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ABSTRACT

The coronavirus disease 2019 (COVID-19) pandemic had grounded the world to a standstill. As the disease
continues to rage two years on, it is apparent that effective therapeutics are critical for a successful endemic
living with COVID-19. A dearth in suitable antivirals has prompted researchers and healthcare professionals to
investigate existing and developmental drugs against severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Although some of these drugs initially appeared to be promising for the treatment of COVID-19, they
were ultimately found to be ineffective. In this review, we provide a retrospective analysis on the merits and
limitations of some of these drugs that were tested against SARS-CoV-2 as well as those used for adjuvant
therapy. While many of these drugs are no longer part of our arsenal for the treatment of COVID-19, important
lessons can be learnt. The recent inclusion of molnupiravir and Paxlovid™ as treatment options for COVID-19
represent our best hope to date for endemic living with COVID-19. Our viewpoints on these two drugs and
their prospects as current and future antiviral agents will also be provided.

Dexamethasone (PubChem CID: 5743)
Baricitinib (PubChem CID: 44205240)
Molnupiravir (Pubchem CID: 145996610)
Nirmatrelvir (PubChem CID: 155903259)

1. Introduction

The continuing battle against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has been long drawn with no end in sight.
Although significant advances in science have resulted from this
pandemic — from a greater understanding of coronaviruses (especially
SARS-CoV-2) to the development of rapid diagnostics and the game
changing development and use of mRNA vaccines — no truly effective
treatment for COVID-19 exists. In view of the emerging SARS-CoV-2
variants, it has become apparent that effective therapeutics are critical
for successful endemic living with COVID-19. Although therapeutics can
be in the form of biologics (e.g. Regeneron antibody treatment), effective
orally active small molecule therapeutics are more likely to be useful in
managing this disease. This is in view of the limited access to good
healthcare for the poorer populations in the world. In addition, biologics
are more likely to be sensitive to mutations emerging from variants of
concern (VOCs) that can render them less effective [1]. Furthermore, the
necessity of biologics for cold chain storage can hinder their distribution
and handling. Small molecule therapeutics, on the other hand, can
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overcome the latter challenges due to their robustness, which aids their
storage, distribution, and handling [2].

In retrospect, there is no shortage of reported potential small mole-
cule therapeutics for the treatment of COVID-19 [3-6]. The number of
true contenders, however, are few and far between. In view of a typical
long timeline (12-15 years) from initial drug discovery to drug
approval, a popular approach in the search of small molecule thera-
peutics is to utilise drug repurposing. Should a known drug (or an
advanced drug in development) be repurposed, the timeline for approval
can be significantly shortened in view of the safety studies that would
have already been carried out. From a purist’s view, drug repurposing is
“a hypothesis-free drug repositioning” as succinctly phrased by Aled
Edwards [7]. In this context, a sobering observation made by Edwards is
that there has never been a discovery of an old drug for a new indication
found in the past 20 years. This implies that while a hypothesis-free
approach presents an unbiased standpoint for drug repositioning, the
fact remains that a hypothesis-driven evaluation is evidently more
fruitful and consequently adopted in the search for drugs to treat
COVID-19.
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Another sobering piece of information relates to the arsenal of FDA-
approved small molecule anti-virals [8,9]. As of 2020, there were 85
monotherapies, of which 72 target the virus while another 13 target the
host. Of these, 69 were small molecule drugs [8]. Not surprisingly, a
significant number of these drugs target chronic rather than acute viral
infections such as human immunodeficiency virus-1 (HIV-1), hepatitis B
virus (HBV) and hepatitis C virus (HCV) infections. The dearth of anti-
viral drugs may be surprising in view of the indisputable role of viruses
in causing disease and death. However antiviral drug discovery is
confounded by the following: (i) rapid mutation of the viruses making
them a moving target; (ii) few targets that are unique to a virus as they
hijack the host replication machinery for replication; (iii) the time
window for the administration of an antiviral drug may be critical for
efficacy thus giving rise to variable treatment outcomes; (iv) the lack of
experimental animal models that can truly mimic a human host, from
immune response to virulence and pathogenicity; (v) challenges asso-
ciated with the lack of adequate diagnostics for many viruses. Early
identification of promising lead compounds is typically carried out
through in vitro studies, either through target-based approaches (e.g.
inhibition of protein function) or phenotypic approaches (e.g. inhibition
of cytopathic effect), but there are clearly significant gaps in translating
in vitro outcomes to in vivo efficacies. At times, small patient pools also
present additional challenges in drug development and clinical ap-
provals as is evident in the case of brincidofovir for smallpox [10].
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As COVID-19 rages two years on, we examine a selection of the most
promising therapeutics that were reported in the early years of the
pandemic that were explored as mono- or combination-therapy (Fig. 1)
for the treatment of COVID-19. These compounds were selected based
on three criteria: (1) they are small molecules; (2) these treatment op-
tions were prominent and widely evaluated in 2020; and (3) their
clinical efficacy has been evaluated and data is available as of 2021.
Many of these drugs were reutilized from other indications, with
postulation that they may retain similar roles in antiviral treatment or
symptoms management in COVID-19 (Table 1). Their merits and
shortcomings in disease management will be discussed and evaluated.
Some of these drugs were amongst the first that demonstrated in vitro
efficacy against SARS-CoV-2, while others were highly publicised by the
media and general scientific community. Advancement in the develop-
ment of antiviral small molecule therapeutics has also progressed two
antivirals, namely molnupiravir and nirmatrelvir (Fig. 1, Table 1), into
clinical use. In this regard, we provide our viewpoint on these ten drugs
from a retrospective analysis and assess the drug targets for their suit-
ability as antiviral targets, especially towards future viral pathogens, as
well as for management of the disease. In view of the rapid pace of
developments on COVID-19 and treatments, our perspective is not
meant to be comprehensive, but aims to highlight some valuable lessons
that can be learnt for drug discovery and development of therapeutics.
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Fig. 1. Chemical structures of the most promising drug candidates for the treatment of COVID-19. Some of these compounds are being explored as combina-
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Table 1

Summary of the drugs discussed, which include monotherapy and combination-
therapy. Their previous indications are specified where appropriate, along with
their postulated roles in SARS-CoV-2.

