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ARTICLE INFO ABSTRACT

Keywords: The SARS-CoV-2 outbreak and pandemic that began near the end of 2019 has posed a challenge to global health.
Coronaviruses At present, many candidate small-molecule therapeutics have been developed that can inhibit both the infection
SARS-CoV-2

and replication of SARS-CoV-2 and even potentially relieve cytokine storms and other related complications.
Meanwhile, host-targeted drugs that inhibit cellular transmembrane serine protease (TMPRSS2) can prevent
SARS-CoV-2 from entering cells, and its combination with chloroquine and dihydroorotate dehydrogenase
(DHODH) inhibitors can limit the spread of SARS-CoV-2 and reduce the morbidity and mortality of patients with
COVID-19. The present article provides an overview of these small-molecule therapeutics based on insights from
medicinal chemistry research and focuses on RNA-dependent RNA polymerase (RdRp) inhibitors, such as the
nucleoside analogues remdesivir, favipiravir and ribavirin. This review also covers inhibitors of 3C-like protease
(3CLP™), papain-like protease (PLP™®) and other potentially innovative active ingredient molecules, describing
their potential targets, activities, clinical status and side effects.

RNA-dependent RNA polymerase (RARp)
3C-like protease (3CLP™)

Papain-like protease (PLP™)
Transmembrane serine protease (TMPRSS2)

1. Introduction socioeconomic chaos on a global scale. Along with SARS-CoV and
Middle East respiratory syndrome coronavirus (MERS-CoV), SARS-CoV-

The 2019 coronavirus disease (COVID-19) pandemic is caused by 2 is a member of the Betacoronaviridae family; it is an enveloped virus
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). At with a positive non-segmented single-stranded RNA genome [1].
present, 90 million people have been infected and more than 1.9 million Epidemiological studies have shown that SARS-CoV-2 is more infectious

people have died from this virus. Furthermore, the pandemic has caused than SARS-CoV or MERS-CoV [2-4]. Due to the higher infection rate of
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SARS-CoV-2 and the lack of effective treatment methods, improved
strategies for treating and preventing COVID-19 are urgently needed.

The main structural proteins encoded by SARS-CoV-2 include spike
(S), membrane (M), envelope (E) and nucleocapsid (N) proteins. The
binding of the S protein to host cell receptor angiotensin-converting
enzyme 2 (ACE2) [5,6] is the key event for the entry of SARS-CoV-2
into host cells. Furthermore, the binding of the S protein to the
cellular transmembrane serine protease (TMPRSS2) might promote the
entry of the virus into the host cells. Therefore, both ACE2 and TMPRSS2
might be pharmacological targets that could restrict the entry of
SARS-CoV-2 into cells. The non-structural proteins (nsps) encoded by
SARS-CoV-2, such as 3C-like protease (3CLP™), papain-like protease
(PLP™) and other nsps, which play key roles in virus replication, are also
important targets for drug development [7,8]. To date, some
small-molecule drugs, including lopinavir/ritonavir, chloroquine (CQ),
hydroxychloroquine (HCQ), arbidol, remdesivir, favipiravir, and riba-
virin, have shown beneficial effects in clinical and preclinical trials. In
this review, we collected and reviewed the chemical structures, targets,
pharmacological effects and adverse reactions of the currently available
small-molecule drugs against SARS-CoV-2.

2. RdRp inhibitors

ORFla and ORF1b, located at the 5'-terminus of the coronavirus
(CoV) genome, encode polyproteins 1a and 1b. These two proteins can
be cleaved into 16 types of nsps that play essential roles in virus repli-
cation and transcription [9]. Therefore, nsps are considered potential
virulence factors and CoV targets. Among these nsps, RNA-dependent
RNA polymerase (RdRp) is non-structural protein 12 (nsp12) [10,11],
which is an enzyme that catalyses the synthesis of RNA strands com-
plementary to a given RNA template and can extend the homopoly-
merized primer-template substrate by dozens of nucleotides in vitro. The
protein structure of RdRp of different RNA viruses is conserved; hence,
using RdRp as an anti-RNA virus target could reduce the potential of
drug resistance and is essential for the development of a broad-spectrum
antiviral drug. Viral/prokaryotic RNA-directed RNA polymerases
employ a fold whose organization has been likened to the shape of a
right hand with three subdomains, termed “fingers”, “palm” and
“thumb” (Fig. 1). The palm region of all RdRps consists a three-strand
anti-parallel beta sheet as the core and three a-helices on the side and
is considered the most conserved structure among all known nucleotide
polymerases. In this area, five sequences and domains (A-E) have been
identified [12]: A and B have the functions of nucleotide recognition and
connection, A and C have the function of phosphate transfer, D com-
prises the complete structure of the palm region, E is responsible for the
junction of the nucleotide primers, and A, B, and C are highly conserved
[13].

