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SARS-CoV-2 RNA-dependent RNA polymerase as a therapeutic target for COVID-19
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REVIEW

Department of Medical Biotechnologies, University of Siena, Siena, Italy

ABSTRACT

Introduction: The current SARS-CoV-2 pandemic urgently demands for both prevention and treatment
strategies. RNA-dependent RNA-polymerase (RdRp), which has no counterpart in human cells, is an
excellent target for drug development. Given the time-consuming process of drug development,
repurposing drugs approved for other indications or at least successfully tested in terms of safety
and tolerability, is an attractive strategy to rapidly provide an effective medication for severe COVID-19
cases.

Areas covered: The currently available data and upcominSg studies on RdRp which can be repurposed
to halt SARS-CoV-2 replication, are reviewed.

Expert opinion: Drug repurposing and design of novel compounds are proceeding in parallel to
provide a quick response and new specific drugs, respectively. Notably, the proofreading SARS-CoV-2
exonuclease activity could limit the potential for drugs designed as immediate chain terminators and
favor the development of compounds acting through delayed termination. While vaccination is awaited
to curb the SARS-CoV-2 epidemic, even partially effective drugs from repurposing strategies can be of
help to treat severe cases of disease. Considering the high conservation of RdRp among coronaviruses,
an improved knowledge of its activity in vitro can provide useful information for drug development or
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drug repurposing to combat SARS-CoV-2 as well as future pandemics.

1. Introduction

Coronaviruses are positive sense, single-stranded, enveloped
RNA viruses with a propensity to cross species barriers and
causing disease in humans and animals [1]. In the past two
decades, two zoonotic pathogenic coronaviruses belonging to
the B-coronavirus genus, caused epidemics of severe respira-
tory infection among humans, including severe acute respira-
tory syndrome coronavirus (SARS-CoV) in 2003 and Middle
East respiratory syndrome coronavirus (MERS-CoV) in 2012.
Coronavirus disease 2019 (COVID-19) is an acute respiratory
infection disease caused by a novel coronavirus (2019-nCoV,
later renamed SARS-CoV-2) which was first identified in
December 2019 in Wuhan, Hubei, China. The incidence of
COVID-19 has grown dramatically in China and the virus has
rapidly spread to more than 200 countries since late
February 2020. On 11 March 2020 the World Health
Organization declared the COVID-19 outbreak a global pan-
demic and as of 12 January 2021, over 88 million cases and
1.9 million deaths have been reported globally, with global
death-to-cases ratio 2.2%, but these numbers are still on the
rise in most countries. (https://www.who.int/emergencies/dis
eases/novel-coronavirus-2019/situation-reports).

SARS-CoV-2 virions are spherical, with a diameter of
70-100 nm conforming to the typical coronaviruses dia-
meter [2]. A prominent feature of the virion is the club-
shaped spike projections protruding from the surface of the
virion and resembling the appearance of a solar corona.

Coronaviruses have helically symmetric nucleocapsids,
which is uncommon among positive-sense RNA viruses,
but far more common for negative-sense RNA viruses [3].
The genome of SARS-CoV-2 is a single-stranded positive-
sense RNA of about 29.9 kb in length with the structure
typical of known CoVs, as shown by (i) a highly conserved
genomic organization with a large replicase gene, (ii)
expression of many non-structural genes by ribosomal fra-
meshifting, (iii) several enzymatic activities encoded within
the large replicase-transcriptase polyprotein, (iv) expression
of downstream genes by synthesis of 3’ nested subgenomic
mRNAs. The genome is flanked by two untranslated regions
(UTRs), similar to those of other B-coronaviruses, with
nucleotide identities of > 83.6% [4].

The clinical spectrum of COVID-19 ranges from asympto-
matic infection to fatal disease. The disease is usually mild in
children, but severe infection in immunocompromised and
elderly patients, particularly in the presence of significant
comorbidity, may be associated with an increased fatality rate
in this most vulnerable population. The most important risk
factors for progression to severe disease include age, hyperten-
sion, diabetes, immunodeficiency and chronic cardiovascular
and pulmonary diseases and cancer. Patients with severe
COVID-19 may develop acute respiratory distress syndrome
(ARDS) and hypoxia with oxygen saturation levels under 90%,
multiorgan dysfunction syndrome, and other extrapulmonary
manifestations [2]. As exhaustively described in recent reviews
[5,6], severe COVID-19 symptoms are mostly the consequence
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Article highlights

e « RNA-dependent RNA polymerase (RdRp) plays an essential role in
SARS-CoV-2 viral replication.

e + RdRp motifs are highly conserved among coronaviruses and RNA
positive-stranded viruses, offering an attractive target for broad-
spectrum antivirals

e « This review focuses on most promising repurposed drugs inhibiting
the SARS-COV-2 RdRp

e « For each drug, in vitro and in vivo data against SARS-COV-2 are
summarized

o . The review provides an expert opinion of the clinical use of nucleo-
side analogs in COVID-19 treatment

This box summarizes key points contained in the article.

of immune dysregulation and uncontrolled inflammatory
response. Indeed, the rapid activation of the cell-mediated
response leads to an increased pro-inflammatory status with
a massive release of cytokines, particularly IL-6, IL-2, IL-10, and
TNF-a, causing acute lung injury and contributing to the COVID-
19 pathology. The accumulating evidence of dysregulated pro-
inflammatory responses during SARS-CoV-2 infections has led
to the use of immune modulators to mitigate COVID-19 immu-
nopathology, including corticosteroids and the IL-6 receptor
antagonist tolicizumab [7]. However, these agents can delay
viral clearance and enhance the risk of secondary infections
[2,8]. Overall, treatment of severe or critical COVID-19 remains
supportive including high flow nasal oxygen, continuous posi-
tive airway pressure or mechanical ventilation, as well as con-
tinuous renal replacement therapy and extracorporeal
membrane oxygenation [5].