Drug Trade Previous Indication Postulated role/
Name target in SARS-
CoV-2
Chloroquine Aralen Malaria, Rheumatoid Inhibit viral entry
arthritis
Hydroxychloroquine  Plaquenil Malaria, Rheumatoid Inhibit viral entry
arthritis
Ivermectin Stromectol ~ Antiparasitic Inhibit nuclear
import via IMPa/
p
Lopinavir-Ritonavir Kaletra HIV-1 MP™ SARS-CoV-2 MP™
Remdesivir Veklury EBOV RdRp SARS-CoV-2
RdRp
Dexamethasone Decadron Immunomodulatory Management of
pro-inflammatory
cytokines
Baricitinib Olumiant Rheumatoid arthritis, Management of
Janus kinase inhibitor pro-inflammatory
cytokines
Molnupiravir Lagevrio - SARS-CoV-2
RdRp
Nirmatrelvir- Paxlovid - SARS-CoV-2 MP™®
Ritonavir

2. SARS-CoV-2 replication pathway

SARS-CoV-2 is an enveloped positive-sense single-stranded RNA
virus, belonging to the beta-coronavirus genus of the Coronaviridae
family [11]. The infection and replication cycle of SARS-CoV-2 is
broadly similar to that of SARS-CoV and MERS-CoV [12-14]. Briefly,
infection begins when the S1 subunit of the spike protein binds to the
host receptor via the receptor-binding domain. For MERS-CoV, this re-
ceptor is the dipeptidyl peptidase-4, whereas for SARS-CoV and
SARS-CoV-2, angiotensin-converting enzyme 2 (ACE2) receptor is the
crucial host receptor [15]. The higher affinity of SARS-CoV-2 for ACE2
as compared to SARS-CoV may account for its greater transmissibility
[16]. The S2 subunit of the spike proteins is responsible for viral entry
and fusion of viral and host membranes [15]. Infections on host cellular
surfaces are mediated by serine protease transmembrane serine protease
2 (TMPRSS2), while endosomal entry is mediated by endosomal cysteine
protease cathepsin B/L [17]. Importantly, SARS-CoV-2 was found to use
TMPRSS2-mediated entry as the primary viral entry route [15]. As
priming by these proteases are critical for the fusion and subsequent
entry of the virus into the host cell, they represent viable antiviral tar-
gets [12]. Uniquely, a polybasic site between the S1 and S2 subunit of
SARS-CoV-2 can be cleaved by another protease known as furin, which
may additionally account for the increased transmissibility of
SARS-CoV-2 [18]. It has also been suggested that the spike proteins of
coronaviruses are heavily glycosylated, which enables evasion of
recognition by host immune antibodies [19]. Following the entry of the
virus into the host cell, the genomic RNA is uncoated and released, and
translation of two open reading frames ORFla and ORF1b occurs. The
resulting polyproteins are then processed by two cysteine proteases,
papain-like protease (PLP™) and 3C-like protease (3CLP™; also known as
main protease or MP™), to smaller non-structural proteins (NSPs) needed
for viral replication and transcription. RNA-dependent RNA polymerase
(RdRp) in the replication and transcription complex (RTC) is a critical
enzyme that is responsible for the formation of negative-sense genomic
and subgenomic RNAs. Finally, new virions are assembled from the
genomic material and structural proteins, which are then released from
the cells through exocytosis (Fig. 2A).

Antiviral approaches against SARS-CoV-2 can be categorised into the
following: (1) inhibition of host receptor recognition; (2) inhibition of
viral entry; (3) inhibition of viral protein maturation; (4) inhibition of
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viral genome replication; (5) inhibition of viral protein translation.
These approaches will be further discussed in Section 4.

3. Pathophysiology of COVID-19

Besides targeting the virus, another approach in disease management
aims to target and slow down disease progression. Typically, infection
begins at the nasal epithelium followed by viral replication. Thereafter,
the virus migrates down the upper respiratory tract (URT) [20]. In 80%
of cases, the infection is contained in the URT, and the patient recovers
uneventfully within 14 days. In the other 20%, the virus may migrate to
the lower respiratory tract (LRT), which causes infection to pulmonary
alveolar epithelial cells [20]. Potentially, this could lead to enhanced
viral replication, as well as the upregulation of pro-inflammatory cyto-
kines including interleukins IL-1, IL-6, IL-8 and IL-12, and tumour ne-
crosis factor-o (TNF-a) [21]. The enhanced viral replication can lead to
acute respiratory distress syndrome (ARDS), while the latter can prog-
ress to a cytokine storm with implications such as possible lung injury,
alveolar damage, and development of ARDS. Together, this has been
proposed as the main cause of death from COVID-19-related complica-
tions (Fig. 2B) [22].

4. Approved drugs and investigational drugs evaluated for the
treatment of COVID-19

Treatment for COVID-19 can be categorised as (i) antiviral treat-
ment, and/or (ii) adjuvant therapy. These two approaches will be dis-
cussed separately in the following sections.

4.1. Antiviral treatment

4.1.1. Chloroquine / hydroxychloroquine

Amongst the many drugs explored for the treatment of COVID-19,
chloroquine (CQ) and hydroxychloroquine (HCQ) (Fig. 1) were
possibly the first to be publicly hailed as a potential treatment. Origi-
nally discovered in the 1966, CQ was used as an antiparasitic agent
against malaria [23]. CQ increases the endosomal and/or lysosomal pH,
which in turn inhibits key enzymatic processes that eventually leads to
the death of the parasite, most commonly Plasmodium falciparum [24].
The antiviral properties of CQ against HIV-1 were proposed in 1990,
primarily through the same mechanism of increasing the endosomal pH
[25]. Specifically, CQ/HCQ may inhibit the pH-dependent conforma-
tional changes in the structural proteins of viruses that are essential for
binding and fusion to host receptors and endocytosis. They may also
inhibit key enzymatic activities involved in the post-translational
modifications of the glycoproteins on the viral envelope, leading to
attenuated viral virulence [26]. Beyond HIV-1, CQ has also demon-
strated antiviral effects against other RNA viruses, including coronavi-
ruses such as SARS-CoV. CQ was found to inhibit SARS-CoV in vitro with
an ECsp value of 8.8 uM, which corresponds to the effective plasma
concentrations of the drug used for malaria treatment [27]. Mechanis-
tically, CQ has been shown to inhibit the terminal glycosylation of the
cellular receptor, ACE2, in addition to elevating the endosomal pH. This
disrupts the binding of SARS-CoV to the host cell receptor and interferes
with viral entry and virulence [28]. In addition, changes in endosomal
pH can inhibit cathepsin L-mediated priming, thereby preventing viral
entry through this pathway [29]. Due to the similarities between
SARS-CoV and SARS-CoV-2, CQ was investigated as a potential antiviral
against the novel coronavirus [30-32]. HCQ, a derivative of CQ, is
thought to behave similarly as CQ but with much reduced toxicities in
animals [33]. The additional anti-inflammatory properties of HCQ were
also touted to be useful for mitigating cytokine storms that may occur
with COVID-19 infection (Fig. 2B), thus making this proposed dual ac-
tion drug highly desirable for treating both the symptoms and the
infection itself [34].

The in vitro studies with CQ and HCQ on SARS-CoV-2 reported ECsg
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values of 2.71-7.36 uM and 4.51-12.96 uM respectively [34,35]. These
positive outcomes, however, failed to be translated into clinical efficacy.
Based on a recent systematic review with meta-analysis on 12 rando-
mised clinical trials (RCTs) with 8569 adult participants (with search up
to September, 2020), HCQ has indicated little to no effect on virological
clearance and clinical worsening (compared to mechanical ventilation)
and mortality in COVID-19 patients [36]. The same review indicated an
approximate three-fold increase in the risk of drug-related adverse
events like gastrointestinal disorders and prolongation of the corrected
QT (QTc) intervals indicating cardiovascular irregularities, which
further discouraged the continuation of trials involving CQ/HCQ for
COVID-19 treatment [36]. Earlier systematic reviews with meta-analysis
on RCTs alone (7 trials, 4984 patients) [37] and with observational
studies (12 cohort studies + 3 RCTs, 10,659 patients) [38] also
concluded that there was no benefit in using CQ/HCQ for improving
clinical outcomes of COVID-19. Large-scale RCTs with results published
later such as the Randomized Evaluation of COVID-19 Therapy (RE-
COVERY) collaborative trial (in the UK, with 4716 hospitalized patients)
[39] and the WHO Solidarity trial (multinational, with 954 hospitalized
patients received HCQ) [40] likewise demonstrated no mortality benefit

of CQ/HCQ, which was consistently observed across various age groups
and disease severity.