There are two types of RdRp inhibitors: nucleoside drugs and non-
nucleoside drugs. Non-nucleoside inhibitors are susceptible to drug
resistance and exhibit an inability to act on other subtypes, which limits
their development. In contrast, nucleoside drugs have the advantages of
directly acting on highly conserved active pockets and acting as catalytic
substrates for RdRp. At present, the primary representative nucleoside
RdRp inhibitors for COVID-19 are remdesivir (GS-5734), favipiravir,
ribavirin, and penciclovir [17,18]. Although these inhibitors have
different indications, their mechanisms of action are generally the same.
These inhibitors are all prodrugs that are converted into the

G
N=_ [B] Niran
<+ oo
NN omm

Biomedicine & Pharmacotherapy 137 (2021) 111313

corresponding active structure (triphosphate structure) in the host cell
and are incorporated into the RNA chain by RdRp. This incorporation
causes a lethal mutation or terminates immature RNA chain synthesis
(Fig. 2).

2.1. Remdesivir (GS-5734)

Remdesivir (GS-5734) is a novel nucleotide analogue antiviral pro-
drug that was developed by Gilead Sciences as a treatment for Ebola
virus (EBOV) and Marburg virus infections [14,15], but it also exhibits
reasonable antiviral activity against both SARS-CoV and MERS-CoV.
Recent studies found that remdesivir shows activity against other
coronaviruses, including SARS-CoV-2. An in vitro analysis of the
anti-SARS-CoV-2 activity of remdesivir showed that the drug effectively
blocked SARS-CoV-2 infection at low micromolar concentrations (ECsg
= 0.77 pM) and exhibited low cytotoxicity (CCs¢>100 pM) with a high
selection index (SI > 129.87) [16]. Remdesivir is hydrolysed into
alanine metabolites by breaking the ester bond. These metabolites are
converted into adenosine monophosphate and then further into adeno-
sine triphosphate, ultimately becoming the active agent targeting the
RNA virus polymerase and preventing viral replication (Fig. 3) [17,18].
Remdesivir maintains an intact ribose group and uses a hydrogen bond
network as its native substrate (Fig. 4). Additionally, T680 in
SARS-CoV-2 nspl2 is also likely to form hydrogen bonds with the 2’
hydroxyl of remdesivir.

On May 1, 2020, the US Food and Drug Administration (FDA) issued
an emergency use authorization (EUA) for treating patients with sus-
pected or confirmed COVID-19 (including adults and children) with the
antiviral drug remdesivir. Since then, remdesivir has also been approved
for the treatment of COVID-19 patients in Japan, Taiwan, India,
Singapore, the United Arab Emirates and the European Union. In other
regions, remdesivir remains under investigation and has not been
approved. A recent study tested the preventive and therapeutic effects of
remdesivir against MERS-CoV in rhesus monkeys [19]. Prophylactic
treatment with remdesivir initiated 24 h prior to inoculation completely
prevented the clinical disease caused by MERS-CoV by strongly inhib-
iting the replication of MERS-CoV in the respiratory system and pre-
venting the formation of lung lesions. Therapeutic treatment with
remdesivir started 12 h after vaccination provided significant clinical
benefits, including reduced clinical signs, decreased viral replication in
the lungs and reductions in the number and severity of lung lesions.
These findings support the effectiveness of remdesivir in the treatment
of COVID-19 and indicate that the drug should be started as soon as
possible after symptom onset to maximize its therapeutic effect.

