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Abstract

The COVID-19 pandemic poses a fundamental challenge to global health. Since the outbreak of SARS-CoV-2, great efforts have been
made to identify antiviral strategies and develop therapeutic drugs to combat the disease. There are different strategies for devel-
oping small molecular anti-SARS-CoV-2 drugs, including targeting coronavirus structural proteins (e.g. spike protein), non-structural
proteins (nsp) (e.g. RdARp, MP™, PLP™, helicase, nsp14, and nsp16), host proteases (e.g. TMPRSS2, cathepsin, and furin) and the pivotal
proteins mediating endocytosis (e.g. PIKfyve), as well as developing endosome acidification agents and immune response modulators.
Favipiravir and chloroquine are the anti-SARS-CoV-2 agents that were identified earlier in this epidemic and repurposed for COVID-19
clinical therapy based on these strategies. However, their efficacies are controversial. Currently, three small molecular anti-SARS-
CoV-2 agents, remdesivir, molnupiravir, and Paxlovid (PF-07321332 plus ritonavir), have been granted emergency use authorization
or approved for COVID-19 therapy in many countries due to their significant curative effects in phase III trials. Meanwhile, a large
number of promising anti-SARS-CoV-2 drug candidates have entered clinical evaluation. The development of these drugs brings hope
for us to finally conquer COVID-19. In this account, we conducted a comprehensive review of the recent advances in small molecule
anti-SARS-CoV-2 agents according to the target classification. Here we present all the approved drugs and most of the important drug
candidates for each target, and discuss the challenges and perspectives for the future research and development of anti-SARS-CoV-2

drugs.
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Introduction

An infectious respiratory disease with atypical pneumonia
emerged in 2019. Its rapid and global spread has been officially
declared as a pandemic by the World Health Organization (WHO).
A new coronavirus capable of infecting humans was identified as
the causing pathogen of the disease.! This novel virus was named
as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and the disease as coronavirus disease 2019 (COVID-19). Symp-
toms after infection with SARS-CoV-2 include influenza-like mi-
nor or moderate respiratory symptoms, as well as serious lung in-
jury and multiple-organ failure, which eventually lead to death.
The high transmission of SARS-CoV-2 and the continuing out-
breaks of COVID-19 have posed a significant threat to global public
health.

Currently, there are still very few approved effective antivi-
ral drugs for the treatment of patients with COVID-19. Remde-
sivir, molnupiravir, and Paxlovid (PF-07321332 plus ritonavir) have
been approved by the Food and Drug Administration (FDA) for
the treatment of COVID-19 patients.? The drugs promise to re-
duce the number of COVID-19 hospitalizations and deaths. But
as the pandemic has progressed, we have seen the emergence of
new viral variants, such as Delta and Omicron. The Delta variant

is linked to more serious illness than the original strain, while
the Omicron variant is slightly more transmissible. These variants
have mutations that could provide SARS-CoV-2 with unusual epi-
demiological properties and potential immune evasion. The ca-
pacity to escape immunity could lead to future infection waves,
and exert adverse impacts on diagnostics and therapeutics.® The
variants are mainly characterized by mutations in the viral spike
protein. But the possibility of mutations in other viral compo-
nents still exists. The chance that the variants will develop re-
sistance to the current drugs remains. Therefore, novel and sat-
isfactory therapeutic strategies that could attack the SARS-CoV-
2 on multiple fronts are still urgently needed. In this review, we
summarize the ongoing efforts and enormous challenges of find-
ing antiviral drugs targeting the crucial components of SARS-CoV-
2. The review is divided into the following sections: compounds
that inhibit virus entry, compounds that inhibit the polymerase
and proteases of SARS-CoV-2, compounds that inhibit host pro-
cesses required by SARS-CoV-2, and repurposed drugs that in-
hibit SARS-CoV-2 replication. There are already reviews that de-
scribe the small molecules against SARS-CoV-2, especially the
drug repurposing strategies.*” We here comprehensively sum-
marize the current advances and challenges in small-molecular
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Figure 1. Schematic representation of the mechanism of action of SARS-CoV-2 infection and pharmacological intervention.

therapeutics based on almost all potential targets against SARS-
CoV-2, including virus-targeted and host-targeted inhibitors, as
well as immune response modulators and high-throughput drug
repurposing.

Viral structure and potential targets for
drug development

SARS-CoV-2 belongs to the enveloped beta-coronaviruses. It has a
positive-sense single-stranded RNA genome. SARS-CoV-2 shares
79% genome sequence similarity to SARS-CoV and 50% identity
with Middle East respiratory syndrome coronavirus (MERS-CoV).2
Its genome is organized into six functional open reading frames
(ORFs): envelope (E), spike (S), membrane (M), replicase (ORFla
or ORF1b), and nucleocapsid (N).° The majority of SARS-CoV-2-
encoded proteins are similar to the corresponding proteins in
SARS-CoV. The two large overlapping replicase genes ORFla and
ORF1b constitute about two-thirds of the SARS-CoV-2 genome.
They encode two large replicase polyproteins ppla and pplab. The
polyproteins are proteolytically cleaved into 16 non-structural
proteins (nsp1-16).1°

SARS-CoV-2 infection is initiated by the attachment of its S pro-
tein to the human cell entry receptor angiotensin-converting en-
zyme 2 (ACE2),'*:*? followed by membrane fusion (Fig. 1). The re-
ceptor binding domain (RBD) in the S1 subunit of the S protein
mediates the binding with ACE2. Several residues important for

ACE?2 binding of the SARS-CoV-2 RBD differ from those of SARS-
CoV, which strengthens its ACE2 binding affinity!* The S2 sub-
unit of the S protein mediates the fusion between the viral and
human membrane. SARS-CoV-2 binds to the same host entry re-
ceptor ACE2 as SARS-CoV, because their S proteins are highly ho-
mologous.’® SARS-CoV-2 broadly recognizes other animals’ ACE2,
which implies that SARS-CoV-2 might have a wide host range.

After the entry of viral RNA into the cytoplasm of target host
cells, the viral genome is translated. The replicase polyproteins
ppla and pplab are then proteolytically cleaved into nsp1-16 by
two viral proteases. One is main protease MP™ (also referred to as
3CLP™) and the other one is papain-like protease (PLP™). nsp1-16
form viral enzyme complexes such as the replicase-transcriptase
complex, which are involved in SARS-CoV-2 genome replication
and transcription. Structural proteins S, E, M, and N are subse-
quently translated, and are responsible for virion assembly. The N
proteins encapsulate the synthesized viral genome RNA and form
nucleocapsids. The new virions are assembled in the endoplasmic
reticulum, transported by the Golgi apparatus, and eventually se-
creted to the cell surface (Fig. 1).