This apparent discrepancy between in vitro and clinical outcomes is
suggested to stem from cell line-dependent effects of CQ observed
against SARS-CoV-2 [41]. While SARS-CoV-2 may mediate viral entry
through both pH-dependent cathepsin L and pH-independent TMPRSS2
pathways, viral entry and infection in airway epithelial cells occurred
predominantly through the latter. In contrast, viral entry in cell lines
expressing low levels of TMPRSS2 (e.g. Vero E6 African green monkey
kidney-derived cells) proceed via cathepsin L, for which CQ/HCQ has
superior suppression effects [29]. Consequently, this may have over-
predicted the effects of CQ/HCQ and limited their clinical relevance
[41].

While these 4-aminoquinoline drugs are no longer part of the arsenal
for the treatment of COVID-19, there are important lessons to be learnt.
Retrospective analyses of CQ and HCQ revealed that these drugs lacked
in vitro to in vivo translatability in SARS-CoV. Yet, this was not addressed
or evaluated following the end of the SARS epidemic [42]. The urgency
for therapeutics against the SARS-CoV-2 arose when infection numbers
surged worldwide and this prompted clinical trials on CQ/HCQ despite
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their lack of efficacy as antiviral and prophylactic agents [43-45]. RCTs
and systematic reviews merely reaffirmed the ineffectiveness of
CQ/HCQ for the treatment of COVID-19 [36-40]. The evaluation of
CQ/HCQ against SARS-CoV-2 herein clearly exemplifies the need for
careful evaluation of drugs according to its safety and efficacy profile
before proceeding to clinical trials. Furthermore, these studies have also
highlighted the importance of understanding the pathology of viral in-
fections to aid in the selection of appropriate cell lines for antiviral
studies [41].

4.1.2. Lopinavir-ritonavir

Another potential strategy to develop an effective antiviral is to
disrupt the maturation of viral proteins via the inhibition of a key pro-
tease. Lopinavir (Fig. 1) is a peptidomimetic drug that is commonly used
against HIV-1. As an aspartate protease inhibitor, it targets the main
protease of HIV-1 and prevents the polyprotein cleavage, thereby dis-
rupting virion maturation and ending the infection and replication cycle
[46]. Although lopinavir can be used as a monotherapy, the drug is often
used in combination with low doses of a CYP450 inhibitor ritonavir
(Fig. 1) in clinical settings to slow down its hepatic metabolism [47].
Lopinavir, with or without ritonavir, has demonstrated antiviral activ-
ities against SARS-CoV, MERS-CoV and HIV-1 [48-50]. Lopinavir
reduced SARS-CoV viral titer in fetal rhesus kidney-4 (FRhK-4) cells with
an ICs value of 6.36 uM [49] and was also found to inhibit the purified
SARS-CoV MP™ with an ICsg value of 50 uM [50]. Similarly, lopinavir
treatment inhibited MERS-CoV replication in human hepatocellular
carcinoma Huh-7 cells with an ECgy value of 8.0 uM [48]. The
broad-spectrum antiviral activity of lopinavir makes it an attractive drug
candidate for the treatment of COVID-19.

Lopinavir reduced SARS-CoV-2 viral titer in Vero E6 cells with an
ECsg value of 26.63 uM [51]. The drug was presumed to target the MP™
of SARS-CoV-2, similar to its antiviral action in SARS-CoV. To study this,
lopinavir and ritonavir were evaluated for SARS-CoV-2 MP™ inhibitory
activity using a cell-based assay in HEK293T cells [52]. Interestingly,
treatment with lopinavir alone showed no inhibitory activity at
non-toxic concentrations, while treatment with ritonavir alone gave an
ICsp value of 13.7 uM. A combination of lopinavir-ritonavir resulted in
an ICsy value of 10.9 uM. However, neither lopinavir, ritonavir nor
lopinavir-ritonavir combination displayed any inhibitory activity when
tested against the purified MP™ [52]. In view of the latter, it was not
surprising that lopinavir-ritonavir treatment in SARS-CoV-2-infected
ferrets also showed no significant reduction in in vivo viral titers [45].
Despite this, clinical trials commenced in view of the lack of effective
COVID-19 treatment. An initial study involving 199 patients revealed
that lopinavir-ritonavir combination therapy (400 mg and 100 mg,
respectively; twice daily) was not effective, and viral loads were iden-
tical between treatment group and standard care group at different time
points taken for up to 28 days [53]. Larger clinical trials that followed
reported similar results. The study led by the RECOVERY collaborative
group involving 1616 patients reported no significant improvement in
the mortality rate amongst severe COVID-19 cases after oral treatment of
lopinavir-ritonavir (400 mg and 100 mg, respectively; twice daily) for
10 days. In addition, one serious adverse event of elevated alanine
aminotransferase stemming from lopinavir treatment was recorded from
the treatment group [54]. A systematic clinical review on
lopinavir-ritonavir (7 trials, 8432 participants) similarly concluded that
there was no clinical benefit in terms of mortality, virological clearance
and radiological improvements as compared with standard supportive
care in COVID-19 patients [55]. The interim findings of the WHO Soli-
darity trial also found minimal clinical benefit in hospitalized patients
treated with lopinavir-ritonavir (200 mg and 50 mg, respectively; twice
daily) [40]. Together, these findings concluded the ineffectiveness of the
lopinavir-ritonavir combination for the treatment of COVID-19.

Retrospective analyses of the use of lopinavir in COVID-19 treatment
suggest several factors that may contribute to the failure of the drug as a
therapeutic. Firstly, the lack of inhibitory activity by lopinavir against
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the purified MP™ of SARS-CoV-2 suggest that this compound is not a
direct inhibitor of MP™ [52]. However, the exact molecular target has
not been elucidated.

Secondly, lopinavir is reported to have high plasma binding of
> 95%, leaving the remaining 5% as unbound drug to act on viral targets
[56]. This limits the clinical translation of the drug for COVID-19
treatment. To compensate for this, Cattaneo et al. proposed an adjust-
ment to the clinical dosing in order to achieve the in vitro ICsq value. This
corresponds to a dosing of approximately 20-fold higher than the in vitro
reported data. However, as noted by the authors, the adjusted dosing
would not be feasible due to the potential toxicity risks to patients [56].