Considering the devastating economic and social impact of
the SARS-CoV-2 pandemic, there is an unprecedently urgent
need for effective therapeutics to reduce the clinical conse-
quences of SARS-CoV-2 infection. Drug repurposing has been
used in response to emerging infectious diseases to rapidly
identify potential therapeutics. The repurposing of drugs
approved for treatment of other pathogens is a feasible and
attractive strategy to deliver at least a partially effective agent-
(s) and mitigate SARS-CoV-2 pathology and spread. Indeed,
recycling FDA-approved compounds dramatically shortens the
development time and cost allowing immediate drug testing
in clinical trials [9].

Viral enzymes are favorite targets for drug repurposing
because specific domains are conserved within the coronavir-
idae family and may show homology with other positive-
sense RNA viruses [10]. The non-structural protein (nsp) 12
is the central component of the SARS-CoV-2 replication/tran-
scription machinery responsible for full virus genome replica-
tion and multiple subgenomic mRNAs synthesis, with nsp7
and nsp8 acting as cofactors to increase processivity [11].
Nsp8 is capable of de-novo initiating the replication process
and has been proposed to operate as a primase, similarly to
nsp7 [12]. Nsp12 needs to associate with nsp7 and nsp8 to
activate its capability to replicate long RNA templates. The
structure of the SARS-CoV-2 full-length nsp12 (residues
1-932) complexed with nsp7 (residues 1-83) and nsp8

(residues 1-198) cofactors has recently been solved by high-
resolution cryo-electron microscopy [13,14]. The replication/
transcription complex [12] is similar to those formed by SARS-
CoV, including two monomers (nsp12 and nsp8) and one
heterodimer (nsp7 and nsp8) showing three distinct domains:
a ‘right hand’ RNA-dependent RNA polymerase (RdRp)
domain (residues 367-920), a nidovirus-unique N-terminal
extension domain (residues 4-28 and 69-249) harboring the
nucleotidyltransferase activity (NiRAN) and an interface
domain (residues 250-365) (Figure 1). SARS-CoV nsp12,
nsp7 and nsp8 show high homology with SARS-CoV-2 coun-
terparts sharing 96.35%, 98.8% and 97.5% similarity, respec-
tively [15].

The RdRp domain displays the canonical arrangement of
the viral polymerases family [16] and consists of three sub-
domains: the finger subdomain (residues 366-581 and
621-679), the palm subdomain (residues 582-620 and
680-815), and the thumb subdomain (residues 816-920).
RdRp contains all conserved motifs (from A to F) of RNA
viruses RdRp [17] and the polymerase active site (Ser-Asp-
Asp within motif C) is conserved among nidoviruses [18].
Nsp12 also carries the motif G [19], which is a signature
sequence of RdRp that initiates RNA synthesis in a primer-
dependent manner [20]. The active site of SARS-COV-2 RdRp,
encompassing motifs A to G in the palm domain, is highly
conserved not only among coronaviruses but among differ-
ent RNA positive-stranded viruses [13,21]. Indeed, motif
A carries the classic divalent-cation-binding residue D618,
which is conserved in most viral polymerases including
Hepatitis C virus (HCV) NS5B (residue D220) and poliovirus
(PV) polymerase (residue D233). Motif C, which binds to the
RNA 3’ end, contains the catalytic residues (from 759 to 761)
required for RNA synthesis and conserved in most viral
RdRps (from 317 to 319 in HCV and from 327 to 329 in
PV). The configuration of the template-primer entry paths,
the NTP entry channel, and the nascent strand exit path are
similar to those described for SARS-CoV and for other RNA
polymerases, such as HCV and PV polymerase [13]. Other
accessory proteins involved in the replication complex
machinery are the helicase (nsp13), carrying an N-terminal
domain conserved among all nidoviruses which can unwind
DNA or RNA in an NTP-dependent manner [22,23] and the
exoribonuclease (nsp14 also called ExoN) responsible for
increased fidelity of virus replication [24]. The proofreading
activity of the coronavirus replication complex could indeed
reduce the activity of nucleoside analogs through discrimi-
nation or excision of the candidate antiviral agent. It has
been already observed that ExoN is responsible for the
intrinsic resistance of coronavirus species to ribavirin and
several other nucleoside analogs [25,26]. Thus, this feature
must be considered in drug design or repurposing.