Virus-targeted inhibitors

Spike (S) protein inhibitors

Cryo-electron microscopy illustrated that the extracellular do-
main of the SARS-CoV-2 S protein formed a homotrimeric struc-
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ture.’*> The RBD in the SARS-CoV-2 S protein binds to the host
cell ACE2 and initiates the interaction between the host cell and
the virus. The binding of RBD is regarded as an important pro-
cess for viral entry. The major structural differences between the
SARS-CoV-2 S protein and that of SARS-CoV lies in their RBD. The
RBD of SARS-CoV-2 illustrates a stronger binding affinity toward
ACE? than that of SARS-CoV.'® The use of neutralizing antibodies
against the S protein of SARS-CoV-2 is believed to be a sound ther-
apeutic strategy for the treatment of patients having COVID-19.

During the fusion process, the heptad repeat 1 (HR1) and 2
(HR2) in the S2 subunit of the S protein interact conjointly and
form a six-helix bundle (6-HB) that promotes the viral and host
cell membrane fusion.” Continuous efforts are being devoted to
identify potent inhibitors to block the viral 6-HB formation. A se-
ries of pan-CoV peptide inhibitors derived from the HR2 domain
could block the S protein-mediated membrane fusion of diverse
CoVs. Recent studies showed that a designed fusion inhibitor EK1
and a lipopeptide derivative EK1C4 could effectively inhibit SARS-
CoV-2 infections with nanomolar activities.’®® Another SARS-
Cov-2 fusion inhibitor mimicking HR2 is the dimeric lipopro-
tein [SARS-HRC-PEG4]-2-chol.?® Daily intranasal administration
of [SARS-HRC-PEG4]-2-chol protected ferrets from direct-contact
SARS-CoV-2 infection. Salvianolic acid C, a hydrophilic compound
from the traditional Chinese medicine Danshen, exhibited potent
antiviral activity against SARS-CoV-2 infection by blocking 6-HB
formation and S-mediated viral membrane fusion.?! Despite the
potential efficiency of fusion inhibitors, none has been studied in
a clinical trial.

Arbidol, an approved anti-influenza drug in China and Rus-
sia, could efficiently inhibit S protein-mediated membrane fusion
and impede virus entry into host cells (Table 1). It showed ade-
quate activity against SARS-CoV-2 in vitro with a median effec-
tive concentration (ECsp) of 4.11 uM.?? An exploratory random-
ized, placebo-controlled clinical trial showed that monotherapy
arbidol presents minor benefit for ameliorating the clinical out-
come of hospitalized patients with COVID-19.2® A retrospective
cohort study found that arbidol combined with lopinavir/ritonavir
(LPV/1) treatment might delay the progression of lung lesions and
decrease the viral load of COVID-19 more than LPV/r only.?*

Drug-like compound DRI-C23041 targeted the viral attachment
stage and blocked the S protein of SARS-CoV-2 from interact-
ing with ACE2 in vitro.® Protein thermal shift assay indicated
that DRI-C23041 selectively binds to the S protein of SARS-CoV-
2 but not ACE2. DRI-C23041 inhibited the infection of SARS-CoV-2
pseudo-viruses into cells expressing ACE2 with low micromolar
activity.

Clofazimine, an FDA-approved anti-leprosy and anti-
tuberculosis drug, has shown antiviral activity against SARS-
CoV-2 with a median inhibitory concentration (ICsp) of 310 nM in
vitro.?® Clofazimine displayed broad-spectrum anti-coronavirus
efficacy. It could suppress both SARS-CoV-2 and MERS-CoV
replication in ex vivo lung models.”’ In a mechanistic study,
clofazimine was shown to inhibit membrane fusion mediated by
the SARS-CoV-2 S protein. A combination of low-dose remdesivir
and clofazimine produced antiviral synergy in vitro and in vivo,
and effectively reduced viral load in the lung.?’

Coronavirus non-structural protein inhibitors
RNA-dependent RNA polymerase inhibitors

RNA-dependent RNA polymerase (RdRp), also known as non-
structural protein 12 (nsp12), is an important enzyme regulating
the replication and transcription of viral RNA during infection.?® It
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catalyzes the synthesis of RNA strands with the assistance of co-
factors nsp7 and nsp8. nsp12, nsp7/, and nsp8 constitute the min-
imal core for the replication of virus RNA.?® The structure and
function of RdRp is conserved among RNA viruses. Therefore, us-
ing RdRp as an anti-RNA virus target is beneficial for the develop-
ment of wide-spectrum antiviral agents and for the repurposing of
existing RdRp inhibitors. Rao’s research team reported the struc-
ture of the SARS-CoV-2 RdRp complex,*® and SARS-CoV-2 RdARp
has 96% sequence identity with that of SARS-CoV, which remark-
ably promotes structure-based drug design against RdRp and drug
repurposing for combating SARS-CoV-2 infection.