Thirdly, the clinical evaluation for lopinavir in COVID-19 treatment
commenced in spite of the lack of inhibitory activity by lopinavir against
the purified SARS-CoV-2 MP™ and the unsatisfactory in vivo results for
lopinavir treatment [45,52]. Pre-clinical studies were designed to guide
clinical studies in predicting the efficacy and dosing of drugs. In view of
the unsatisfactory results from the pre-clinical studies however, this was
not possible. This may have resulted in the ineffectiveness of lopinavir in
COVID-19 treatment.

It is noteworthy that the clinical effectiveness of protease inhibitors
are, in general, limited to early-stage disease when the viral load is low,
and inhibition of viral replication is crucial. Most clinical trials for
lopinavir were evaluated on severe COVID-19 cases, where the viral load
is high, and the drug is less effective. To overcome this limitation, pro-
tease inhibitors may find synergism with other therapies that act on
different stages of disease progression [57]. While viral proteases are
good targets and their inhibition is an excellent antiviral strategy, this
episode demonstrated the importance of target validation. In the case of
lopinavir, while the drug successfully inhibited the main protease of
HIV-1 and MP™ of SARS-CoV, this did not extend to the MP™ of
SARS-CoV-2. Furthermore, the high plasma binding of lopinavir [56],
coupled with the high concentration required to inhibit viral replication
in vitro [51], also suggest the importance of considering the pharmaco-
kinetic properties of drugs in their clinical translatability and relevance.

4.1.3. Remdesivir

GS-5734 (Remdesivir) is a prodrug that rapidly metabolizes to GS-
441524 monophosphate, followed by phosphorylation by the host cell
to a bioactive analog of adenosine triphosphate (Fig. 3A) [58]. As part of
a library initially developed by Gilead Sciences against HCV, the drug
acts by targeting the RdRp [59]. Kinetic studies performed on recom-
binant SARS-CoV-2 RdRp revealed an enhanced efficiency in incorpo-
rating GS-441524 triphosphate (GS-443902) as opposed to ATP [60].
Following its incorporation into the elongation strand (position i) during
viral replication, the machinery stalls while incorporating a nucleotide
into the i + 4 position due to steric clashes between the 1°-CN group of
the incorporated GS-441524 and the protein (Fig. 3B) [61,62]. As a
result, the incorporated GS-441524 effectively inhibits viral RNA syn-
thesis. Being a relatively late player into the game, remdesivir was first
used against the Ebola virus (EBOV), where it demonstrated excellent in
vitro potency and retained in vivo activity in animal infection models
[58]. Owing to the importance of the RdRp in RNA synthesis and viral
replication, remdesivir was en route to becoming a promising
broad-spectrum antiviral against RNA viruses [63].

Remdesivir has outstanding in vitro and in vivo antiviral effects
against SARS-CoV and MERS-CoV [64]. In human airway epithelial
(HAE) cells, remdesivir was reported to have ICsy values of 0.069 uM
and 0.074 pM against SARS-CoV and MERS-CoV respectively; in primate
models, lower viral loads were detected in the lungs with milder oc-
currences of lung lesions [64,65]. Against SARS-CoV-2, remdesivir has
also shown promising results in inhibiting the virus in both Vero E6
(ECsp = 0.77 uM) and Huh-7 cells (ECy9 = 1.85 uM) [35]. Lower lung
viral loads and reduced lung damage were also observed in rhesus ma-
caques treated with remdesivir as compared to those treated with
vehicle controls. Notably, reduced viral titers in the bronchoalveolar
lavages at 12 h post-treatment from the initial dose indicated clinical
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mechanism of action.

benefit for commencing remdesivir treatment in early-stage disease to
prevent progression to pneumonia [66]. Impressively, the antiviral ef-
fects against SARS-CoV-2 are predominant despite the presence of an
exonuclease (ExoN) at the N-terminal domain of nsp14, which functions
to correct mismatched nucleosides. Based on the structure of the RdRp in
the GS-441524-stalled state, GS-441524 is still concealed within the
nspl2 core polymerase during the incorporation of the nucleotide at the
i+ 4 position (Fig. 3B). This makes the mismatched position inacces-
sible for the ExoN to initiate excision [67]. Furthermore, it is also
postulated that the incorporation of the next three base pairs following
GS-441524 occurs rapidly and this could circumvent the proofreading
mechanism [68].

To understand the implications of remdesivir resistance in corona-
viruses, two mutants, F476L and V553L, were generated by passaging of
parent nucleoside GS-441524 in murine hepatitis virus (MHV). Both
mutations were identified to be in a conserved region across all coro-
naviruses in the nsp12 core polymerase-coding region within the RARp
[69]. This involved structural changes to the nsp12 polymerase domain,
which is likely to alter the stringency of nucleotide incorporation [70].
When these sequence mutations were introduced into the SARS-CoV
genome (yielding mutants F480L and V557L, respectively) a similarly
conferred resistance for the virus against remdesivir was obtained. This
suggests the involvement of a similar mechanism of resistance following
remdesivir exposure. Observations for the impaired ability of the mu-
tants to infect new cells also confirm the high barrier of resistance [69].

However, mixed results were reported from clinical studies involving
the use of remdesivir for the treatment of COVID-19. While case reports
and small-cohort observational studies for hospitalized patients were
encouraging for clinical improvement when remdesivir was used [71],
these results were not replicated in larger placebo-controlled RCTs.
Similar doubt remains when reported clinical improvement for hospi-
talized patients was not statistically significant ([72]; 237 hospitalized
patients from multi-centers in China) or are of uncertain clinical
importance ([73]; 596 hospitalized patients, multinational). The later
clinical trial [73] was also criticized for reporting bias in clinical status
in terms of measuring outcomes and missing outcome data [74], adding
to the uncertainty for the use of remdesivir. A more elaborate clinical
trial showed positive effects of remdesivir in shortening time to recov-
ery, but not in severe COVID-19 patients who required mechanical
ventilation or extracorporeal membrane oxygenation (ECMO) at the
start of enrollment ([75]; with 1062 hospitalized patients,
double-blinded placebo-controlled RCT). The demonstrated effective-
ness was however not reproduced in the larger randomized WHO Soli-
darity Trial ([40]; with 2750 hospitalized patients receiving remdesivir
intervention). While there is no evidence suggesting benefits of remde-
sivir in the reduction of mortality in hospitalized patients ([40,72,73,
75]; 4 RCTs with a total of 7142 patients), early evidence has suggested
the effectiveness of the drug in slowing down disease progression to-
wards hospitalization or mortality in the outpatient setting [76].

As the effectiveness of remdesivir treatment is observed to be limited
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to cases with mild COVID-19, it may be possible that the metabolism of
the drug is hindered in individuals with severe COVID-19, which may
contribute to its ineffectiveness in many of the studies conducted.
Another possibility is that remdesivir alone is not sufficient for disease
management in later stages of the disease where the immune system of
the host has been compromised, and managing inflammation and
cytokine storms become as important as inhibiting viral replication (see
Section 4.1). A workaround is to administer a combination of remdesivir
with an immunomodulator such as corticosteroids, and this had proven
to be effective in a hamster model of SARS-CoV-2 [77]. A plausible
candidate to fill this role is dexamethasone, which will be discussed in a
later section. A combination of remdesivir and Janus kinase (JAK) in-
hibitor baricitinib was also observed to aid patient recovery in clinical
settings [78], prompting FDA authorization for use in COVID-19 treat-
ment for hospitalized adults and pediatric patients above the age of two
who require external respiratory support [79].