The conservation of RdRp among evolutionary distant RNA
viruses and the absence of host homologs clearly make it an
ideal target for drug repurposing [9,27]. Indeed, 130 clinical
trials involving 65,263 patients are ongoing (last updated at
January 2021; https://covdb.stanford.edu/clinical-trials/) to
evaluate RdRp inhibitors alone or in combinations; 10 of
them have completed phase lll. Concomitantly, several studies
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Figure 1. Color-coded scheme and structure of the SARS-CoV nsp12 RdRp bound to nsp7 and nsp8 co-factors. (a) Diagram of the SARS-CoV nsp7, nsp8, and nsp12
proteins indicating domains and conserved motifs. (b) SARS-CoV nsp12 contains a large N-terminal extension composed of the NiRAN domain (dark red) and an
interface domain (purple) adjacent to the polymerase domain (orange). nsp12 binds to a heterodimer of nsp7 (blue) and nsp8 (green) as well as to a second subunit
of nsp8. Adapted (http://creativecommons.org/licenses/by/4.0/) from Kirchdoerfer et al. [12]. Color figure.

evaluating the activity of RdRp in cell culture using different
cell systems and readout methods have been published
(https://covdb.stanford.edu/search/?target=
Polymerase&virus=SARS-CoV-2#invitro-cells).

The most promising, broad-spectrum class of viral RdRp inhi-
bitors are nucleoside and nucleotide analogs (NAs). Upon deliv-
ery into the host cell, nucleoside/nucleotide prodrugs are
metabolized into an active 5'-triphosphate form (5'-TP) which
competes with endogenous nucleotides for the incorporation
into the nascent viral RNA operated by the RdRp. NAs terminate
the RNA synthesis acting as obligate chain terminators, due to
the lack of the 3'-OH required for RNA chain elongation. Lack of
the 3'-OH group is not always essential for the chain termination
activity of NAs. Indeed, in the case of sofosbuvir, a key antiviral
drug approved for the treatment of Hepatitis C [28], the chain
termination is due to the steric clashes of the 2'-methyl group. In
addition, the inhibitory activity of sofosbuvir appeared to be
enhanced by resistance to the excision activity exerted by the
SARS-CoV-2 exonuclease [29]. With remdesivir, another broad
range antiviral initially developed to combat Ebola virus and
eventually approved under emergency use for the treatment of
SARS-CoV-2, the presence of the 3'-OH group allows the forma-
tion of the phosphodiester bond to the next incoming nucleo-
tide and the elongation of the growing RNA chain. However, viral
RNA synthesis is blocked following the addition of another three
NTPs as a result of the steric hindrance caused by the 1-CN
group with the S861 residue [30]. Other NAs (i.e. favipiravir,
ribavirin) are incorporated in the nascent viral RNA at high rate,
but they are not recognized as endogenous nucleotides in the
subsequent round of replication, increasing the mutation rate
and leading to the generation of non-viable genomes, a process
referred to as ‘lethal mutagenesis’ [31].

In light of the massive in vitro testing of molecules aiming
at the identification of SARS-CoV-2 antivirals, the intent of this
review is to provide an overview of the most promising SARS-

CoV-2 RdRp inhibitors under clinical investigation that have
been identified according to the drug repurposing strategy
(Figure 2 and Table 1).

2. SARS-CoV-2 polymerase inhibitors
2.1. Remdesivir

Remdesivir (RDV, formerly GS-5734, brand name Veklury) is
a prodrug form of the monophosphate adenosine analog
GS-441524 initially developed to fight Ebola Virus infection
due to its potent antiviral activity in vitro [52]. Despite treat-
ment with RDV was associated with a 100% survival in non-
human primates, the use of RDV in humans was discontinued
due to a higher incidence of deaths as compared to treat-
ments with monoclonal antibodies in a clinical trial conducted
in the Democratic Republic of Congo, seriously affected by
Ebola virus outbreaks in recent years [53].

Further, cell-based screening revealed that RDV had
a considerable broad-spectrum antiviral activity against RNA
viruses belonging to the Filoviridae, Paramyxoviridae (except
for mumps virus), Coronaviridae, Picornaviridae and
Pneumoviridae families, while little or no activity was detected
against members of the Flaviviridae, Bunyaviridae, Arenaviridae
and Rhabdoviridae families [54-58]. However, two recent stu-
dies showed that the triphosphate form of RDV can efficiently
inhibit several flaviviral polymerases in a biochemical assay,
suggesting that the optimization of the chemical structure of
RDV might lead to a more potent inhibition of flavivirus
replication also in cell-based assays and in vivo[56,59].

Biochemical studies indicated that RDV is incorporated into the
nascent RNA with similar or increased efficacy as compared to the
natural nucleoside adenosine in the presence of viral RdRp but not
of human DNA-dependent RNA polymerases or DNA-dependent
DNA polymerases [15,60-62]. Focusing on coronaviruses, the
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Figure 2. Chemical structure of potential SARS-CoV-2 RdRp inhibitors under clinical investigation. (A) Remdesivir; (B) Molnupiravir; (C) Galidesivir; (D) Ribavirin; (E)

Sofosbuvir; (F) Tenofovir; (G) Favipiravir.

proposed mechanism of action is a delayed chain termination
where the RNA synthesis is terminated three nucleotides after
the addition of RDV, thus reducing the removal of RDV through
the proof-reading activity of the viral exonuclease nsp14
[61,63,64]. Indeed, experiments with the B-coronavirus murine
hepatitis virus model demonstrated that the lack of exonuclease
activity caused a 6-fold increase in the susceptibility to RDV [64]. In
the same model of infection, resistance selection experiments
allowed to identify two emerging mutations (F476L and V553L)
in the fingers domain of RdRp resulting in decreased susceptibility
to RDV and reduced replication capacity. Homologous mutations
in SARS-CoV (F480L + V557L) led to resistance to RDV and are
hypothesized to cause a conformational change favoring the
incorporation of adenosine instead of RDV [65].