There are two types of RdRp inhibitors: non-nucleoside analog
and nucleoside analog. The former lacks activity on other types
or subtypes of viruses and is prone to drug resistance due to the
non-conservation and structural variability of adjacent allosteric
sites, which limits their application, particularly in the repurpos-
ing of such drugs. The latter is one of the main focuses of anti-
SARS-CoV-2 drug research. Currently, three nucleoside RdRp in-
hibitors have been approved for the treatment of SARS-CoV-2 in-
fection, including remdesivir (approved by the US FDA), favipi-
ravir (approved by the National Medical Products Administration
(NMPA) of China), and molnupiravir (approved by the Medicines
Regulatory Agency in the UK) (Table 1). Remdesivir, a prodrug
of the adenosine analog, was given emergency use authorization
(EUA) for COVID-19 therapy by the FDA due to its positive out-
comes in a clinical trial conducted in hospitalized adult patients
with COVID-19 (NCT04280705). In this double-blind randomized
trial, the median recovery time was 10 days in 541 remdesivir-
treated subjects, as compared with 15 days in 521 patients treated
with placebo.®’ However, in the WHO-funded international, ran-
domized trial (NCT04315948), remdesivir had little effect on hos-
pitalized patients with COVID-19, as indicated by ventilation ini-
tiation, hospitalization duration, and mortality.*? Therefore, WHO
recommends against the use of remdesivir in hospitalized COVID-
19 patients. In a recent study conducted in outpatients at high
risk of COVID-19 progression (NCT04501952), ramdesivir was re-
ported to reduce the risk of hospitalization or death by 87%
compared with placebo.?® Moreover, the combination of remde-
sivir with baricitinib was more effective in expediting improve-
ment of clinical status and reducing recovery time in hospital-
ized adults with COVID-19, as compared with remdesivir alone **
VV116, an orally administered remdesivir derivative, showed ex-
cellent oral absorption and efficacy in blocking SARS-CoV-2 repli-
cation (Table 1).% It was reported to have potent inhibitory ef-
fects against a panel of SARS-CoV-2 variants, including Alpha,
Beta, Delta, and Omicron.®® The results of three phase I stud-
ies showed that VV116 had satisfactory safety, tolerability, and
pharmacokinetic properties in healthy subjects,? which pushed
it into phase II/III clinical trials (NCT05242042, NCT05279235).
Noteworthily, this prodrug has been granted emergency autho-
rization for the treatment of COVID-19 in Uzbekistan. Favipi-
ravir, an FDA-approved anti-influenza guanosine analog prodrug,
is also a broad-spectrum anti-RNA virus agent. In a nonrandom-
ized, before-after controlled study, favipiravir-treated COVID-19
patients showed a shorter viral clearance median time and sig-
nificant improvement in chest computed tomography (CT).> In a
phase III trial conducted in COVID-19 subjects, the median time
to clinical cure for favipiravir and supportive care was 3 days
and 5 days, respectively, suggesting a potential benefit of favipi-
ravir for patients with mild to moderate COVID-19.3® Neverthe-
less, the efficacy of favipiravir for COVID-19 therapy has also been
challenged by the results of some other clinical trials**4° Con-
sequently, large-scale, multicenter, randomized clinical trials are
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still needed to further verify the effectiveness of favipiravir as a
therapeutic agent against COVID-19. Molnupiravir, developed by
Merck, Sharp and Dohme (MSD) and Ridgeback Biotherapeutics, is
an orally bioavailable prodrug of EIDD-1931 (a cytidine analog).**
It has wide-spectrum activity against influenza viruses and vari-
ous coronaviruses, including SARS-CoV-2.4> Molnupiravir was well
tolerated based on the results of two phase I trials.**#* The safety,
tolerability, and efficacy of molnupiravir in symptomatic adult
outpatients with COVID-19 have been evaluated in a phase II
study (NCT04405570), but no results have been disclosed. Mean-
while, the interim results of a phase III study showed that mol-
nupiravir decreased the risk of hospitalization or death by ~50%
in mild to moderate COVID-19 patients.*> On 4 November 2021,
the UK'’s Medicines Regulatory Agency issued temporary autho-
rization of molnupiravir for the treatment of adults with mild
to moderate COVID-19 and at least one risk factor for severe ill-
ness. This is also the first approved oral anti-SARS-CoV-2 agent
in the world. Notably, molnupiravir could effectively inhibit the
replication of SARS-CoV-2 variants (B.1.1.7 and B.1.351) in ham-
ster infection models, thus it may have therapeutic potential
against current or future emerging variants that may influence
the efficacy of vaccines and monoclonal antibodies.*® Ribavirin is
also a guanosine analog prodrug and has been approved for the
treatment of hepatitis C viral or respiratory syncytial virus infec-
tion (Table 1).* Hung et al. evaluated the combination of inter-
feron beta-1b, ribavirin, and LPV/r in the treatment of hospital-
ized COVID-19 patients. The results indicated that triple antivi-
ral therapy was well tolerated and superior to LPV/r in reducing
virus shedding time, alleviating symptoms, and facilitating dis-
charge of COVID-19 patients. However, due to the limitations of
this trial, it is still necessary to carry out further research on dual
antiviral treatment using interferon beta-1b as a backbone ther-
apy.*® Bemnifosbuvir (AT-527) is a novel optimized guanosine ana-
log prodrug developed as a drug candidate for combating hepatitis
Cvirus infection (Table 1). It is also potent in inhibiting SARS-CoV-
2 replication in biological tests.** Phase III trials are being con-
ducted to evaluate the effects of AT-527 in non-hospitalized adult
and adolescent participants with mild or moderate COVID-19
(NCT05126576, NCT04889040). Azvudine, a nucleoside drug that
inhibits HIV-1 RdRp, has been approved for HIV infection preven-
tion and treatment (Table 1). It demonstrated potent and broad-
spectrum effects against multiple viruses, including SARS-CoV-2
and HCoV-0C43.° The repurposing use of azvudine in treating
COVID-19 was evaluated in animal models and patients, and it
could cure COVID-19 through its antiviral activity concentrated
in the thymus, which prevents the host immune system from be-
ing attacked by SARS-CoV-2 and promotes T-cell immune func-
tion.*%->1 This mechanism is unique in known RdRp inhibitors.
Large-scale, randomized, placebo-controlled phase III trials are
being performed to assess the effects of azvudine for COVID-19
therapy (NCT04668235, NCT05033145). In addition, some other
RdRp inhibitors, such as galidesivir and penciclovir, have also
been reported to be potent in combating SARS-CoV-2 in vitro,>?:>3
but no related clinical trials have been executed or continued
up to now.

3-Chymotrypsin-like protease (MP™ or 3CLP™) inhibitors

nsp5, also referred to as 3-chymotrypsin-like protease (3CLP™) or
MP™, is a 33.8-kDa cysteine protease. It regulates the cleavage of
ppla and pplab (overlapping polyproteins) into 16 mature nsps
(Fig. 1), which then form replication-transcription complexes for
the synthesis of viral RNA.>* The crystal structure of SARS-CoV-
2 3CLP™ (PDB code: 6LU7) was rapidly solved by Jin et al. after
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the COVID-19 outbreak.>> It is a dimer structure composed of
two monomers and each of them has three domains: domain
I (residues 8-101), domain II (residues 102-184), and domain III
(201-303). SARS-CoV-2 3CLP™ has a Cys-His catalytic dyad, and
the substrate-binding site is located in a cleft between domains
I and II. This structural feature is similar to those of other coro-
navirus 3CLP™s.%0->/ Furthermore, SARS-CoV-2 3CLP™ shares 96%
sequence identity with SARS-CoV 3CLP™ 8 The highly conserved
structure of 3CLP™, together with the absence of a closely related
human homolog, makes it a promising target for developing anti-
coronavirus drugs.