In terms of drug cocktails being considered, a combination of
remdesivir and a nsp14-ExoN inhibitor may also be a viable treatment
solution [80]. Although previous studies demonstrated that remdesivir
is able to evade the proofreading machinery, high concentrations of UTP
could potentially negate the inhibitory effects of remdesivir and resume
RNA elongation [62]. Consequently, this may allow the nspl4-ExoN
proofreader to correct the mismatches. Furthermore, the nsp14-ExoN
of SARS-CoV-2 has recently been reported to be involved in its viru-
lence. Specifically, the nsp14-ExoN of SARS-CoV-2 can inhibit the syn-
thesis of host immunogenic proteins, thereby evading host immune
response [81]. The development of nsp14-ExoN inhibitors have recently
gained popularity, although to date, none has advanced into clinical
trials [82-84]. Preliminary in vitro compound screenings have identified
PF-03882845, Inauhzin and Trifluperidol as potential nsp14-ExoN in-
hibitors that display synergism with remdesivir [85].

Despite the many setbacks, remdesivir has received FDA approval for
use in adult patients hospitalized with COVID-19 [86] and in outpatient
treatment for mild-to-moderate disease [87]. However, remdesivir has a
major shortcoming in the form of its administration, i.e. via intravenous
(IV) injections, which poses restrictions in its handling to only clinical
professionals. The inconsistent efficacy of remdesivir in clinical trials
[40], persistence of parent nucleoside GS-441524 as the metabolite in
circulation [66,88], and effectiveness of GS-441524 in veterinary set-
tings against feline coronavirus (FCoV) [89-91] have led to studies
where GS-441524 was evaluated for its suitability in COVID-19 treat-
ment [92]. While the drug can be administered orally [93], GS-441524
suffers from a slow first-phosphorylation step that is rectified in part by
the McGuigan prodrug on remdesivir [59,94]. Several research groups
have also investigated various derivatives and strategies to make oral
versions of remdesivir. Jubilant Pharma has recently reported the
completion of the pharmacokinetic and safety studies of their remdesivir
oral formulation [95]. GS-621763, an oral prodrug of GS-441524, has
also been shown to be effective against SARS-CoV-2 in vitro (ECsg =
0.11-0.73 uM in Vero E6 cells), and led to a near-complete reduction of
viral titers in ferrets following a 10 mg/kg treatment twice daily for 3
days [96]. Lipidation is also a promising strategy for prodrug develop-
ment and for altering pharmacokinetic properties. Lipid prodrugs of
GS-441524 possessed good oral bioavailability and can be easily acti-
vated by cells in the body. The most active compound ODBG-P-RVn
(1-O-octadecyl-2-O-benzyl-glycero-3-phosphate remdesivir nucleoside)
also showed in vivo efficacy against SARS-CoV-2, hence possessing the
potential to be developed into oral antivirals [97]. Besides lipidation,
deuteration can also augment the pharmacokinetic properties of drugs
such as in the case of VV116, a 7-deuterated derivative of GS-441524.
Importantly, pre-clinical results have concluded that the compound
may be suitable as an oral drug candidate [98]. As of December 2021,
VV116 has entered clinical trials and has been approved for emergency
use authorization (EUA) in Uzbekistan.

Altogether, the elaborate account of remdesivir has elicited two
learning points in drug development. Firstly, a combined understanding
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of the disease pathology and the pharmacology of a drug is essential to
ensure its timely administration. The responses of the host post-
infection, especially cytokine storms, may lead to severe and critically
ill clinical progression of COVID-19 patients and as such, late adminis-
tration of virus-targeting drugs or direct-acting antivirals would render
the treatment ineffective as preventing viral replication would no longer
be clinically relevant. Secondly, the availability of the drug to be self-
administered by the general population is critical to ensure timely
treatment and to manage disease progression. In the case of remdesivir,
this is hindered by the need for IV administration. The development of
an oral formulation of remdesivir is likely to overcome this challenge.
Perhaps, a revamped familiarity may reemerge in the near future, and
hopefully, it promises better prospects.

4.1.4. Ivermectin

Ivermectin belongs to a class of compounds collectively known as
avermectins, a group of macrolides produced by Streptomyces avermitilis
[99]. As a semi-synthetic derivative of avermectin (Fig. 4), ivermectin
possesses enhanced safety and antiparasitic properties [100], and was
most notably used in the treatment of onchocerciasis or river blindness,
and lymphatic filariasis [101,102]. The discovery of ivermectin as an
inhibitor of importin o/f heterodimer (IMP «a/B)-mediated nuclear
import opened possibilities to explore the drug as an antiviral. This
process is believed to be critical for infection by many different RNA
viruses [103-105]. Excellent in vitro antiviral activity against the HIV-1
and dengue virus (DENV) were demonstrated, both of which rely heavily
on the IMP o/f nuclear import in their respective viral replication
pathways [106]. In addition, ivermectin also show antiviral effects
against zika virus (ZIKV) and chikungunya virus (CHIKV), although the
mechanisms of inhibition in these viruses are unknown [107,108].

In the context of SARS-CoV-2, a decrease in the release of virions of
up to 93% was observed in vitro after a 24 h treatment with 5 M of
ivermectin [109]. No toxicity was observed at that concentration.
Although the mechanism of antiviral action of ivermectin in coronavi-
ruses was not confirmed, inhibition of viral replication was similarly
proposed to occur through the inhibition of importin (Fig. 2A). A mo-
lecular docking study of ivermectin against common antiviral targets
such as IMPq, helicase ADP and NDB sites, proteases, and proteins of the
RTC identified the RdRp (—10.4 kcal/mol), helicase (NCB site)
(—9.6 kcal/mol) and IMPa (—9.0 kcal/mol) as the top three targets as
ranked by binding energies [110]. While docking studies are not con-
firmative of actual drug-protein interactions, the results suggested that
binding between ivermectin and IMPa may be possible. IMP« in the IMP
o/p heterodimer is reported to house the cargo and recognize the nuclear
localization signal [111]. Its inhibition therefore translates to the overall
inhibition of the IMP o/f nuclear import pathway. This suggests that
inhibition of IMPa by ivermectin could inhibit nuclear import of
SARS-CoV-2 viral proteins should it rely on IMP o/p nuclear import for
viral replication [109].

