. Overall, in their final report, where Remde-
sivir was administered at a 200 mg loading dose on day 1, followed by 
100 mg daily for up to 9 additional days, or placebo, for up to 10 days, 
Beigel et al. [37] on 8 October 2020 concluded that Remdesivir was 
superior to placebo in shortening the time to recovery in adults who 
were hospitalized with Covid-19 and had evidence of lower respiratory 
tract infection. 

Among the factors that may influence the clinical efficacy of 
Remdesivir, timing, dosage, duration of treatment and route of admin-
istration may all seem primordial. There is little doubt that Remdesivir 
treatment should be started as soon as possible [44]. The dosage is more 
critical as the currently recommended dosage [37] is assumed to be safe 
and efficacious [45]. Yet, Yan and Muller [46] suggested that the leading 
dose of 200 mg could be increased to 300 mg, followed with a mainte-
nance dose of 200 mg (instead of 100 mg) for 5 days. But, a 10-day 
course of Remdesivir may lead to a significantly higher rate of serious 

Fig. 4. Intracellular processing of Remdesivir. Figure taken from Santoro and Carafoli [29].  
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adverse effects than a 5-day course [47]. 
Remdesivir is invariably administered by the intravenous (iv) route. 

Why have other routes [subcutaneous (sc), peroral (po), and intranasal 
(in)] not been explored? Especially the latter route, for treating a res-
piratory infection, would seem attractive, if not logical. Aerosolized 
Remdesivir has been recommended [48] and the necessary technology 
for Remdesivir inhalation has been developed [49]. 

9. Safety 

Xu et al. [50] reported low potential for Remdesivir to elicit off- 
target toxicity including mitochondria-specific toxicity. In one ran-
domized controlled trial (RCT), there were more adverse events (12.5%) 
in the Remdesivir treatment group than in the placebo group (5%) [36]. 
Safety assessment of Remdesivir for Covid-19 patients, therefore, needs 
to be evaluated [51]. The compassionate use of Remdesivir in women 
with severe Covid-19 led to high recovery rates with a low rate of serious 
adverse events [52]. The compassionate use of Remdesivir in a few 
pregnant patients with Covid-19 was reported by Igbinosa et al. [53]. 
Further safety and efficacy data are directly needed to support Remde-
sivir’s use during pregnancy. 

The use of Remdesivir would not seem to be contra-indicated in 
patients with impaired renal function [54], and Remdesivir was even 
reported to alleviate acute kidney injury by inhibiting the activation of 
the NOD-, LPR- and pyrin domain-containing protein 3 inflammasome in 
macrophages [55]. 

The most characteristic side effect linked to the clinical use of 
Remdesivir and perhaps not unexpected for an adenosine analogue is 
sinus bradycardia [56], heralded by an electrocardiographic QT pro-
longation [57]. This bradycardia was confirmed in several other reports 
[58–62]. It was transient and subsided after discontinuation of Remde-
sivir treatment. 

10. Resistance 

The recently emerged variants of SARS-CoV-2 from humans suggests 
minimal pre-existing resistance to Remdesivir [63]. Remdesivir failure 
has been noted in a B-cell immunodeficient patient with persistent 
SARS-CoV-2 viremia who had a mutation (D484Y) in the RdRp. Such a 

mutation may arise in vivo following a 5-day course of Remdesivir and 
lead to treatment failure. Remdesivir targets a structurally analogous 
region of the Ebolavirus and SARS-CoV-2 RNA polymerases: a single 
mutation (F548S) in this region conferred low-level reduced suscepti-
bility to Remdesivir. Molecular surveillance of this region of the poly-
merase may seem warranted in Covid-19 patients treated with 
Remdesivir [64]. 

11. Combinations 

Combinations of Remdesivir with several entities have been initi-
ated. Combination of Remdesivir with convalescent plasma has proven 
to be beneficial in a patient with X-linked agammaglobulinemia [65] 
and did not lead to any adverse effects in a newborn with vertically 
acquired SARS-CoV-2 who developed acute respiratory failure [66]. 