To discover potential SARS-CoV-2 3CLP™ inhibitors, Mody et
al. screened FDA-approved drugs for their repurposing use in
COVID-19 treatment using computational molecular modeling. In
all, 47 drugs with a high score were tested for inhibitory activ-
ity against 3CLP™ enzyme in vitro. Among them, micafungin, bo-
ceprevir, ombitasvir, paritaprevir, and tipranavir showed partial
inhibition, while ivermectin (Table 1) could inhibit SARS-CoV-2
3CLPr activity by >85%.°° The efficacy of these potential 3CLP®
inhibitors in the treatment of COVID-19 needs further evalua-
tion in clinical trials. Lopinavir and ritonavir are 3CLP™ inhibitors
earlier evaluated clinically for COVID-19 therapy. Lopinavir com-
bined with ritonavir has been approved for treating HIV infec-
tion.?® They also have inhibitory activity against MERS-CoV and
SARS-CoV (Table 1).12 On 18 January 2020, an open-label, ran-
domized controlled trial (RCT) was carried out to evaluate the ef-
ficacy of lopinavir combined with ritonavir in China. A total of
199 adult patients with severe COVID-19 were enrolled in this
study, but no benefit was achieved with the combination ther-
apy.®® Further large-scale clinical trials also found no significant
differences in efficacy between LPV/r-treated COVID-19 patients
and patients receiving usual care or placebo.®*-¢> Given the similar
mechanism with lopinavir in inhibiting HIV replication, darunavir,
another 3CLP™ inhibitor in combination with a CYP3A inhibitor
cobicistat as a pharmaco-enhancer, was also assessed for COVID-
19 treatment (Table 1). This combination therapy was well tol-
erated, but the currently reported efficacy in COVID-19 patients
is unsatisfactory®-®” Atazanavir is another HIV 3CLP™-targeting
agent used for COVID-19 therapy (Table 1). Computer-aided drug
screening found that it had the potential to inhibit SARS-CoV-2
3CLP 58,69 and this result was confirmed in an in vitro study, in
which atazanavir suppressed the replication of SARS-CoV-2 alone
or in combination with ritonavir in both A549 and Vero cells.”
A clinical study suggested that atazanavir combined with do-
lutegravir might have an advantage over the LPV/r regimen for
COVID-19 treatment, and atazanavir/dolutegravir could be an al-
ternative strategy beyond standard care.’! Moreover, Jin et al. not
only resolved the crystal structure of SARS-CoV-2 3CLP™, but also
identified seven promising 3CLP™ inhibitors, including ebselen,
shikonin, carmofur, disulfiram, tideglusib, TDZD-8, and PX-12, us-
ing a combination of structure-based virtual and high-throughput
screening methods. These compounds inhibited 3CLP™ with ICs
values ranging from 0.67 to 21.4 uM. Of these, ebselen has the
strongest inhibition of 3CLP™ (ICso: 0.67 uM).>> Currently, the effi-
cacy and safety of ebselen and disulfiram in patients with mod-
erate or severe COVID-19 are being evaluated in phase II stud-
ies (NCT04484025, NCT04483973, and NCT04485130) (Table 1).
Pfizer is developing two 3CLP™ inhibitors for COVID-19 treat-
ment: an intravenous drug PF-07304814 and an oral drug PF-
07321332 (nirmatrelvir) (Table 1). PF-07304814 is the phosphate
prodrug of PF-00835231, a drug candidate against SARS-CoV.”?
A phase 1b study has been conducted to evaluate its safety,
tolerability, and pharmacokinetics in hospitalized patients with
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COVID-19 (NCT04535167) (no relevant data was reported), and
a phase III trial involving its efficacy in COVID-19 treatment is
currently recruiting patients (NCT04501978). PF-07321332 is an
orally bioavailable 3CLP™ inhibitor with broad activity against
all coronaviruses, including alpha-coronaviruses (229E and NL63)
and beta-coronaviruses (SARS-CoV, MERS, SARS-CoV-2, 0C43, and
HKU1).>7# In an in vivo test conducted in a SARS-CoV-2 MA10
mouse model, PF-07321332 significantly decreased virus levels
and protected the lung tissue of mice from damage by virus in-
fection.”* A randomized, double-blind clinical trial has been con-
ducted to assess the safety, tolerability, and pharmacokinetics of
PF-07321332 as a single drug or in combination with ritonavir in
healthy participants (NCT04756531). PF-07321332 was well tol-
erated, and showed a prominently increased plasma concentra-
tion when combined with ritonavir, which could slow down hep-
atic metabolism of PF-07321332.7* The lastest phase II/III clini-
cal trial results (NCT04960202) showed that treatment with PF-
07321332 plus ritonavir reduced COVID-19-related hospitalization
or death by 89%, without significant safety concerns.”® This com-
bination therapy has been developed into a product by Pfizer,
named Paxlovid (PF-07321332 tablet and ritonavir tablet). On 22
December 2021, Paxlovid received its first EUA for COVID-19 ther-
apy in the USA. Dalcetrapib, a cholesteryl ester transfer pro-
tein inhibitor, used to be a drug candidate for patients with sta-
ble coronary heart disease (Table 1). Niesor et al. identified dal-
cetrapib as a 3CLP™ inhibitor, and it could effectively restrain
the activity of 3CLP™ with an ICsp value of 14.4 + 3.3 uM and
the replication of SARS-CoV-2 with an ECsp value of 17.5 £+ 3.5
uM.”® A placebo-controlled phase II study is being performed to
assess the safety and efficacy of dalcetrapib in COVID-19 pa-
tients (NCT04676867). Hamed et al. performed molecular docking
of 20 FDA-approved B-blockers and found carvedilol, nebivolol,
and bisoprolol as potential 3CLP™ inhibitors against SARS-CoV-
277 El-Masry et al. have synthesized a series of oxadiazoles car-
rying an isatin moiety, one of which has shown moderate activ-
ity against 3CLP® with an ICso of 16.6 uM.”® Additionally, sev-
eral novel 3CLP™ inhibitors have been developed and evaluated
in clinical studies for their safety, tolerability, and efficacy in
COVID-19 patients, such as tollovir (NCT05226767), pentarlandir
(NCT04911777), ASCOSF (NCT04261270), S-217622 (NCT05305547),
PBI-0451 (NCT05011812), and FB2001 (NCT05415241), but few rel-
evant data have been reported so far (Table 1).

Papain-like protease (PLP™) inhibitors

PLP™ is the protease domain of nsp3, the largest individual pro-
tein encoded by the coronavirus genome. Coronavirus PLP*® man-
ages cleavage of nsp1-3 at the N-terminal region of polyproteins,
which leads to the release of nsp1-3 from virus polyproteins; this
process is necessary for viral replication.”® Moreover, PLP could
also strip ubiquitin and ubiquitin-like protein ISG15 from the host
cell to help coronavirus evade the innate immune response of the
host.”?-8 Hence, targeting coronavirus PLP™ could exert antivi-
ral effects through multiple mechanisms. The crystal structure
of SARS-CoV-2 PLP™ (PDB code: 6W9C) has been resolved for drug
design, and there is 83% sequence identity between the PLP™ of
SARS-CoV-2 and SARS-CoV8! Based on this structure, researchers
revealed the molecular mechanism of PLP™ substrate specificity,
and then designed and biochemically characterized two selec-
tive PLP™ inhibitors VIR250 and VIR251.8! Furthermore, they re-
solved the crystal structures of VIR250 and VIR251 in complex
with SARS-CoV-2 PLP™, and revealed their mechanisms of action,
providing a structural basis for drug repurposing or the devel-
opment of more effective agents against SARS-CoV-2 PLP® 81 To

discover PLP™ inhibitors in a repurposing strategy, Klemm et al.
synthesized racemic forms of racSc, rac3j, and rac3k, three in-
hibitors of SARS-CoV PLP™. These compounds exhibited sub-
micromolar activity against SARS-CoV PLP, and effectively
rescued the cytopathic effect in SARS-CoV-2-infected Vero E6
cells.82-83 Kuo et al. established 3CLP™ and PLP™ assay platforms to
screen SARS-CoV-2 protease inhibitors. They screened thousands
of FDA-approved drugs and identified 36 drugs as PLP™ inhibitors
and 12 drugs as 3CLP™ inhibitors. Among them, levothyroxine
and manidipine-2HCI were dual inhibitors with activity against
both 3CLP™ and PLP™ in vitro.8* In addition, there is still much re-
search concerning SARS-CoV-2 PLP™ inhibitors.?>-8 However, most
of them were tested in silico or in vitro, and few of them have
entered clinical trials, except for several multi-target inhibitors,
such as ebselen (NCT04483973, NCT04484025) and isotretinoin
(NCT04361422, NCT04353180) (Table 1) which were reported to
have anti-SARS-CoV-2 PLP™ effects.8-8