On October 8, 2020, the National Institute of Allergy and Infectious
Diseases released the results of the remdesivir trial (Adaptive COVID-19
Treatment Trial, ACTT-1, NCT04280705). Researchers pointed out that
the average recovery time of the remdesivir group was 10 days, while
that of the placebo group was 15 days. Although there was no significant
difference in mortality between the two groups of patients, there was a
significant difference in recovery time (p < 0.001). This study demon-
strated that remdesivir is superior to placebo in reducing recovery time
and can be used to treat COVID-19 [20]. However, on October 15, the
World Health Organization (WHO) announced the release of the “Soli-
darity trial”. The study conducted clinical trials involving 11,266 pa-
tients from 405 hospitals in 30 countries. There were 301 deaths among
2743 critically ill patients in the remdesivir group and 303 deaths
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Fig. 1. Genome of RdRp.
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Fig. 2. Structures of representative nucleoside RdRp inhibitors.
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Fig. 3. Process of remdesivir-metabolized transformation to adenosine triphosphate.
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Fig. 4. Model of the incorporation of remdesivir into SARS-CoV-2 nsp12.

among 2708 critically ill patients in the control group, for mortality
rates of 11 % and 11.2 %, respectively. As there was almost no difference
in mortality, the WHO announced that remdesivir has only a rare effect
in reducing the mortality of hospitalized patients [21]. By contrast, on
October 22, the US FDA officially approved remdesivir as the first and
only COVID-19 treatment drug in the country. It can be used for
COVID-19 inpatient treatment of adult patients and children over 12
years and weighing over 40 kg. Compared with the Solidarity trial, the
design of ACTT-1 (which was randomized, placebo-controlled, and
double-blind) was more suitable for rigorously assessing the recovery
time endpoint, which is the essence of the effectiveness and safety
required for new drug approval. The main goal of the Solidarity trial was
to evaluate the impact of treatment intervention on hospital mortality,
and the results did not refute the effectiveness of remdesivir, because the
effectiveness of remdesivir may be closely related to the shortened re-
covery time. Meanwhile, it has been reported that the parent nucleotide
of remdesivir, GS-441,524, can effectively inhibit the replication of
SARS-CoV-2 in Vero E6 cells (IC5¢ = 0.70 pM). In a rat pharmacokinetics
study, it showed a good plasma distribution and a long half-life (t; 2 =
4.8 h). Considering that GS-441,524 is the main metabolite of remde-
sivir in plasma, it is speculated that GS-441,524 contributes to the
anti—COVID-19 effect of remdesivir [22]. GS-441,524 may become a
promising cheap drug candidate for the treatment of COVID-19 and
future emerging CoV diseases.

2.2. Favipiravir

The antiviral drug favipiravir (T-705 or Avignan) is a

pyrazinecarboxamide derivative developed by Toyama Chemical Com-
pany in Japan that exhibits activity against various RNA viruses [23].
Favipiravir shows activity against influenza virus, West Nile virus, yel-
low fever virus, foot-and-mouth disease virus, flaviviruses, arenaviruses,
bunyaviruses, alphaviruses [24], enterovirus [25] and Rift Valley fever
virus [26]. Favipiravir is also a prodrug that is first converted to the
intermediate  favipiravir-ribofuranosyl-5-monophosphate  through
phosphoribosylation, and this intermediate is then further metabolized
into its active form [27], favipiravir-ribofuranosyl-5'-triphosphate,
which inhibits the activity of RdRp (Fig. 5). This drug is available in both
oral and intravenous formulations. Clinical trials investigating the use of
favipiravir in the treatment of COVID-19 have been performed in many
countries (Table 1). Favipiravir exhibits significant anti-SARS-CoV-2
activity in Vero E6 cells, with an ECsq value of 67 pM. Studies have
confirmed that favipiravir exhibits 100 % efficiency in protecting mice
from EBOV [16]. In March 2020, favipiravir was approved by China’s
State Drug Administration as China’s first anti—COVID-19 drug because
the clinical trial showed that the drug exhibited high efficacy and few
side effects. Chen et al. conducted a prospective, randomized,
controlled, open-label multicentre trial involving adult COVID-19 pa-
tients (ChiCTR2000030254) [28], and elevated serum uric acid levels
was the most frequently observed adverse event associated with favi-
piravir. The study proved that favipiravir is more effective than the
antiviral drug Arbidol based on the average antipyretic time and time to
achieve cough relief. Yi Shi et al. recently determined the cryo-EM
structure of favipiravir bound to the replicating polymerase complex
of SARS-CoV-2 in the pre-catalytic state; this structure provides a
missing snapshot for visualizing the catalytic dynamics of coronavirus
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Fig. 5. Mechanism of favipiravir-mediated inhibition of coronavirus replication in host cells (the purple wireframe and arrows represent the intracellular tri-
phosphorylation of favipiravir and the inhibition of RdRp to terminate viral RNA replication). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article).