Due to early studies demonstrating its antiviral activity
against coronaviruses circulating among humans and animal
hosts [54] RDV was soon considered as a promising treatment
option for SARS-CoV-2 infection. Indeed, in vitro testing
showed that RDV was able to inhibit SARS-CoV-2 infection in
VeroE6 cells in the low micromolar range, while a more potent
inhibition was observed in human lung cell lines and primary
human epithelial airway cells [33-36, 66]. Moreover, RDV
inhibited SARS-CoV, MERS-CoV and bat CoVs in the nanomolar
range in human epithelial cell culture models of infection with
minimal cytotoxicity [54,67]. Prophylactic treatment of mice
infected with SARS-CoV was effective in reducing viral titers in
the lung as well as lung injury, while therapeutic treatment
was able to reduce viral load but not the progression of
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pulmonary disease [54]. By contrast, both prophylactic and
therapeutic treatments with RDV in mice and rhesus maca-
ques infected with MERS-CoV resulted in a mitigation of
pathological lung injuries [67,68]. Similar results were achieved
in non-human primates infected with Marburg virus, where
treatment with RDV after the onset of the symptoms was
associated with higher survival and ameliorated clinical para-
meters [69]. In vivo testing on mouse models infected with
chimeric SARS-CoV-2 virus [35] and on rhesus macaques
infected with SARS-CoV-2 [49] demonstrated that early treat-
ment with RDV was associated with clinical benefits, including
reduced lung damage and lower viral titers.

Synergistic activity of RDV and molecules targeting both
nsp12 and other viral or cellular proteins has also been
observed, suggesting that combination therapy may inhibit
viral replication at lower effective drug concentrations [34,66].

Based on in vitro activity and subsequent in vivo evidences
in humans, RDV received the Emergency Use Authorization for
the treatment of hospitalized patients affected by COVID-19
irrespective of the severity of the disease. Indeed, preliminary
evidences indicated that intravenous administration of RDV is
associated with a reduced time to recovery or clinical improve-
ment, although with statistical significance only in patients not
requiring intensive care unit hospitalization [70-76]. To date,
more than fifty clinical trials have been registered to compre-
hensively evaluate the efficacy of RDV, either alone or in
combination with other antiviral or immunomodulatory
drugs (source clinicaltrials.gov).

2.2. Molnupiravir

Molnupiravir (formerly EIDD-2801) is the isopropylester pro-
drug of the ribonucleoside analog P-D-N4-hydroxycytidine
(EIDD-1931, or N-hydroxycytidine). EIDD-1931 was found to
inhibit the replication of several viruses (including
Chikungunya virus, Venezuelan Equine Encephalitis virus
(VEEV), Respiratory Syncytial virus (RSV), HCV, Norovirus,
Influenza A and B viruses, EBOV and human coronaviruses)
with minimal cytotoxicity and high genetic barrier to resis-
tance [77-84]. Incorporation of EIDD-1931 in place of cytosine
or uracil during RNA synthesis was found to cause lethal
mutagenesis throughout the whole genome of several viruses,
inducing G to A and C to U transitions in a dose-dependent
manner [77,78,80]. Development of resistance to EIDD-1931
was observed only after several passages of VEEV in the pre-
sence of increasing concentrations of the drug, resulting in the
selection of three mutations (P187S, A189V, 1190T) located in
the index finger domain of the viral nsP4 RdRp that caused
a low-level resistance [80].

The prodrug molnupiravir was developed to overcome the
issue of poor bioavailability observed in animal models and
demonstrated both in vitro and in vivo efficacy against influ-
enza and multiple coronaviruses [50,85]. For these reasons, the
safety, tolerability and pharmacokinetics of molnupiravir have
been investigated in healthy volunteers in a phase 1 trial
(NCT04392219), while two-phase lla clinical trials are recruiting
hospitalized patients with diagnosis of COVID-19 to evaluate
the time of viral clearance after the administration of

molnupiravir (NCT04405739) or the safety and efficacy com-
pared to placebo and according to the time of the start of

therapy with respect to the onset of symptoms
(NCT04405570).
2.3. Favipiravir
Favipiravir (FPV; T-705, Avigan, Favipira; 6-fluoro-