Helicase inhibitors

Helicase (nspl3) is responsible for the replication and tran-
scription of the SARS-CoV-2 genome. The C-terminal of helicase
forms a conserved helicase domain and participates in unrav-
eling double-stranded DNA. nsp13 forms a stable complex with
RdRp and is a target for treating COVID-19 disease.”® Clofazimine
has been found to inhibit the unwinding activity of helicase on
double-stranded DNA and RNA substrates (Table 1).?” However,
one of the challenges in targeting helicase is the comparatively
low selectivity of helicase inhibitors.’?

nspl4 inhibitors

nspl4 of SARS-CoV-2 is a bifunctional enzyme, consisting of N-
terminal exoribonuclease (ExoN) and C-terminal guanosine-N7
methyltransferase (MTase). ExoN contributes to the drug resis-
tance of RdRp inhibitors, while the MTase is important for the
stability and translation of mRNA.*?> nsp14 MTase is a promis-
ing target for drug discovery against SARS-CoV-2. It catalyzes
the transfer of the methyl group of S-adenosyl-L-methionine
(SAM), yielding the methylated capped viral RNA and S-adenosyl-
L-homocysteine (SAH). Basu et al. conducted an in vitro high-
throughput biochemical assay for screening inhibitors of the
MTase of nsp14. Potential nsp14 inhibitors, including PF-03884528,
lomeguatrib, and trifluperidol, were identified to effectively block
the viral replication of SARS-CoV-2 in cell-based assays at low mi-
cromolar concentration.”®> When combined with remdesivir, cur-
rent nsp14 inhibitors had an increased inhibitory effect in reduc-
ing the viral load of SARS-CoV-2. Bobileva et al. have developed
potential nsp14 MTase inhibitors against SARS-CoV-2 through
bioisosteric substitution of the substrate SAM. Of all the com-
pounds synthesized, compound 2a showed the optimum activity
towards nspl4 with an ICsg value of 8 nM, lower than that of the
known pan-MTase inhibitor sinefungin.®* But the compounds lack
selectivity for human glycine N-methyltransferase. Additionally,
Otava et al. identified that the modification at the adenine nucle-
obase of SAH derivatives could produce nsp14 MTase inhibitors.”
Some designed compounds, such as compound 16, have nanomo-
lar activity, along with superior selectivity on human counterpart
mRNA cap guanine-N7 methyltransferase. In summary, these re-
sults suggested that the MTase activity of nsp14 is indispensable
for SARS-CoV-2 replication.

nsp 16 inhibitors

nsp 16, also named 2’-O-methyltransferase (2-O-MTase), is an
important component responsible for SARS-CoV-2 replication. It
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catalyzes the methylation at the 5'-terminal of viral mRNA
molecule which is referred to as mRNA cap structure. This cap
formation resembles the host cellular mRNA and prevents the
recognition of viral mRNA by host immune systems. Thus, nsp16
is an attractive SARS-CoV-2 target for its viral mRNA protection
role. In silico fragment-based screening and subsequent Molecu-
lar Mechanics-Poisson Boltzman Surface Area (MM-PBSA) calcu-
lations have been used to identify several potential inhibitors of
nsp16.° Krafcikova et al. have shown that the pan-MTase inhibitor
sinefungin binds to the SAM binding pocket of nsp16 of SARS-CoV-
2 and inhibits MTase activity.”’

Host-targeted inhibitors

Host protease inhibitors

Proteolytic cleavage is thought to promote virus—cell membrane
fusion and SARS-CoV-2 entry into host target cells. S protein is
cleaved at the S1/S2 junction and S2’ site by host cell trans-
membrane serine protease 2 (TMPRSS2) and furin protease.
The inhibitors of TMPRSS2, such as camostat and nafamostat,
can be used as possible antiviral agents against SARS-CoV-2
(Table 2). The clinically proven serine protease inhibitor camostat,
which inhibits TMPRSS2 activity, significantly reduced S-driven
cell entry of SARS-2-CoV.!! Camostat is then converted into the
active metabolite 4-(4-guanidinobenzoyloxy) phenylacetic acid
(GBPA, FOY-251) in animal models, which inhibits SARS-CoV-2
entry with almost similar efficacy to camostat.®® In a phase 2
double-blind, randomized, placebo-controlled trial, administra-
tion of camostat orally did not significantly improve many clin-
ical outcomes of hospitalized COVID-19 patients.® In the camo-
stat arm, the proportion of patients requiring mechanical venti-
lation or dying is 10%, but is 18% in the placebo arm. Nafamo-
stat, another broad-spectrum serine protease inhibitor, could in-
hibit TMPRSS2 activity. Nafamostat potently prevented S protein-
mediated membrane fusion and blocked SARS-CoV-2 infection
with ECsg 22.50 uM.1% In another in vitro study, nafamostat has
been shown to inhibit SARS-CoV-2 infection in a cell-type depen-
dent manner.'®® Nafamostat exerted augmented antiviral activ-
ity in human lung tissue ex vivo compared with camostat and
GBPA.10?

Besides, androgen is the only known regulator of TMPRSS2,
and targeting TMPRSS2 transcription with antiandrogens can af-
fect the entry of viruses into host cells.’®® Notably, androgen was
reported to be highly expressed in elderly males and smokers
(>70 years old), and elevated androgen level was closely related
to higher disease severity in men.’®10> Therefore, older men are
more likely than women to be infected with SARS-CoV-2 and de-
velop severe COVID-19. Despite multifactorial mechanisms in-
volved in the gender disparities observed in COVID-19 outcomes,
androgen signaling plays a pivotal role in increasing COVID-19
susceptibility and severity in men. This is not only due to the
regulatory effects of androgen on TMPRSS2, but also because of
its suppressive role in the immune response.’®® Proxalutamide
(GT0918), a second-generation androgen receptor inhibitor, was
originally developed as an anti-prostate cancer agent.!%” The ther-
apeutic effects of proxalutamide on COVID-19 have been evalu-
ated in multiple clinical trials (Table 2). Compared to usual care,
it could reduce by 91% the hospitalization rate in male outpatients
with COVID-19.1%8 In a placebo-controlled, two-arm, randomized
clinical study, proxalutamide significantly increased recovery rate,
shortened hospital stay, and reduced mortality rate in hospital-
ized COVID-19 patients in both arms.'®
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Human cathepsin activity is typically required for proper pro-
teolytic processing of the S protein of SARS-CoV-2 during infec-
tion. Riva et al. screened the FDA-approved or clinical-stage small
molecular library. They identified four cathepsin protease in-
hibitors VBY-825, Z LVG CHN2, MDL-28170, and ONO 5334 that in-
hibited viral replication of SARS-CoV-2 with ECsy < 500 nM in Vero
cells in a dose-response relationship.?® Rodon et al. screened exist-
ing approved drugs and found that cathepsin inhibitor MDL-28170
had antiviral efficacy to halt SARS-CoV-2 replication in vitro.'*
Calpain inhibitors II and XII inhibit the activities of both cathep-
sins and SARS-CoV-2 MP™ with low micromolar ICsg values.!!! One
of the advantages of the dual inhibitors is that they can target
both the human and viral proteases.