Table 1
Clinical trials of favipiravir.
Study name Study design Intervention Condition Identifier Population
type (phase) number
Favipiravir in COVID-19 Open Drug therapy Intensive care, intubation, / 7
endotracheal, SARS-CoV-2
infection (COVID-19)
Favipiravir in COVID-19: the VIRCO and NCT04445467 Placebo-controlled, Drug therapy SARS-CoV-2 infection (COVID-19)  NCT04445467 190
studies randomized
Favipiravir in COVID-19: the NCT04346628 study Open, Drug therapy SARS-CoV-2 infection (COVID-19)  NCT04346628 120
randomized
Favipiravir in COVID-19: the NCT04351295 study Open, Drug therapy SARS-CoV-2 infection (COVID-19)  NCT04351295 40
placebo-controlled,
randomized
Favipiravir in COVID-19: the NCT04333589 study Open, Drug therapy SARS-CoV-2 infection (COVID-19)  NCT04333589 210
randomized
Favipiravir in COVID-19/viral pneumonia: the Double-blind, Drug therapy Pneumonia, viral, NCT04336904 100
NCT04336904 study placebo-controlled, SARS-CoV-2 infection (COVID-19)
randomized
Favipiravir in SARS-CoV-2 infection (COVID-19): the Double-blind, placebo- Drug therapy SARS-CoV-2 infection (COVID-19)  NCT04402203 50
NCT04402203 study controlled, randomized
Favipiravir in COVID-19: the Avi-Mild and NCT04464408  Double-blind, Drug therapy SARS-CoV-2 infection (COVID-19)  NCT04464408 576
studies multicentre,
placebo-controlled,
randomized
Favipiravir in SARS-CoV-2 infection (COVID-19): the Open, Drug therapy SARS-CoV-2 infection (COVID-19)  NCT04358549 50
NCT04358549 study randomized
Favipiravir in COVID-19: the NCT04425460 study Double-blind, Drug therapy SARS-CoV-2 infection (COVID-19)  NCT04425460 256
placebo-controlled,
randomized
Favipiravir in SARS-CoV-2 infection (COVID-19)/ Double-blind, placebo- Prevention SARS-CoV-2 infection (COVID-19)  NCT04448119 760
respiratory tract infection prevention: the controlled, randomized
NCT04448119 study CONTROL-COVID
Favipiravir or lopinavir/ritonavir in SARS-CoV-2 Open Drug therapy SARS-CoV-2 infection (COVID-19)  / 80
infection (COVID-19)
Favipiravir vs. hydroxychloroquine in COVID-19: the Comparative, open Drug therapy SARS-CoV-2 infection (COVID-19)  NCT04387760 150
NCT04387760 study
polymerase, facilitating extrapolation of the dynamic catalytic cycle for 2.3. Ribavirin

RNA nucleotide polymerization. These findings shed light on the

mechanism of coronavirus polymerase catalysis and provide a rational
basis for developing antiviral drugs to treat SARS-CoV-2 infection [29].

Ribavirin (RBV), also known as tribavirin, is a broad-spectrum
antiviral medication used to treat respiratory syncytial virus infection,
hepatitis C virus and some viral haemorrhagic fevers. RBV exhibits
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relatively mild anti-SARS-CoV-2 activity, with an ECsy value of 109.5
pM and a CCsg value higher than 400 pM in Vero E6 cells [16]. RBV is
also a prodrug that is converted intracellularly into RBV monophosphate
(RMP) by adenosine kinase and further into RBV diphosphate (RDP) and
ribavirin triphosphate through nucleoside monophosphate and diphos-
phate kinases. The antiviral mechanism of RBV is complicated because it
exerts its antiviral effects in various ways [30] (Fig. 6). Its effects include
both indirect and direct actions. The indirect mechanism includes the
following: (a) RBV can regulate the immune system by initiating the
induction of a shift from the Th2 (T-helper cell 2) to Th1 (T-helper cell 1)
immune response, thereby enhancing the host’s cytotoxic T
lymphocyte-mediated antiviral immunity and (b) RMP can inhibit ino-
sine monophosphate dehydrogenase (IMPDH) to induce the depletion of
guanosine triphosphate (GTP), thereby hindering RNA virus replication.
The direct mechanism includes the following: (c) RDP can directly
inhibit RNA replication by inhibiting RdRp and (d) RDP can also be used
as an RNA mutagen to accelerate the error mutation of rapidly mutating
RNA viruses.