3-hydroxy-2-pyrazine carboxamide) is a guanine analog,
as synthesized by modifying its pyrazine analog. It was
approved in Japan, China and Russia for the treatment of
influenza and it is effective against all subtypes of influ-
enza viruses, both sensitive and resistant to the marketed
neuraminidase inhibitors. FPV is not reported to have sig-
nificant adverse effects; however, it may increase the risk
for teratogenicity and embryotoxicity [86]. FPV is con-
verted throughout phosphoribosylation and phosphoryla-
tion in FPV-ribofuranosyl-5'-triphosphate (F-RTP) by human
cells and recognized as a purine nucleotide by RdRp block-
ing viral RNA synthesis [87]. The docking analysis revealed
that F-RTP forms five hydrogen bond and seven hydropho-
bic interactions with the crucial amino acids of SARS-CoV-2
RdRp, including Arg553 acting on rNTP binding and
Asp760-Asp761 positioned near the catalytic center of
functional motif C. Considering the conservation of cataly-
tic domain of viral RdRp, FPV has a potential of broad
range activity on different viruses. Previous studies showed
in vitro and in vivo antiviral activities of FPV against differ-
ent RNA viruses including influenza A, B, and C, EBOV and
Lassa viruses [86]. FPV showed protective effect against
a wide range of RNA virus infections in animal models
[88-91] but a reduced or absent selectivity against SARS-
CoV-2 in monkey cell lines (SI = 1 [1-4.5]) [34,37,38,92] and
in human cell lines engineered to overexpress ACE-2 [39].
Considering that monkey cell lines (VERO and VEROE®6) are
not amenable to assess the antiviral activity of RdRp inhi-
bitors [35,93], the lack of activity in the A549 human cell
line expressing the human ACE2 receptor is the first data
excluding a protective role of FPV against SARS-CoV-2 [39];
further in vitro experiments using primary or human cell
lines with different metabolic profiles are necessary to
confirm this observation. Indeed, several clinical trials are
evaluating the efficacy of FPV alone or in combination with
other drugs. The first study conducted in China
(ChiCTR2000029600) was an open-label, nonrandomized
trial involving 80 hospitalized patients without severe
COVID-19 [94]. A significant reduction in the median time
to viral clearance was observed in the group treated with
FPV with respect to the control arm, treated with lopinavir/
ritonavir (P < 0.001). By day 14, the FPV group had a higher
rate of improved chest computed tomography scans in
comparison with the lopinavir/ritonavir control group
(p = 0.004). In both arms, aerosolized IFN-a was adminis-
tered until viral clearance, partly confounding the assess-
ment of FPV efficacy. Despite unfavorable pharmacokinetic
(PK) profile [95] and the lack of conclusive efficacy data,
FPV was approved for marketing in the treatment of
COVID-19 patients in China in March 2020 and in the
Russian Federation in May 2020.



2.4. Galidesivir

Galidesivir (BCX4430) is an adenosine analog that has
a substitution of carbon for nitrogen at position 7 on the
base and a substitution of nitrogen for oxygen at position 1
on the ribose ring [96]. When the RdRp incorporates galidesivir
triphosphate, the structural change alters its electrostatic
interaction, resulting in premature termination of the elongat-
ing RNA strand. In vitro and in animal models, galidesivir can
inhibit viral RNA polymerases of a wide array of RNA viruses
including flaviviruses [97], filoviruses [96,98] and coronaviruses
[96]. In docking simulation, Galidesivir inhibits SARS-CoV-2 by
tightly binding to RdRp with six hydrogen bonds and four
hydrophobic interactions (binding energy of —7.0 kcal/mol)
[92]; it establishes strong connections with 10 different RdRp
amino acid residues (Thr455, Arg553, Lys621, Arg624, Asp452,
Ala554, Asp623, Asn691, Ser759, Asp760) [99-101]. Galidesivir
has a rapid pharmacokinetics (below 5 minutes half-life) which
is extended to six hours in vivo for galidesivir triphosphate.
Galidesivir was safe and generally well tolerated in a Phase 1
double-blind clinical trial (NCT02319772) evaluating the safety,
tolerability and pharmacokinetics of intramuscular administra-
tion versus placebo in healthy subjects [98]. Confirmation of
these data for the intravenous route of administration is pend-
ing upon completion of a recent trial (NCT03800173).
Galidesivir displayed poor activity in monkey cell-line models
[34], similarly to the others NI, and activity as a SARS-CoV-2
inhibitor has not yet been tested in animal models. However,
in April 2020, a Phase 1b randomized, double-blind, placebo-
controlled study has been started to evaluate the pharmaco-
kinetics, safety, and antiviral effects of galidesivir administered
intravenously vs. placebo in 132 hospitalized adult subjects
with either Yellow Fever disease or severe COVID-19.

2.5. Ribavirin

Ribavirin  (RBV, 1-B-D-ribofuranosyl-1,2,4-triazole-3-carboxa-
mide) is a guanosine analog with broad-spectrum antiviral
activity, firstly synthesized in 1970 [102] and approved by
FDA for the treatment of chronic HCVinfection, RSV infection
and certain viral hemorrhagic fevers, including Lassa fever,
hemorrhagic fever with renal syndrome caused by
Hantavirus infection, New World arenaviruses infections, and
Crimean-Congo hemorrhagic fever [103-105]. RBV inhibits
a broad spectrum of RNA viruses including RSV, Influenza
virus, several coronaviruses, flaviviruses and herpesviruses in
animal and human cell lines [106-111].

As other nucleoside inhibitors, RBV is converted by host
kinases into RBV triphosphate which pairs to the cytidine
triphosphate or uridine triphosphate in the RNA template
with equal efficiency blocking viral RNA elongation. RBV also
increases the rate of viral mutations leading to accumulation
of defective virions. Indeed, alternative, not mutually exclu-
sive mechanisms of action have been proposed: (i) the RBV
monophosphate metabolite inhibits the host inosine mono-
phosphate dehydrogenase enzyme halting de novo synth-
esis of guanine nucleotides; (ii) the triphosphate form
prevents the cap methylation step of the 5 end of viral
mRNA inhibiting the viral RNA guanylyltransferase and the
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mMRNA 2'-O-methyltransferase; (iii) RBV exerts an immunomo-
dulatory action enhancing the induction of interferon-
related genes [112]. RBV is usually administered in combina-
tion with interferon or other antivirals; it is not prescribed in
pregnant women and in the elderly population because of
fetal toxicity and reduction of calcium and magnesium blood
levels in the two populations, respectively [113].