E64-d, a broad endosomal cysteine proteases cathepsin in-
hibitor, showed inhibitory activity against SARS-CoV-2 infec-
tion.!% However, directed expression of TMPRSS2 rescued the S-
driven entry of SARS-CoV-2 from inhibition by E-64d. When com-
bined with the TMPRSS2 inhibitor camostat, E-64d could interfere
with SARS-CoV-2 entry into host cells more effectively,''*? indi-
cating that SARS-CoV-2 employs both TMPRSS2 and cathepsins
for S protein priming. In pulmonary cells, the endosomal viral en-
try route is absent,*® thus camostat should be counted as the pri-
mary inhibitor to limit the entry of SARS-CoV-2 into pulmonary
cells expressing TMPRSS2.1?

Furin cleavage of S protein is essential for the viral repli-
cation of SARS-CoV-2. Furin inhibitors block the virus entry
and are potential antiviral agents for SARS-CoV-2 infection.
Two furin inhibitors, naphthofluorescein and decanoyl-RVKR-
chloromethylketone (CMK), were shown to inhibit S protein pro-
cessing and block SARS-CoV-2 infection in vitro.'** Although both
are potential antiviral agents to control SARS-CoV-2 pathogene-
sis, they have shown distinct antiviral effects. The reason might
be that the two inhibitors have different target specificity. Furin-
mediated cleavage at the S1/S2 junction might promote subse-
quent TMPRSS2-dependent viral entry into target cells.!! Thus, in-
hibition of both TMPRSS2 and furin proteases might be required
for tight blockade of SARS-CoV-2 entry.

Endosome acidification agents

Endosome and lysosome are potential host cell targets to com-
bat SARS-CoV-2 infections. The inhibitors of lysosomal or endo-
somal function could become a notable therapy for improving
COVID-19 treatment. Two interesting candidates are chloroquine
and its derivative hydroxychloroquine, which are normally indi-
cated for malaria or autoimmune diseases (Table 2). They are
widely recommended for the potential treatment of COVID-19.
Chloroquine and hydroxychloroquine prevent viral infection by
increasing the endosomal pH. The elevated pH inhibits the hy-
drolytic activity of cathepsins. They have shown inhibitory ac-
tivity against SARS-CoV-2 in vitro.}®® However, although hydrox-
ychloroquine and chloroquine could inhibit SARS-CoV-2 infection
in monkey kidney cells, they did not hamper SARS-CoV-2 infection
in lung cells expressing TMPRSS2.1*> Neither hydroxychloroquine
nor its combination with azithromycin showed a pronounced ef-
fect on viral load in a macaque model.!** Chloroquine and hy-
droxychloroquine might target a pathway for SARS-CoV-2 cellular
entry that is not active in lung cells. This could explain why hy-
droxychloroquine in randomized clinical trials has failed to show
a profound effect against SARS-CoV-2 infection.!® Additionally,
concerns about their adverse cardiac effects including QT-interval
prolongation have been raised and may limit their widespread
use.'V
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Table 2 (Continued)
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In addition, four lysosomotropic compounds have been eval-
uated and found to block the cytopathic effect of SARS-CoV-2 in
vitro, including hycanthone, clomipramine, ROC-325, and meflo-
quine (Table 2).1'® These compounds increased lysosomal pH, pre-
vented pseudotyped particle entry, and reduced viral titers in a
tissue model. Ammonium chloride has been employed to elevate
endosomal pH and thereby block endosomal cathepsins’ activity,
which strongly inhibited the S-driven cellular entry of SARS-CoV-
2'11

Host endosomal inhibitors

Apilimod is a small molecular inhibitor of endosomal
phosphatidylinositol-3-phosphate/phosphatidylinositol 5-kinase
(PIKfyve kinase). It has demonstrated broad-spectrum antiviral
activity and could efficiently inhibit the Marburg virus, Lassa
virus, and Ebola virus in human cell lines. Consistent with these
findings, apilimod was found to antagonize SARS-CoV-2 repli-
cation in human cells (Table 2).26:11%.120 PIKfyve kinase resides
principally in early endosomes and has a substantial role in
the maintenance of the homeostasis of endomembrane. PIKfyve
kinase phosphorylates phosphatidylinositol-3-phosphate (PI3P)
to produce phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2). The
inhibition of PIKfyve kinase potently blocks the intracellular
dynamic trafficking of pathogens among the subcompart-
ments of the endosomal system. Apilimod exhibited a desirable
safety profile in humans, indicating that therapeutic dosing
may be achievable in patients at concentrations with antiviral
efficacy.®®

High-throughput drug repurposing

High-throughput screenings have identified several drugs that
could be repurposed to inhibit SARS-CoV-2 in vitro. Many in-
hibitory compounds have favorable safety profiles and may
act by influencing the host cellular signaling or metabolism
pathways. However, the detailed molecular mechanism of action
for the antiviral activity remains unknown (Supplementary Table
1, see online supplementary material). Bojkova et al. have iden-
tified that SARS-CoV-2 reshaped and depended on several host
cellular pathways, such as translation, spliceosome, nucleic acid
metabolism, protein homeostasis, and carbon metabolism.*?!
The replication of SARS-CoV-2 is assumed to be sensitive to the
perturbation of these pathways. Pladienolide B, a spliceosome
inhibitor that targets splicing factor SF3B1, inhibited SARS-CoV-2
replication with an ICsg of 7 nM in Caco-2 cells. A small-molecule
inhibitor of p97 ATPase, NMS-873, could effectively perturb host
cell proteostasis and inhibit SARS-CoV-2 replication with an
ICso of 25 nM. Two translation inhibitors emetine (a 40S ribo-
somal protein S14 inhibitor) and cycloheximide (a translation
elongation inhibitor) dramatically inhibited the replication of
SARS-CoV-2 in human Caco-2 cells with ICsy values of 0.17 and
0.47 uM, respectively. Ribavirin, which interferes with nucleic
acid metabolism, could inhibit SARS-CoV-2 replication at low
micromolar concentrations. The above results revealed essential
host cellular pathways for SARS-CoV-2 amplification that might
be potential therapeutic targets.