Drug synergy of Remdesivir with the antifungal itraconazole and the 
antidepressant fluoxetine was reported [67], and synergistic antiviral 
effects were also reported for the combinations of Remdesivir with the 
folate antagonist methotrexate [68] and the anticancer agent gemcita-
bine [69]. Likewise, synergistic inhibition of SARS-CoV-2 replication 
was noted with the combination of Remdesivir and the Zn-ejector drugs 
disulfiram or ebselen [70]. 

Strong additive effects at subtoxic concentrations were reported for 
the combination of Remdesivir with the human soluble ACE2 (Angio-
tensin-converting enzyme 2) [71]; these data may lay the groundwork 
for the study of such regimens in future Covid-19 clinical trials. Such 
clinical trials with Remdesivir and baricitinib, a Janus kinase inhibitor, 
have already proven useful in reducing the recovery time and acceler-
ating clinical improvement among the patients with Covid-19, notably 
among those receiving high-flow oxygen or noninvasive ventilation 
[72]. 

The most widely acclaimed combination is that of Remdesivir with 
corticosteroids, i.e. dexamethasone [73]. Such combination has proven 
to be beneficial in a hamster model of SARS-CoV-2 infection [74] and 
was also found to reduce the 30-day mortality rate from 19.7% to 12.6% 
in severe Covid-19 [75]. 

When Remdesivir is combined with corticosteroids such as dexa-
methasone in the treatment of Covid-19, the crucial question is the 
timing for the administration of both components. For Remdesivir, as an 

Fig. 5. Abbreviations: COVID-19, coronavirus disease 2019; SARS CoV-2, severe acute respiratory syndrome coronavirus 2. Figure taken from Gandhi [76].  

E. De Clercq                                                                                                                                                                                                                                      



Biochemical Pharmacology 193 (2021) 114800

5

antiviral it should be administered as early as possible, but for dexa-
methasone its administration should depend on the inflammation re-
action (“cytokine storm”) and thus, in principle, fall later than the height 
of virus replication (Fig. 5) [76]. Along these lines, it is surprising that 
Garibaldi et al. [77] did not observe that Remdesivir plus corticosteroid 
administration did not reduce the time to death compared with 
Remdesivir administered alone. 

As a possible drug combination with Remdesivir, I would recom-
mend ribavirin. Ribavirin is widely considered as a broad-spectrum 
antiviral agent, but it is largely ignored as an immunosuppressant 
[78]. In this sense, it could suppress the “cytokine storm” accompanying 
Covid-19. But, unlike corticosteroids which, as their side reaction 
stimulate virus replication, ribavirin may be expected to inhibit virus 
replication and thus, as an immunosuppressive agent, it could be safely 
combined with Remdesivir. 

12. Perspectives 

Jeremy Hsu [79] wondered about the future for Remdesivir. Among 
the issues questioned by Hsu were the costs for Remdesivir. Why wasn’t 
it given in conjunction with corticosteroids? Why wasn’t it replaced by 
GS-441524 that would be easier to synthesize and manufacture and 
could be administered orally (instead of intravenously)? It is obvious 
that a combination of Remdesivir (or GS-441524) with corticosteroids (i. 
e. dexamethasone) and a comparative evaluation of GS-441524 vs 
Remdesivir belong to the highest priorities in their further development 
as antiviral drugs for SARS-CoV-2. 

But then there are several other issues, i.e. the efficacy, safety, 
tolerability and pharmacokinetics of Remdesivir (and/or GS-441524) in 
children [80]. And there are a variety of questions with regard to the 
timing and duration of treatment, the route of administration (perorally, 
subcutaneously or simply by inhalation) and the numerous possible 
drugs (repurposed or not), in addition to the corticosteroids with which 
Remdesivir (or GS-441524) could be combined. If this again would be 
multiplied by the different possibilities regarding timing, duration, and 
dosage, an astronomical number of combinations could be envisaged, 
eventually matching the number of victims suffering from SARS-CoV-2 
infection. 

13. Further information 

For further information on Remdesivir, the reader is referred to ref. 
[81] (probable molecular mechanism), ref. [82] (critical clinical 
appraisal) and ref. [83] (pharmacology, pre-clinical data, and emerging 
clinical experience). In addition, a robust SARS-CoV-2 replication model 
in primary human epithelial cells has been described that verified the 
effectiveness of Remdesivir and GS-441524 [84]. 
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