Against MERS-CoV, RBV reduced viral replication in cell
culture [106] and in combination with IFN-a2b in infected
rhesus macaques improving the clinical outcome and the
host response [114]. Similar results were not obtained against
SARS-CoV [108,115]. RBV has potential activity against SARS-
CoV-2, as shown by tightly binding to RdRp active site in
molecular docking studies [116,117]. In cell-line models, RBV
was not active against SARS-CoV-2 in VERO [33,34] cells and in
the A549 human cell line expressing the ACE-2 receptor [39].
As previously explained, VERO cells are not adequate for the
screening of polymerase inhibitors, as shown by lack of activ-
ity of RBV and other Nls, due to the inability to convert Nls into
the tri-phosphate active form [118].

Five clinical trials including RBV alone (NCT04356677,
Phase 1), RBV in combination with IFN-B (NCT04494399,
Phase 1) or with different antivirals (NCT04497649 and
NCT04460443, Phase Il; NCT04392427, Phase lll) are ongoing.
The only open-label, randomized phase 2 trial completed
(NCT04276688), recruited 127 adults with severe COVID-19
which were randomly assigned to a 14-day triple combination
of lopinavir/ritonavir, RBV, and interferon beta-1b (combina-
tion group) or to 14 days of lopinavir/ritonavir (control
group). The combination group had a significantly shorter
median time to reach negative nasopharyngeal swab
(7 days [IQR 5-11]) than the control group (12 days [IQR
8-15]; hazard ratio 4 - 37 [95% CI 1 - 86-10 - 24], p = 0.0010)
[119]. Except for the phase I trial, the efficacy of RBV against
SARS-CoV-2 in vivo has been, or is being, evaluated only in
combination with other antivirals, thus to date its use is
thought only in association with other active molecules, simi-
lar to clinical use in the treatment of HCV infection.

2.6. Sofosbuvir

Sofosbuvir (SOF, (3-d-2'-deoxy-2"-a-fluoro-2'-3-
C-methyluridine) is a uridine analog licensed for the treatment
of HCV infection, targeting the NS5B HCV polymerase [120].
SOF is efficiently taken up by hepatocytes where it is con-
verted by phosphorylation in the active form, the nucleoside
triphosphate. SOF triphosphate competes with uridine to be
incorporated by the HCV RNA polymerase into the elongating
RNA strand, resulting in chain termination. The combination of
SOF with velpatasvir, an HCV NS5A inhibitor, is effective
against different HCV genotypes [121]. Previous work has
shown that SOF has in vitro and/or in vivo antiviral activity
against other flaviviruses [122-125], alphaviruses [126] and
Hepatitis A virus [127].

In silico, SOF can tightly bind to SARS-CoV-2 RdRp with
a — 7.5 kcal/mol binding energy, forming seven H-bonds
with four RdRp residues (W508 (3), K512 (2), A653, and
W691) and two hydrophobic contacts (Y510 and D651) [117].
The binding between SARS-CoV-2 RdRp and SOF has been
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confirmed in different in silico and biochemical studies [128--
128-131]. In addition, Chien et al. [130], demonstrated that
SARS-CoV-2 RdRp is also permanently blocked by SOF tripho-
sphate, leading to irreversible blocking of polymerase
mediated RNA extension. Despite modeling and docking stu-
dies suggesting a potential role of SOF in the inhibition of
SARS-CoV-2 nsp12 activity, SOF activity was not confirmed in
a human cell-line model [39].

However, 9 randomized clinical trials are investigating the
role of SOF in combination with RBV (NCT04460443, Phase I/
), daclatasvir (another HCV NS5A inhibitor) (NCT04460443,
NCT04497649 and NCT04468087, Phase II/lll; NCT04561063
and NCT04532931, Phase Il; NCT04535869, Phase lll), daclatas-
vir plus hydroxychloroquine (NCT04443725, Phase II/Ill) and
ledipasvir (also an HCV NS5A inhibitor) (NCT04530422, Phase
Ill; NCT04498936, Phase IV). The only clinical trial with pub-
lished results (https://www.irct.ir/trial/46463) conducted in
Tehran, was not included in the list of clinical trials involving
SOF available at www.clinicaltrials.gov. This open-label, multi-
centre, and randomized clinical trial (IRCT20200128046294N2)
was conducted on 66 in adults with moderate or severe
COVID-19. Patients were randomized into a treatment arm
receiving SOF and daclatasvir plus SOC, or a control arm
receiving SOC alone. The primary endpoint was clinical recov-
ery within 14 days of treatment. Clinical recovery, defined as
normalization of fever, respiratory rate, and oxygen saturation
(=294%) by day 14 occurred in 29 (88%) of the SOF/DAC group
compared with 22/33 (67%) of the SOC group. The treatment
arm had a significantly shorter median duration of hospitaliza-
tion [6days (IQR 4-8)] than the control group [8days (IQR
5-13)]; P = 0.029 [132].