While the drug seemed promising, a major flaw was detected in the
initial in vitro studies against SARS-CoV-2. Specifically, the concentra-
tion of ivermectin used was 50 times above the acceptable level used in
clinical practice (700 pg/kg), which limited clinical translatability to
humans [112]. Plagiarism concerns from early clinical data further
raised questions on the effectiveness of the drug, eventually resulting in
the retraction of the preprint article [113]. Furthermore, completed
clinical trials of ivermectin (14 trials, 1678 participants) were plagued
with small sample sizes and hence lack of statistical power, inconsistent
trial designs (varied treatment dose/duration and non-randomized tri-
als) and high risk of bias in reporting study outcomes [114]. The present
very-low to low-certainty evidence makes the effect and safety of iver-
mectin in preventing and treating COVID-19 inconclusive [114]. The
serious errors underlying the published studies supporting the use of
ivermectin in COVID-19 treatment were also revealed in a recent cor-
respondence by Sheldrick and co-workers, namely non-randomization of
interventions, falsification of patient numbers and data, duplication of
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Fig. 4. Avermectin and its semi-synthetic derivative ivermectin. Highlighted parts denote the structural difference between the two compounds.

positive results, inaccurate calculations and lack of scrutinization from
local authorities [115,116]. Other clinical data revealed no significant
benefits from ivermectin therapy in alleviating symptoms of mild
COVID-19 [117]. The lack of credible scientific data from these studies
was likely driven by a publication bias fueled by the hype around
ivermectin as a “miracle” anti-COVID drug. Adverse effects from iver-
mectin without clear benefits and more seriously, an opportunity cost
that prevents ivermectin believers from getting vaccination or standard
care has implications in the current management of COVID-19 pandemic
[115,116].

At present, ivermectin continues to rank amongst the most contro-
versial drugs in the wake of COVID-19 drug-repurposing efforts. The
story of ivermectin and COVID-19 highlights an important lesson in drug
discovery and development. Clinical studies are often influenced by the
outcomes of animal studies, which in turn draws reference from in vitro
results. In this instance, the in vivo exposure of ivermectin that can be
safely achieved in humans was well below that required based on the in
vitro assay data. This highlights the importance of animal models for
predicting and defining the efficacious and toxic doses. In other words,
any flaws in experimental design between in vitro validation to clinical
translation could snowball into larger and more severe problems, ulti-
mately affecting efficacy and/or toxicity in humans. The choice of a
suitable pharmacotherapy for a disease should therefore carefully weigh
its potential efficacy and toxicity in the early pre-clinical phase to avoid
wastage of resources channeled into large clinical studies. It is thus
imperative to ensure that sufficient efficacy and toxicity data has been
obtained in pre-clinical studies before considering its further clinical
application.

The downfall of ivermectin was a clear mismatch between in vitro
and clinical feasibility, further fueled by impartiality and eventually
data manipulation. Furthermore, the role of the IMPa/p heterodimer,
the postulated target of ivermectin in coronavirus replication, had not
been validated. Further investigation of the viral replication cycle of
coronaviruses revealed that replication is independent of the importin
nuclear transporters [12].

While ivermectin was ineffective as a small molecule therapeutic for
COVID-19, this may not necessarily be the end for the drug. Recent
studies have shown that ivermectin can modulate IL-6:1L-10 ratio in lung
tissues [118]. This ratio had been proposed to be a predictive marker for
disease progression in hospitalised patients, where low IL-6:IL-10 ratio is
indicative of less severe disease progression [119]. As such, the study
suggests that ivermectin treatment may present clinical benefit for
managing SARS-CoV-2 infections in patients [118]. More importantly,
ivermectin may still be a viable treatment option for infections caused
by viruses that rely heavily on the IMP a/f nuclear import pathway
[103,106], which includes members of the flavivirus, retrovirus and
alphavirus families.

4.2. Adjuvant treatment

4.2.1. Dexamethasone

While most of the drugs aforementioned were explored as antivirals,
managing the severity of disease is just as critical in preventing deaths.
Since severe immune responses may lead to cytokine storms in SARS-
CoV-2 infection, the importance of using corticosteroids for their
potent immunomodulatory properties is highlighted. Amongst many
options, one popular choice is dexamethasone (Fig. 1).

Briefly, corticosteroids work by binding to glucocorticoid receptors
in the cytosol. Once activated, the glucocorticoid-receptor complex can
translocate to the cell nucleus to regulate the expression of pro-
inflammatory proteins [120]. For dexamethasone in particular, it
could inhibit the production of pro-inflammatory cytokines such as IL-1,
IL-2, IL-6, IL-8, IFN-y and TNF-o [121].

Clinical evaluation of dexamethasone treatment has yielded
favourable outcomes for disease recovery with conclusive evidence. A
systematic review on the use of corticosteroids for the treatment of
COVID-19 analyzed 11 RCTs with 8075 participants; out of the 3072
participants randomized to receive corticosteroids, more than 75% of
them received dexamethasone [122]. It was reported with a moderate
level of certainty that systemic corticosteroids added on to standard care
has a marginal benefit in reducing all-cause mortality as compared to
standard care alone in hospitalized COVID-19 patients [122]. In addi-
tion, another recent RCT led by the RECOVERY collaborative group
similarly reported an improvement in 28-day mortality (482 deaths in
treatment group vs 1110 deaths in control group) for hospitalized pa-
tients with COVID-19 who received 6 mg dexamethasone once daily
compared to those who only received standard of care [123].

Today, dexamethasone is listed as an essential medicine by WHO due
to its suitability for multiple indications [124]. Yet, its use for the
management of COVID-19 is not without its problems. Due to its
immunosuppressant properties, inappropriate prescribing of the drug
may result in delayed viral clearance and compromise host immunity,
resulting in false impressions of disease recovery [125-127]. Notably,
this has been demonstrated in the history of using dexamethasone
against various types of coronavirus-induced pneumonia, where con-
flicting results were observed from SARS and MERS. Specifically, while
dexamethasone could significantly reduce mortality and duration of
hospitalization in severe cases of SARS-CoV infection [128], no
improvement in mortality was noted for MERS-CoV infections [129,
130].

Although the use of dexamethasone could undoubtedly reduce
mortality in patients with severe COVID-19 [123], the fact remains that
the drug does not cure the disease but merely alleviate its symptoms.
The usage of dexamethasone in the management of different human
coronavirus infections, from SARS to MERS and COVID-19, has
emphasized that its prescription must not be indiscriminate. Instead, a
case-by-case evaluation guided by several considerations must be made
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prior to its prescription, such as the need to evaluate the pros and cons
for the administration of the drug, pre-existing medical conditions of the
patients, severity of the disease, and the dose and duration of the
treatment [131]. Recent developments have also suggested that dexa-
methasone can in fact bind to ACE2 of the host, which can allow the
corticosteroid to act as an inhibitor for viral entry [132]. However, this
observation has not been validated in in vivo models.

4.2.2. Baricitinib

Janus kinase (JAK) inhibitors are a class of compounds that possess
inhibitory properties against cytokines to attenuate and modify immune
response. Amongst JAK inhibitors, baricitinib, an FDA-approved drug
for the treatment of rheumatoid arthritis, has received much interest
lately as a potential anti-inflammatory agent for suppressing elevated
cytokine levels in severe SARS-CoV-2 infection [133]. Due to its high
binding affinity for AP2-associated protein kinase 1 (AAK1), a regulator
of endocytosis [134], baricitinib was proposed to inhibit viral entry into
host cells. Collectively, all these have identified baricitinib as a potential
dual-action drug [135].