Two independent studies have reported a marine-derived cyclic
peptide plitidepsin against SARS-CoV-2 in vitro.'’%:1?? The antivi-
ral activity of plitidepsin against SARS-CoV-2 is mainly due to the
inhibition of eukaryotic translation elongation factor 1A (eEF1A).
The in vivo antiviral activity in SARS-CoV-2 infected mouse mod-
els of plitidepsin has been demonstrated with reduced viral
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replication in the lungs.’?? In addition, Gordon et al. observed that
a class of protein biogenesis inhibitors ternatin-4 and zotatifin
could effectively reduce the viral infectivity of SARS-CoV-2.1° Zo-
tatifin is a eukaryotic initiation factor 4A (elF4A) inhibitor, and
ternatin-4is an eEF1A inhibitor. These data demonstrated that the
rate of translation elongation is crucial for the proper production
of viral proteins.

The inhibitors of sigma-1 and sigma-2 receptors (also known as
TMEMO97) have been found to exert antiviral activity against SARS-
CoV-2.1% The inhibitors of sigma-1 and sigma-2 receptors include
progesterone, PD-144418, siramesine, cloperastine, PB28, clemas-
tine, and haloperidol. Their antiviral effect is probably related to
the inhibition of Sigma receptors, not other aminergic receptors;
however the detailed mechanism responsible is uncertain.

High-content screenings have found the antiparasitic com-
pound niclosamide and the antibiotic salinomycin to be effec-
tive against SARS-CoV-2 with nanomolar potency.'?® Niclosamide
exerts its effects by suppressing the activity of transmembrane
protein 16F (TMEM16F), which is a calcium-activated ion chan-
nel and regulates phospholipid scrambling. Treatment with either
niclosamide or salinomycin inhibited SARS-CoV-2 spike-mediated
syncytia formation and cell-cell fusion. A small phase 1 trial
of inhalation and intranasal administration of niclosamide has
found an acceptable safety and well-tolerated profile.’?* It is a
promising candidate for further clinical trials in the treatment of
COVID-19.

Another antiparasitic compound, ivermectin, inhibited SARS-
CoV-2 in Vero cells with an ECsg of 2 uM.'? Ivermectin was pre-
viously shown to have broad-spectrum in vitro antiviral activity.
The activity might relate to its ability to inhibit importin «/81 nu-
clear transport proteins in the host, which have been hijacked by
viruses to import viral proteins and enhance infection.’”® A retro-
spective study supported that ivermectin treatment was related
to decreased mortality of hospitalized COVID-19 patients.!”” How-
ever, a placebo-controlled randomized clinical trial revealed no
significant virological and clinical improvement related to the re-
ceiving of ivermectin for treatment of COVID-19 patients, com-
pared with placebo.!?®

By utilizing human pluripotent stem cells (hPSC-LOs), Han et
al. developed a lung organoid drug screening model. They iden-
tified some SARS-CoV-2 entry inhibitors, including quinacrine di-
hydrochloride (QNHC) (ECsp = 2.83 uM), mycophenolic acid (MPA)
(ECsp = 0.15 uM), and imatinib (ECsp = 4.86 uM).'*® Surface plas-
mon resonance binding analysis suggested that both QNHC and
imatinib interfere with ACE2. Treatment with MPA or QNHC low-
ers the expression levels of furin. This suggested that the organoid
models developed can serve as disease models to study SARS-
CoV-2 infection and provide valuable in vitro platforms for high-
throughput drug screening.

Immune response modulators

At the late stage of SARS-CoV-2 infection, patients might develop
life-threatening acute respiratory distress syndrome (ARDS). The
associated severe clinical symptoms or death are mostly due to
the uncontrolled antiviral inflammatory cell infiltration and cy-
tokine storm.’*° Immune response modulators such as cytokine
inhibitors could help in managing the lung inflammation that
causes severe disorders in cases of SARS-CoV-2 infection. Mul-
tiple anti-cytokine therapies have been evaluated for COVID-19
therapy in clinic and even approved in some countries, such as
anakinra, tocilizumab, and sarilumab. Anakinra is a recombi-
nant IL-1e/B receptor antagonist. Clinical benefit from anakinra
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treatment was found in the phase III SAVE-MORE randomized
controlled trial, with reduced mortality and shorter hospital stay
for COVID-19 patients.”*! Sarilumab and tocilizumab alike are
monoclonal antibodies against interleukin-6 (IL-6) receptor. Both
of them were reported to improve COVID-19 outcomes, including
survival,**13% and were recommended by the WHO as a class of
agent that is lifesaving in severely or critically ill patients with
COVID-19. Moreover, high doses of corticosteroids have been tra-
ditionally considered effective in decreasing ARDS-induced mul-
tiple organ failure and mortality. Corticosteroids have been widely
used to treat patients during outbreaks of SARS-CoV and MERS-
CoV. However, using corticosteroids to treat COVID-19 patients re-
mains debatable due to the adverse effects, including increased
risk of secondary infection and delayed viral clearance.’®> A re-
cent large-scale randomized clinical trial named the RECOVERY
project indicated that dexamethasone therapy reduces the mor-
tality rate in COVID-19 patients who require ventilation or sup-
plemental oxygen treatment (Table 2).13¢

Various cytokines bind type I and type II cytokine receptors and
employ the Janus kinase (JAK) pathway to exert their effect. In-
hibitors of the JAK family have attracted great attention to man-
age the cytokine storm in patients with severe COVID-19.'¥ JAK
inhibitors, including baricitinib, ruxolitinib, and tofacitinib, could
hinder the signaling of several cytokines involved in the patho-
genesis of SARS-CoV-2 infections and the emergence of the cy-
tokine storm (Table 2). Several clinical trials were initiated to ex-
amine the use of JAK inhibitors in patients with COVID-19. A non-
randomization clinical trial provided preliminary evidence that
baricitinib treatment achieved significant improvements in clini-
cal characteristics and respiratory function parameters compared
with controls.’®® None of the patients in the baricitinib arm re-
quired intensive care unit support. One concern for using JAK in-
hibitors in COVID-19 patients is that the interference with JAK sig-
naling might delay the virus clearance efficacy.**’

Interferon (IFN) response represents the canonical host innate
immune response to viral infections.*” IFN serves to promote an-
tiviral restriction factors and inhibit the replication of viruses in
vivo. Although the IFN response might be suppressed and antag-
onized by the accessory proteins of CoVs, the administration of
recombinant IFN can enhance the antiviral response. Both SARS-
CoV and MERS-CoV remain susceptible to the treatment of re-
combinant IFN.'*® In an uncontrolled study of patients with SARS-
CoV, combination therapy using corticosteroid and IFN was asso-
ciated with better oxygen saturation and quite fast resolving of
radiographic lung abnormalities rather than using corticosteroid
alone. 9 IFN has been proposed to be used to stimulate innate
antiviral responses in SARS-CoV-2 infection patients. In an un-
controlled exploratory study, treatment with IFN-«2b significantly
decreased the detectable virus’ duration time in the upper respi-
ratory tract, whether or not in conjunction with arbidol.! A ret-
rospective study of COVID-19 patients treated with IFN-« alone
or combined with LPV/r found similar results.’? In a prospec-
tive open-label randomized phase 2 trial, the triple combination
of IFN-B1b with LPV/r and ribavirin significantly suppressed vi-
ral load and completely alleviated symptoms in a shorter time in
COVID-19 patients.*®