Considering the excellent safety profile and oral availability
of SOF, the information deriving from cell models and in vivo
studies will be useful to clarify the potential of this drug
against SARS-CoV-2.

2.7. Tenofovir

Tenofovir disoproxil fumarate (TDF) and tenofovir alafenamide
(TAF) are both prodrug formulations of an acyclic nucleotide
adenosine analog widely used in combination with other
agents in the therapy of the Human Immunodeficiency virus
(HIV) infection and as single agent in Hepatitis B virus (HBV)
infection. TAF has been recently developed to replace TDF due
to its improved pharmacokinetics properties and lower renal
and bone toxicity [133]. Tenofovir acts as an immediate chain
terminator when incorporated during the synthesis of viral
DNA, synergizing with HIV-1 nucleoside and non-nucleoside
reverse transcriptase inhibitors that prevent the pyropho-
sphorolysis of tenofovir and the consequent excision from
the nascent DNA chain [134].

Molecular docking analysis carried out on a model of SARS-
CoV-2 RdRp showed that tenofovir has a binding energy com-
parable to those of the native nucleotides, suggesting a possible
inhibitory activity [99]. While data on the antiviral activity in cell-
based systems are still awaited, the combination of tenofovir and
emtricitabine, which is included in most of the currently recom-
mended HIV-1 treatments and used as pre-exposure prophylaxis
to prevent HIV-1 infection, demonstrated to reduce the viral titer

and clinical symptoms as compared to a control group in an
animal model of SARS-CoV-2 infection [51].

Considering the promising data from animal testing, the
favorable pharmacokinetic properties and safety, the efficacy
of combination of tenofovir and emtricitabine in the preven-
tion of SARS-CoV-2 infection in healthcare personnel is cur-
rently under clinical investigation in three studies
(NCT04519125, NCT04405271, NCT04334928).

3. Conclusions

The pressing need of clinically effective drugs against SARS-CoV
-2 infection has led to an extensive in silico and in vitro screening
of drug candidates among those already licensed for other viral
diseases or compounds that have been previously tested in
phase I/l clinical studies. Similar to other pathogenic viruses,
SARS-CoV-2 RdRp represents an attractive drug target for anti-
viral therapy since viral polymerases are key enzymes for viral
replication. Indeed, most of the recommended treatments of
viral infections include at least one polymerase inhibitor,
although the majority of these drugs target viral DNA-
dependent DNA-polymerases and HIV and HBV RNA-
dependent DNA-polymerases [135]. Before the SARS-CoV-2 pan-
demic, SOF (for HCV, worldwide) and FPV (for influenza, only in
Japan) have been the only two approved drugs targeting RdRp.
Due to the structural homology with other viral polymerases,
particularly those of other members of the Coronaviridae family
such as SARS-CoV-1, MERS-CoV and other human coronaviruses,
in silico and biochemical studies soon identified possible SARS-
CoV-2 RdRp inhibitors [116,117,130,136]. Among the molecules
showing promising antiviral activity at nontoxic concentration in
cell-based assays, RDV is the only one drug that recently received
the authorization for the emergency use in hospitalized patients
with COVID-19 based on preliminary data indicating reduced
progression of the disease and faster time to recovery. FPV also
obtained approval as an anti-SARS-CoV-2 medication in China
and Russia, despite lack of conclusive clinical data, highlighting
the desperate need for COVID-19 treatment. Other polymerase
inhibitors showing encouraging in vitro activity against SARS-
CoV-2, including the guanosine nucleotide analog AT-527
recently demonstrating inhibitory activity against HCV RdRp
[137], are currently under clinical investigations and comprehen-
sive data regarding in vivo efficacy are eagerly awaited in the
next few months. In most of the cases, these drugs are being
tested in combination with other compounds targeting other
viral proteins (e.g., main and serine proteases, envelope spike
protein) or with immunomodulators aiming to counteract the
systemic inflammatory response generated during SARS-CoV-2
infection in an attempt to halt virus replication and curb the
immunopathogenic mechanisms underlying the disease.

4. Expert opinion

The dramatic spread of SARS-CoV-2 is seriously affecting all
human activities and health systems worldwide. While forecast-
ing the course of the epidemic may be subject to gross error,
there is no doubt cascading effects will impact global economy
and politics in the next several months and possibly beyond.
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Immediate response to decrease the virus spread must rely on
different forms and rules of social distancing. However, vaccina-
tion and antiviral treatment are the only means to halt the
pandemic and cure severe cases. An unprecedented effort join-
ing private and public resources is being spent along this line.
Drug repurposing has been soon considered as the fastest
strategy to find candidate drugs among those already licensed
to treat other diseases or at least with acceptable safety and
tolerability according to phase I/ll clinical trials. It must be
emphasized that even a partially effective treatment could
prove of great values because reduced viral replication could
substantially decrease the consequent immunopathogenic
response and avoid a number of severe or critical diseases.