3. Coronavirus non-structural protein inhibitors
3.1. 3CIP inhibitors

3CLP™, also known as the main protease (MP™), is a three-domain
(domains I to III) cysteine protease composed of 306 amino acids
(Fig. 7). Domain I (residues 8-101) and domain II (residues 102-184)
have anti-parallel p-barrel structures, and domain III (residues 201-303)
contains 5 a-helices arranged in one substantially antiparallel globular
cluster that is connected to domain II through a long loop region (resi-
dues 185-200) [31,32]. SARS-CoV-2 3CLP™ has a Cys-His catalytic dyad
(Cys145 and His41) in the gap between domains I and II that can spe-
cifically recognize 11 cleavage sites of nsp4~nsp16 to induce the release
of additional coronavirus nsps. The nsp4-nsp16 released by 3CLP™ hy-
drolysis and shearing is a carrier of viral genome replication and tran-
scription and is responsible for processes such as protein cleavage and
modification and nucleic acid synthesis after translation [33]. Addi-
tionally, by comparing the amino acid sequences of SARS-CoV-2, SAR-
S-CoV and MERS-CoV 3CLP™, the 3CLP™ of the above three viruses was
found to have a high degree of similarity, with significant conservation
in the polyprotein cleavage site. The similarity between SARS-CoV
3CLP™ and SARS-CoV-2 3CLP™ is as high as 96.00 % [34]. Hence, this
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Domain IT Domain ITT

Domain I

Fig. 7. The crystal structure of SARS-CoV-2 3CLP* (PDB code: 6LU7).

enzyme is considered one of the most attractive targets for the treatment
of COVID-19. A series of 3CLP™ inhibitors have been developed, and
these can be divided into peptidomimetic and nonpeptidic inhibitors
according to their structural type.

3.1.1. Peptidomimetic 3CIP™ inhibitors

The mechanism of action of peptidomimetic inhibitors includes two
steps. First, peptidomimetics that mimic natural peptide substrates bind
to 3CLP™ and form a noncovalent complex with the warhead group,
which is spatially very close to the catalytic residue of the target protein.
Second, these inhibitors carry out nucleophilic attack to covalently bind
to Cys145 in the 3CLP™ S1’ pocket to exert an inhibitory effect [35,36].
AG7088 (1) was the first peptidomimetic irreversible inhibitor and was
developed by Pfizer [37]. Due to its off-target effects, research on this
molecule was terminated based on results from phase II clinical trials.
Optimization of the AG7088 structure yielded the compound AG7404
(2), which exhibited better oral availability and tolerability and has
entered phase I clinical trials. Hayashi et al. [38] designed and synthe-
sized the peptidomimetic compounds 3 and 4 using benzothiazolone as
the warhead group, and the Ki values reached nanomolar levels. Liu
Hong et al. [39] recently designed and synthesized a new class of pep-
tidomimetic inhibitors with aldehyde groups as warheads for
SARS-CoV-2 3CLP™. Compounds 5 and 6 exhibited outstanding inhibi-
tory activity against SARS-CoV-2 3CLP™ (5: ICsp = 0.053 = 0.005 pM, 6:

Th2 .
/O\ a.Immunomodaulation
R Defective
RBV <- Thl cTL virus particles
Rt e (@)
et e
IFN-y , TFN-a
e, transporter Hepatocyte
RBV RMP RMP RMP
- |
\:\—”’ y)"” “‘
so7 s ]
e - RNA ...
imp 'MPDHGMmP /\R/% m‘.’m % mutagen
GTP
b.IMPDH c.Inhibition of RNA d.RNA mutagenesis
inhibition replication