Baricitinib treatment in primary human hepatocytes and lung orga-
noids was observed to reverse the effects of interferon-a2 (IFN-02)-
induced gene upregulation, including the increased expression of pro-
inflammatory cytokines in a cytokine storm and ACE2 induction
[136]. The sensitivity of ACE2 expression in liver cells to IFN-a2 sig-
nalling hence allowed baricitinib to moderate SARS-CoV-2 entry in the
liver. In the same in vitro study, baricitinib was also shown to efficiently
block viral entry at nanomolar concentrations through the inhibition of
specific numb-associated kinases (NAKs) including AAK1 and cyclin
G-associated kinase (GAK) [136]. Clinical trials with baricitinib have
shown promising outcomes as outlined below. In a systematic review
and meta-analysis (13 studies, 3977 participants), baricitinib treatment
was associated with significant reduction in mortality by day 28 in
hospitalized patients with COVID-19, without increasing the occurrence
of adverse events [137]. Similarly in another systematic review with
meta-analysis, (12 studies, 3564 patients, including 2 double-blinded
multicentre RCTs with 2558 patients, 6 observational cohort studies
and 4 non-randomised trials), baricitinib demonstrated consistent
reduction in mortality rate across subgroups and improvement in clin-
ical status as indicated by lower rate of intensive care unit (ICU) ad-
missions and less worsening to mechanical ventilation [138]. For the
two RCTs included in this systematic review, they are, by far, the only
two large-scale double-blinded trials on baricitinib with results available
— the Adaptive COVID-19 Treatment Trial 2 (ACTT-2) [78] with 1033
hospitalised patients on the combination therapy of remdesivir (200 mg
loading on day 1 + 100 mg for days 2-10) and baricitinib (4 mg daily
dose for 14 days) and the COV-BARRIER trial [139] (multinational,
1525 hospitalized patients) on baricitinib (4 mg daily dose for 14 days),
as compared to standard of care. While both trials concluded that there
was a reduction in all-cause mortality with baricitinib use in severe
patients who require baseline oxygen support, the COV-BARRIER trial
also reported synergism when baricitinib is used with systemic corti-
costeroids (i.e. dexamethasone), in reducing death amongst hospitalised
adults [139]. The ACTT-2 trial additionally showed a reduction in severe
adverse events (e.g. multiple organ dysfunction syndrome, shock and
acute kidney injury) with the combination therapy [78].

In view of these promising clinical data, WHO has recently recom-
mended baricitinib as an add-on therapy with corticosteroids in severe
patients with COVID-19 pneumonia [140]. Furthermore, as mentioned
in Section 4.3, the combination therapy of baricitinib and remdesivir
have also been granted approval for the treatment of COVID-19 in
hospitalized adults or paediatric patients above the age of two who
require mechanical ventilation or ECMO [79]. The impressive safety
profile of baricitinib also warrants further investigation of its use with
other virus-targeting agents [141,142].

Of note, the ability of baricitinib to moderate SARS-CoV-2 entry into
lung cells was a prediction made by artificial intelligence [135]. Studies

Pharmacological Research 179 (2022) 106201

have since showed that the modulatory effect of baricitinib for viral
entry work in liver cells as well [136]. The dual-action role of baricitinib
against SARS-CoV-2 infections is an impressive feat that demonstrates
the practicality of a single drug acting via multiple mechanisms of ac-
tion, which may be impossible to predict without the aid of computa-
tional studies. This highlights the growing role of computer-aided drug
discovery in streamlining processes of target identification and drug
reutilization.

5. New small molecule antiviral treatment — a glimpse of hope?

The urgency of the pandemic had prompted many drugs to be reu-
tilized as possible treatment options for COVID-19, albeit many were
found to be ineffective. Compounds developed by traditional medicinal
chemistry approaches began to gain traction, including molnupiravir
and nirmatrelvir, which are briefly described below.

5.1. Molnupiravir

Amongst the antivirals that have been tested against SARS-CoV-2
thus far, the prodrug remdesivir undoubtedly holds the most promise.
Recently, another nucleoside prodrug molnupiravir (MK-4482; EIDD-
2801; Fig. 1) was observed to exhibit significant improvement to non-
hospitalized COVID-19 patients [143]. This isopropyl ester prodrug is
metabolized to B-D-N“-hydroxycytidine (NHC; EIDD-1931) [144,145].
NHC is primarily a mimetic of cytidine (C), although its tautomerism
allows it to also mimic uridine (U) [146]. This allows the RdRp to
effectively assimilate it into the replication strand, pairing it with gua-
nidine (G). When the NHC-containing strand is used as a template for
further replication, A (adenosine) or G (but not C or U) may be paired to
NHC, thereby inducing mutagenesis which is lethal to the virus if left
unchecked (Fig. 5) [147]. Initial clinical evaluation of the drug saw a
50% improvement in hospitalization risk and mortality in
non-hospitalized patients with mild to severe disease, urging for a pre-
mature termination of recruitment into the Phase 3 MOVe-Out trials in
view of application for emergency usage [148]. However, updates on the
MOVe-Out trials had since reported a mere 30% improvement in hos-
pitalization risk — a significant drop from the initial 50% reported [149].
The drug was also not associated with any clinical improvements in
hospitalized patients with severe COVID-19, which prompted the
termination of the MOVe-In trial [143].

Prior to Merck’s revelation of molnupiravir, research groups in
collaboration with Emory Institute of Drug Development (EIDD) had
demonstrated the in vitro potency of the drug against SARS-CoV, MERS-
CoV and SARS-CoV-2 inoculated in human epithelial cells [150,151].
The safety and pharmacokinetic profiles of molnupiravir were also
carefully examined prior to patient recruitment for clinical trials [152].
It is postulated that molnupiravir is likely to escape interference by
nspl4-ExoN due to the apparent stability of NHC-G and NHC-A base
pairs, which may not induce correction by the proofreading machinery
[147,153]. The drug has also demonstrated effectiveness against infec-
tion models of SARS-CoV-2 in mice, both as an antiviral treatment and a
prophylaxis [154]. Evidence also suggests that the drug may prevent the
spread of the virus in ferret infection models [145]. Taken together, this
suggests that the drug may be able to prevent and treat mild COVID-19
cases, and limit transmissibility in the community.

Besides these successes, molnupiravir also holds an important
advantage over remdesivir. While remdesivir must be administered
intravenously by clinical professionals, molnupiravir can be formulated
as an oral pill. In theory, this should greatly improve logistical accessi-
bility and distribution and hence treatment compliance. Merck and
Ridgeback have signed deals with regional drug manufacturers in hopes
to lower the price of the drug [155], but it is unknown if this move is
sufficient to improve accessibility.

Another lingering concern involves the toxicity of molnupiravir — can
the drug induce mutagenesis in the host as well? Initial studies have
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Fig. 5. The metabolite of Molnupiravir, NHC (represented in green) is a primary mimetic for cytidine, pairing with guanidine during viral replication. Tautomerism
of NHC can allow it to occasionally mimic uridine, thus pairing with adenosine. When the NHC-containing strand is used as a template for further replication,

adenosine or guanidine may be paired with NHC, thereby inducing mutagenesis.

disputed this [150], but recent studies warn of possible host mutagenesis
in view of the common DNA and RNA precursors utilized by both the
host and virus. This mutagenesis, though, may be confined to dividing
cells where DNA is constantly synthesized, owing to the mechanism of
action of the drug [156]. These mutagenic effects have been observed in
mammalian cells [156], but its effects to the entire organism have not
been verified. In addition, experts have also cautioned for potential drug
resistance. Due to the high viral loads over the duration of an infection,
almost every possible mutation is highly likely to occur. While direct
mutations to the RARp remain unlikely, survival pressure that relies on
fitness advantage may result in stronger variants or tolerance to mol-
nupiravir [157,158].