Based on genetic and structural similarities, the search for
SARS-CoV-2 antivirals lays its foundation on previous work carried
out on other coronaviruses affecting humans and animal species,
such as SARS-CoV-1, MERS-CoV and bat coronaviruses. Among
viral proteins, RdRp is being considered as the most strategic
drug target for two main reasons: (i) the availability of clinically
approved nucleoside analogs developed for other viruses; (i) the
rapid development of biochemical and cell-based assays that have
accelerated the in vitro screening of candidate SARS-CoV-2 inhibi-
tors. Indeed, the first drug that has received the emergency use
authorization for COVID-19 treatment is the adenosine analog
RDV, while other RdRp inhibitors showing promising in vitro activ-
ity, such as molnupiravir, are currently under clinical investigation.
Data from a large clinical trial indicated that clinical benefits
derived from the use of remdesivir were higher in patients treated
as soon as possible after the onset of symptoms [70]. This finding
supports that halting viral replication with an early antiviral inter-
vention may be beneficial by reducing viral spread to the lower
respiratory tract and/or decreasing the viral burden and the con-
sequent triggering of immunopathology. Availability of more
potent anti-SARS-CoV-2 antivirals could thus contribute substan-
tially to improve the clinical course of the disease in patients at
high risk of developing severe COVID-19, provided treatment can
be started early.

Despite possible short-term reward from drug repurposing,
further development of RdRp inhibitors is clearly necessary to
identify compounds with improved potency and pharmacoki-
netics as well as reduced side effects. The experiments con-
ducted to elucidate the mechanism of action of RDV suggest
that delayed chain termination is an essential prerequisite for
the inhibition of SARS-CoV-2 RNA synthesis by nucleoside
analogs. Indeed, among the viral proteins involved in the
coronavirus replication machinery, the nsp14 exonuclease
exerts a key proof-reading activity, excising misincorporated
nucleotides at the 3’ end of the nascent RNA chain and
resuming RNA synthesis. Consequently, immediate chain ter-
minators such as those lacking the 3-OH group might be
easily removed by exonuclease when incorporated into the
nascent RNA chain, while the addition of natural bases after
the incorporation of a nucleoside analog can protect from
nsp14 mediated excision. This suggests that future RdRp inhi-
bitors should be preferably endowed with the ability to cause
delayed, rather than immediate, chain termination coupled
with a mechanism to block translocation or impair RNA poly-
merization later. In addition, it must be considered that all
competitive RdRp inhibitors must be triphosphorylated to be
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incorporated into nascent RNA and phosphorylation may dif-
fer among different cell lines and particularly be suboptimal or
yield misleading results when using non-human cell lines.
Although drug repurposing and combination therapies can
help to reduce mortality in patients with moderate to severe
COVID-19, the goal of future intervention is the containment of
SARS-CoV-2 spread at an early stage. Several candidate prophy-
lactic vaccines are under clinical evaluation and few of them
have been recently approved for emergency use by one or
more national/international regulatory authorities. In particular,
the SARS-CoV-2 spike protein RNA-based BNT162b2 vaccine
(brand name Comirnaty) developed by BioNTech and Pfizer
has been licensed in 48 countries based on the demonstration
of 95% efficacy in preventing COVID-19 after a two-dose sche-
dule [138]. More recently, a similar SARS-CoV-2 spike protein
RNA-based vaccine, manufactured by Moderna, has been
licensed by FDA and EMA after achieving the same efficacy as
the BNT162b2 vaccine in the field trial [139]. Although only
short-term data are available, both vaccines have not shown
serious side effects. However, mass vaccination will require
considerable time and the duration of immunity in vaccinated
people is still under investigation. In addition, surveillance of
circulating viral strains has recently revealed the emergence of
variants with aminoacidic substitutions in the spike coding
region with unknown impact on the immunity in vaccine reci-
pients (https://www.cdc.gov/coronavirus/2019-ncov/more/
science-and-research/scientific-brief-emerging-variants.html).
For these reasons, alternative therapeutic approaches based on
combinations of drugs targeting multiple viral targets (e.g.,
spike protein, RdRp, helicase, protease) and/or reducing cyto-
kine-mediated pathology must be developed. The clinical use-
fulness of candidate COVID-19 therapies should be evaluated
on appropriate animal models to assess pharmacokinetic prop-
erties, safety, and efficacy. Several animal species are permissive
for the replication of SARS-CoV-2; however, the clinical hall-
marks of the COVID-19 are variable among species. For exam-
ple, mice, hamsters, ferrets, and minks support viral replication
and develop a variable spectrum of the clinical symptoms and
pathology as those occurring in humans, while none of the
non-human primate models closest to humans appear to reca-
pitulate all the clinical manifestations of COVID-19 [140,141].
Moreover, future treatments should be conceived to be admi-
nistered through inhalation to facilitate the penetration in the
upper and lower respiratory tract and possibly increase ease of
use across different patient populations. Finally, once SARS-CoV
-2 antiviral drug(s) have substantially entered clinical use, plau-
sible development of resistance to these drugs should also be
monitored. Although treatment of an acute infection is admi-
nistered for few days, thus limiting the possibility of emergent
drug resistance, the huge number of patients eventually under-
going treatment can boost significantly this probability or drug-
resistant viral variants may appear due to genetic drift, as
shown with influenza neuraminidase inhibitors [142]. Ideally,
testing for the genetic barrier to resistance should be an inte-
gral part of the drug development process with any candidate
drug targeting a viral function. Integrating the medicinal chem-
istry, virology and immunology domains remains the best path-
way to discover novel drugs and contribute to an effective
response to SARS-CoV-2 as well as to future pandemics.
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