Fig. 6. Mechanism of ribavirin against RNA viruses. The mechanism includes the following: a) induction of a shift from a Th2 to a Thl immune response, b) in-
hibition of IMPDH to induce GTP depletion, c) direct inhibition of RdRp, and (d) induction of mutagenesis to trigger the production of defective viral particles.
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ICs9 = 0.040 + 0.002 pM). in vitro antiviral activity assays showed that
these two compounds can effectively serve as anti-SARS-CoV-2 drugs.
Further pharmacokinetic and safety studies have indicated that both 5
and 6 exhibit good in vivo pharmacokinetic properties with acceptable
preliminary safety (5: ECso = 0.053 pM, 6: EC59 = 0.72 pM) and have the
potential to become a new anti-SARS-CoV-2 clinical drug candidates for
further research. The research team in Germany guided by Rolf Hil-
genfeld at Liibecker University, in cooperation with Chinese colleagues
Zhang et al. [40], optimized the previously discovered peptidomimetic
a-ketoamide inhibitor 7. The amide bond at the P2-P3 position of
compound 7 was hidden on the pyridone ring (Fig. 8, green circle) and is
expected to prevent off-target effects and hydrolysis of the bond by other
proteases, which would increase the half-life of the compound in
plasma. In addition, the hydrophobic cinnamyl group was replaced by a
low-hydrophobic Boc group to increase the solubility of 7 in plasma. The
obtained compound 8 was further optimized, and the cyclohexyl group
at position P2 was replaced by a smaller cyclopropyl group to yield 9,
which exhibited stronger antiviral activity against both SARS-CoV-2 and
SARS-CoV. However, compound 10, which was obtained by removing
the Boc group of 9, was inactive, which indicates that the hydrophobic
group is necessary for penetrating the cell membrane and interacting
with the virus 3CLP™. COVID-19 and other coronaviruses mainly affect
lung tissue, and pharmacokinetic studies have shown that the concen-
tration of 9 in lung tissue 4 h after its subcutaneous administration is
approximately 13 ng/g. Therefore, the lung tropism of 9 is a favourable
target organ feature. A mouse lung drug inhalation model showed that 9
is well tolerated without adverse reactions; hence, lung inhalation is the
appropriate method for the administration of 9 [41].
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3.1.2. Nonpeptidic 3CLP™ inhibitors

The mechanism of action of nonpeptidic inhibitors mainly involves
the formation of hydrogen bonds with the amino acid residues of the S1,
S2 and S4 pockets (including Cys145, which has catalytic activity in the
S1’ pocket). Nonpeptidic inhibitors are currently an area of intense
research due to their diverse structural core and active functional
groups. The Ramajayam research team [42] designed and synthesized a
series of pyrazolone core compounds (11-13) that exhibited good
inhibitory activity against SARS-CoV 3CLP™ and extremely low cyto-
toxicity. Additionally, Jacobs et al. designed and synthesized a series of
SARS-CoV 3CLP™ inhibitors with diamide scaffolds (14-18) [36,43].
Structure-activity relationship (SAR) studies have shown that pyridyl or
triazole moieties are necessary for inhibitory activity, and this finding
provides a new feature for the design of nonpeptidic inhibitors. In
addition, 3CLP™ nonpeptidic inhibitors with decahydroisoquinoline
(19-20) [44,45], octahydro-isochromene (21-22) [46], and unsym-
metrical aromatic disulphides (23-25) [47] as the core group show good
inhibitory activity and can be further studied and modified. Natural
product derivatives, such as flavonoids (26-27) [48], bioflavonoids
(28-29) [49], isatin (30-31) [50], chalcones (32-33) [51] and terpe-
noids (compounds 34-35) [52], are also a class of 3CLP™ nonpeptidic
inhibitors with strong inhibitory activity.

In addition to the abovementioned representative nonpeptidic in-
hibitors of SARS-CoV 3CLP™, a batch of HIV protease inhibitors with
inhibition against SARS-CoV-2 3CLP™ was obtained through a virtual
screening of known compounds, such as lopinavir, ritonavir, darunavir,
and cobicistat, based on the SARS-CoV-2 3CLP™ crystal structure pre-
sented by the Rao Zihe team (PDB code: 6LU7) (See Fig. 9 and Table 2),
but further experiments and clinical verification are needed [53].
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Lopinavir/ritonavir (LPV/r), which is a combination protease inhibitor
used to treat HIV-1 infection, has been included in China’s 2019 Coro-
navirus Diagnosis and Treatment Guidelines (Seventh Edition) for the
treatment of COVID-19. Lopinavir, which is the active ingredient of this
drug combination, can prevent the division of Gag-Pol polyprotein,
thereby halting the production of immature virus particles and ulti-
mately terminating the infection [54]. In Vero E6 cells, lopinavir exerts a
significant inhibitory effect on SARS-CoV-2, with an ECsg of 26.63 pM
[55]. Pharmacokinetic studies have shown that lopinavir is mainly
metabolized by CYP3A4, and when used alone, this compound produces
a lower systemic blood concentration than when used in combination
because ritonavir can inhibit the metabolism of lopinavir. A clinical trial