Nitazoxanide is another potential IFN inducer that has been
applied in humans for the treatment of parasitic infections and
has exhibited broad-spectrum antiviral activities (Table 2).143 Clin-
ical trials for the treatment of viral infections have shown the
good safety profile of nitazoxanide.'** A recent study revealed that
nitazoxanide could inhibit SARS-CoV-2 at a micromolar concen-
tration in vitro.’®° The antiviral efficacy of nitazoxanide has been
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assessed in a placebo-controlled double-blind randomized clini-
cal trial. The symptoms of COVID-19 patients did not differ be-
tween placebo and nitazoxanide groups, but early nitazoxanide
therapy was safe and reduced viral load significantly.’* The re-
sults of the studies concerning IFN signaling suggested that the
stage of the COVID-19 disease is a critical parameter underlying
the treatment success or failure of the immune response modu-
lators for SARS-CoV-2 infections. '

Concluding remarks: challenges and future
perspectives

With the continuous development of vaccines against SARS-CoV-
2, there is a realistic expectation that the pandemic caused by
the virus will be under control. However, immunocompromised
persons might respond poorly to vaccine immunization.’*” Uncer-
tainties about the emergence of immune escape variants mean
that vaccine failure may occur even in immunocompetent indi-
viduals.'*® Antiviral drugs are indispensable against future pan-
demic coronaviruses. At present, anti-COVID-19 drugs mainly in-
clude neutralizing antibodies and small molecules. Compared
with macromolecule antibody agents, small molecule antiviral
drugs have advantages in many aspects, including conquering
the immune escape variants, pharmacokinetic properties, ad-
ministration, cost, mass production, storage, and transportation.
Several small molecule anti-SARS-CoV-2 agents have been ap-
proved recently (Table 1), particularly Paxlovid and molnupiravir,
which effectively abate the risk of hospitalization or death of pa-
tients with COVID-19. Meanwhile, many small molecular anti-
SARS-CoV-2 drugs are undergoing preclinical tests or clinical trials
(Tables 1 and 2, and supplementary Table 1).

Despite the significant progress achieved, there are still some
challenges that small molecular anti-SARS-CoV-2 agents face. The
first and foremost is the efficacy issue. The early drug discovery
strategy for combating SARS-CoV-2 was the massive screening of
available drugs for repurposing. Researchers quickly identified po-
tential anti-SARS-CoV-2 agents according to this strategy and ad-
vanced some of them to the clinic, such as remdesivir, favipiravir,
and chloroquine. However, their efficacies were controversial. Al-
though molnupiravir and Paxlovid bring hope to COVID-19 treat-
ment and infection prevention, they cannot fully meet the clinical
needs. For example, molnupiravir needs to be given as quickly as
possible after infection with SARS-CoV-2, as late administration is
less beneficial to patients. This requires frequent and effective di-
agnostic tests. Specifically, when to start dosing for asymptomatic
patients is an issue.'®® Meanwhile, the potency of momupiravir
in individuals with breakthrough infection after vaccination re-
mains to be assessed.’>® Therefore, there is still a pressing need
to develop novel anti-SARS-CoV-2 agents with structural diversity
and different mechanisms to improve efficacy and meet distinct
treatment needs.

Second, previous lessons remind us that RNA viruses have high
mutation rates and can easily develop resistance under selection
pressure via mutation of the pivotal targets. For SARS-CoV-2, resis-
tance to small molecular antiviral drugs caused by target muta-
tions is well known in the in vitro studies.’>*1>3 Currently, very low
levels of escape mutation were observed in patients treated with
anti-SARS-CoV-2 small molecular drugs.’* 1> This situation may
be attributed to inadequate drug selectivity pressure due to short-
term administration, the high genetic barrier these drugs con-
struct to prevent viruses escaping, the broad-spectrum inhibitory
effects of these agents on different SARS-CoV-2 variants, or the

self-clearing ability of immunocompetent individuals against re-
sistant virus.*6.1°6.15” Nevertheless, with the extensive application
of anti-SARS-CoV-2 agents and extension of monitoring time, re-
sistance remains a non-negligible problem and will appear pre-
dictably. An effective strategy for conquering resistance is combi-
nation therapy, particularly the combination of agents with dis-
tinct molecular mechanisms. Numerous combination regimens
have been studied but still need to be verified in clinical tri-
als.’>8-180 Meanwhile, the possible side effects caused by combi-
nation therapy are another critical concern.

Third, the side effects of drugs need continuous attention, es-
pecially in some special populations. Molnupiravir is not recom-
mended for use in patients under 18 years of age as it may influ-
ence the growth of bone and cartilage, in gravidas as it may cause
fetal harm, and in those during breastfeeding as there is no suf-
ficient data to support it.?! Similarly, the safety and efficacy of
Paxlovid in a subset of patients are not yet known, including chil-
dren, adolescents, pregnant and breastfeeding women, and pa-
tients with renal impairment .12 More clinical evidence is still
needed to prove whether it is available to these patients. No-
tably, Paxlovid (nirmatelvir/ritonavir) is a compound preparation,
which contains ritonavir, a cytochrome P450 (CYP450) inhibitor.
Potential drug interactions may be very challenging to its clini-
cal application. In a kidney transplant patient with SARS-CoV-2
infection, the drug interaction between tacrolimus and Paxlovid
has been observed, which significantly increased the levels of
tacrolimus and its metabolites, resulting in acute kidney injury.
Tacrolimus can be metabolized by CYP3A4 enzyme, which has
been inhibited by ritonavir.’®®> Moreover, Zhou et al. warned of
the possible risk of host mutagenesis after treatment with mol-
nupiravir because of the homogeneity of RNA and DNA precur-
sors utilized by both virus and host.'** Mutagenic effects have
occurred in mammalian cells, but its impact on the whole organ-
ism is still unknown.'®* All of the above underscores the neces-
sity of continuous monitoring of side effects of anti-SARS-2-CoV
drugs.

In summary, fighting against COVID-19 requires a multi-
pronged approach, including comprehensive utilization of diag-
nostic screening, vaccines, small molecules, and neutralizing an-
tibodies. Vaccination is the best measure to prevent SARS-CoV-2
infection, while small molecules and neutralizing antibodies play
important roles in managing treatment for vulnerable individuals.
Antiviral small molecules, especially oral drugs, have irreplace-
able advantages in patient compliance, which can greatly relieve
the pressure on public medical resources. At present, the research
and development of small molecule antiviral drugs are still in full
swing. We believe we will eventually defeat COVID-19 with the
availability of more drugs in the clinic and the application of com-
prehensive anti-COVID-19 strategies.

Supplementary data
Supplementary data is available at PCMEDI Journal online.
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