Molnupiravir received EUA by the FDA on 23 December 2021,
following its first authorization for use as a COVID-19 therapeutic in the
U.K. 7 weeks prior. It should be noted that both authorizations are
exclusively for adult patients with mild-to-moderate disease and within
the first 5 days of disease onset [155,159]. While the outcomes for the
clinical evaluation of molnupiravir were not spectacular [149], the drug
still undoubtedly led to improvement in patient recovery and can
potentially be a useful prophylaxis against SARS-CoV-2 infections.

5.2. Paxlovid™ (Nirmatrelvir-ritonavir)

As drug discovery research progresses with the pandemic, Pfizer
announced a novel protease inhibitor designed to target the MP™ of
SARS-CoV-2 - a different target from the nucleos(t)ide drugs remdesivir
and molnupiravir. Sold under the brand name Paxlovid™, the treatment
comprises of nirmatrelvir (Fig. 1) and low-dose ritonavir to slow down
hepatic metabolism. Nirmatrelvir is a peptidomimetic with a glutamine-
mimicking pyrrolidone moiety in the P1 domain and a cyano group in
the P1’ domain (Fig. 6), which fits in the S1 and S1° pockets of the MP™
of SARS-CoV-2 respectively. While the cyano groups of both remdesivir
and nirmatrelvir are key to their respective mechanisms of action, these
cyano groups have different functions in their inhibitory mechanisms. In
remdesivir, the cyano group causes steric hindrance that stalls the RdRp
machinery while in nirmatrelvir, the cyano group is an electrophilic

/s, ]

Fig. 6. Structure of peptidomimetic Nirmatrelvir. P4 to P1 denotes the posi-
tions of the sequence from the N-terminus to the C-terminus.

warhead that forms a thioimidate adduct with the catalytic cysteine of
MPT, effectively making the compound a reversible covalent inhibitor.
The in vitro and in vivo efficacies of nirmatrelvir against SARS-CoV-2, as
well as its pharmacokinetic profiles, have been reported [160].

Like molnupiravir, Paxlovid™ is also formulated for oral adminis-
tration [161]. Interim results for phase II-III clinical evaluation of Pax-
lovid™ (1219 patients) reported that the drug reduced hospitalization
risk and mortality by 89% in patients with mild COVID-19 when taken
within three days of onset of symptoms [162]. In view of that, Paxlo-
vid™ has also been granted EUA by the FDA on 22 December 2021 for
mild-to-moderate disease in patients with minimum age of 12 [163].

In view of all the data presented, Paxlovid™ may be the most
promising treatment option against COVID-19. Unlike nucleoside ana-
logues, protease inhibitors have more specific interactions with their
targets, which limits their otherwise broad-spectrum antiviral activity.
However, the risk of off-target interactions with other nucleophilic

10
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residues in peptides and proteins in the host body are also additional
challenges for a covalent inhibitor [164].

6. Concluding remarks and future perspective

On hindsight, mankind should have been more prepared for a
pandemic. The outbreaks of SARS (2003, (+)-sense RNA virus, Coro-
naviridae family), swine flu (2009, (-)-sense RNA virus, Orthomyxoviridae
family), MERS (2012, (+)-sense RNA virus, Coronaviridae family), Ebola
(2014, ss-(-)-sense RNA virus, Filoviridae family) and Zika (2016,
(+)-sense RNA virus, Flaviviridae family) show how easily infectious
diseases that are originated from viruses can rapidly spread in this
highly connected world. When we finally emerge from this pandemic,
we must be prepared for the next one which will again be an unseen
enemy. This preparation should be in the continued study of viruses and
therapeutics despite the potential lack of financial gains in the short
term. In view of the rapid mutation rates seen in viruses, multi-targeted
broad-spectrum antivirals would be highly coveted.

The development of antiviral agents poses intrinsic challenges that
are easily overlooked. One major reason may be an initial lack of un-
derstanding in the virus pathology. Moving forward, one hopes that the
lessons uncovered herein could aid in drug development against viral
pathogens. These include (i) the selection of appropriate cell lines for
antiviral studies, (ii) validation of viral targets, (iii) a proper workflow to
demonstrate translatability from in vitro to in vivo efficacy and ultimately
clinical relevance, (iv) identification of the best window for therapeutic
intervention to achieve optimal outcome, and lastly, (v) the timely
administration of antiviral treatment that could otherwise render the
drugs ineffective. While vaccination remains our best preventive mea-
sure against SARS-CoV-2 infections, the availability of therapeutics is
equally crucial in managing treatment for people who are vulnerable,
especially the elderly as well as the immunocompromised. Promising
treatment options at present include protease inhibitor Paxlovid™,
nucleos(t)ide analogues remdesivir and molnupiravir, and immuno-
modulators dexamethasone and baricitinib (Fig. 7).

While many celebrate the prospects of an end to the disease that
brought the world to a standstill, history has taught us to be wary. Po-
tential toxicity of molnupiravir by mutagenesis to organs and germline
in the host should be examined. If ultimately proven to be effective and
safe, both molnupiravir and nirmatrelvir could be a huge step forward
for mankind in the treatment of COVID-19. Despite their promise, the
interactions of molnupiravir and Paxlovid™ with other drugs are not yet
well understood. This is especially true for Paxlovid™, which contains
the CYP450 inhibitor ritonavir, hence reducing tolerability for patients
on multiple medications [165]. Another lingering concern involves the
development of resistance to these drugs, especially in individuals with
weakened immunity which could result in prolonged SARS-CoV-2
infection and subsequent treatment duration, or those who are unable
to withstand the full treatment regimen [165]. Concerns on the effec-
tiveness of these drugs against emerging VOCs have also gained traction.
Thankfully, remdesivir, molnupiravir and nirmatrelvir have all shown
promising results against the Omicron variant (B.1.1.529) and past
VOCs [166], which further highlights the relevance of small molecule
therapeutics in the ongoing fight against viral infections.

Lest we forget the lives that have been lost in this current war against
COVID-19, we must continue to build our arsenal of small molecule
therapeutics, especially orally available ones, against viral diseases. For
that to come to fruition, government authorities and funding agencies
must be willing to support drug discovery and development efforts
against infectious pathogens. International collaboration in drug
development research should also be encouraged to share scientific
developments and improve interconnectedness in the scientific com-
munity. Lastly, a strong emphasis should also be placed towards suffi-
ciently powered clinical trials in times of a pandemic to ensure
confidence and validity in the results obtained. The ball should be in our
court the next time round.
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Fig. 7. Effective treatment options against COVID-19 thus far and the phases of
SARS-CoV-2 pathophysiology for which they act on.
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