conducted at Ruian People’s Hospital included 47 COVID-19 patients
admitted from January 22 to January 29, 2020. These patients were
divided into an experimental group and a control group based on
whether they received LPV/r treatment during their hospitalization. The
experimental group was given LPV/r combined with adjuvant drug
therapy, and the control group was administered adjuvant drug therapy
alone. Changes in body temperature, routine blood tests, and blood
biochemistry were observed between the two groups. The results
showed that compared with single-use adjuvant drug therapy, LPV/r
exerted more obvious effects in reducing the body temperature and
restoring normal physiological mechanisms without side effects [56]. In
addition, an emergency randomized clinical trial (ChiCTR2000029308)
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Table 2
Summary of HIV protease inhibitors against human coronaviruses.
Infectious Drug Drugs Reported Status
disease target mechanism
of action
2019- 3CLP™  Lopinavir Inhibits Approved for HIV, in
nCoV, 3CLP™ phase 3 trials of 2019-
MERS- nCoV (NCT04252274,
CoV, NCT04251871,
ARS- NCT04255017,
CoV, ChiCTR2000029539), in
HCoV- phase 2/3 trials for MERS
229E, (NCT02845843)
HIV,
HPV
2019- 3CLP™  Ritonavir Inhibits Approved for HIV, in
nCoV, 3CLP™ phase 3 trials for 2019-
MERS- nCoV (NCT04251871,

CoV NCT04255017,
NCT04261270), in phase
2/3 trials for MERS
(NCT02845843)

2019- 3CLP™  Darunavir Inhibits Approved for HIV, in
nCoV and 3CLP™ phase 3 trials for 2019-
cobicistat nCoV (NCT04252274)
2019- 3CLP™  ASCO09 F Inhibits In phase 3 trials for 2019-
nCoV (HIV 3CLP™ nCoV in combination with
protease oseltamivir
inhibitor) (NCT0426270)

on the efficacy of LPV/r for COVID-19 patients was carried out in Wuhan
Jinyintan Hospital. The experimental subjects were 199 adult inpatients
with severe COVID-19, of which 100 were assigned to the conventional
treatment group and 99 were assigned to the LPV/r group. The LPV/r
group received conventional treatment with the addition of LPV/r (400
mg lopinavir, 100 mg ritonavir, twice a day, for 14 days). The results
showed that for patients with severe COVID-19, compared with con-
ventional supportive treatment alone, the addition of LPV/r did not
improve clinical conditions or reduce mortality [57]. In this study, the
main possible factor for why LPV/r did not achieve the expected results
was that the research team chose a particularly challenging population.
The patients who participated in the study had relatively advanced in-
fections and had considerable tissue damage. Previous studies have
shown that even highly active antibacterial agents have limited efficacy
against advanced bacterial pneumonia. Based on the above research, the
application of LPV/r combined with related adjuvant drugs is recom-
mended for the clinical treatment of early COVID-19 patients.

3.2. PIP™ inhibitors

PLP™ is a multifunctional protein with protease and phosphatase
activity that participates in viral replication, regulates immune re-
sponses and antagonizes interferon (IFN) molecules [58,59].
SARS-CoV-2 PLP™ is divided into four subdomains: an N-terminal
ubiquitin-like domain, an a-helical thumb domain, a f-stranded finger
domain and a palm domain. The geometric configuration of the active
site of SARS-CoV-2 PLP™ is similar to that of SARS-CoV PLP™. All cata-
lytically important residues are unchanged, and the catalytic triad in-
cludes residues C111, H272 and D286 [60]. The PLP™ cleavable protein
causes the release of nspl, nsp2, and nsp3 from viral polyproteins, and
this process is necessary for viral replication [61,62]. Furthermore, PLP™
is a deubiquitinating enzyme that can destroy the ubiquitination of host
cells, which is not conducive to the innate immune response because
ubiquitination is a key factor in regulating the this response [63]. PLP™ is
also a potential IFN inhibitory protein. After virus infection, the host will
immediately activate its natural immune mechanism to produce IFN,
which will place the body into an antiviral state and thus limit the
replication and spread of the virus. PLP™ exerts a significant inhibitory
effect on the IFNJ pathway and the interferon regulatory factor 3
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pathway. Although the PLP™ sequences of SARS-CoV-2 and SARS-CoV
exhibit only 83 % similarity, the high-level structure of the active site
of PLP™ is unchanged [64]. PLP™ can be an important target for the
development of anti-SARS-CoV-2 drugs. Chouyuan Chou et al. [65]
determined that 6-mercaptopurine (6 M P, ICso = 21.6 pM) and 6-thio-
guanine (6 TG, ICso = 5 pM) are widely clinically used for the treatment
of childhood acute lymphoblastic leukaemia and myeloid leukaemia and
that this combination of SARS-CoV PLP™ inhibitors is reversible
(Fig. 11); their study constitutes the first investigation of a
small-molecule reversible inhibitor of PLP™. Kinetic tests and computer
docking studies have revealed that these two compounds are competi-
tive, selective, and reversible PLP™ inhibitors, with Ki values ranging
from 10 to 20 pM. A SAR study found that the thiocarbonyl moiety of 6
M P or 6 TG is the active pharmacophore for these inhibitory effects. 6 M
P or 6 TG might form a hydrogen bond with Cys1651 in the active site of
the enzyme through the thiol moiety of the thiocarbonyl group.
Hydrogen bonding with Cys1651 blocks the essential sulfhydryl group,
and this blockage prevents acylation and inhibits the activity of the
enzyme. Although their anti-PLP™ activity is in the pM range, these
compounds are excellent lead compounds that can be further optimized
to develop better antiviral drugs. Many research teams have identified
PLP™ inhibitors through virtual screening. For example, disulfiram is a
potential PLP™ inhibitor that acts on the active site of coronavirus PLP™
and forms a covalent adduct with Cys112 [66]. Mukesh Kumar et al.
used the SARS-CoV PLP™ crystal structure (PDB code: 3E9S) as a tem-
plate to virtually screen potential anti-SARS-CoV-2 PLP™ inhibitors and
found that 16 FDA-approved drugs exhibit good affinity for SARS-CoV-2
PLP™, which indicates that these drugs can be used as candidates for
further research (see Fig. 10 and Table 3) [67].

Wioletta Rut et al. [68] developed a hybrid combinatorial substrate
library containing a wide variety of nonproteinogenic amino acids for
SARS-CoV-2 PLP™ to analyse the broad substrate specificity of proteo-
lytic enzymes. Their results revealed high substrate specificity for the S2
pocket of SARS-CoV-2 PLP™ and that only glycine can be accepted. The
S3 pocket exhibits a wide range of substrate specificity that can not only
tolerate positively charged residues, such as Phe (Guan), Dap, dab, Arg,
Lys, Orn, and hArg, but can also tolerate hydrophobic amino acids, such
as hTyr, Phe(F5), Cha, Met, Met(O), Met(0)2, and p-hPhe. However, the
S4 pocket can only accommodate hydrophobic residues. Positional
scanning technology can be used to design a map of the best fluorescent
substrates (Fig. 12) of irreversible inhibitors (VIR250 and VIR251) on
the best-hit scaffold. Analyses of the crystal structures of the complexes
of SARS-CoV-2-PLP™ with VIR250 and VIR251 showed that the cata-
lytic Cys111 of SARS-CoV-2-PLP™ engages in Michael addition to the
b-carbon of the vinyl group of the VME warheads of VIR250 and
VIR251, resulting in the formation of a covalent thioether linkage.
Moreover, VIR250 and VIR251 both occupy the S4-S1 pocket attached
to the active site and form hydrogen bonds with the residues in the
pocket. These two inhibitors were found to be active and selectively
inhibited SARS-CoV and SARS-CoV-2 PLP™, respectively, but exhibited
markedly weaker activity towards MERS-PLP™ and no activity towards
human UCH-L3. Therefore, these findings provide important informa-
tion for further research aiming to identify peptide antiviral compounds
that target this enzyme.

4. Host-targeted inhibitors

There are currently two main strategies for designing broad-
spectrum antiviral drugs (BSAs): the use of nucleoside or nucleotide
analogues and the use of host-targeting antivirals (HTAs). Nucleosides
and nucleoside analogues are direct-acting antiviral agents (DAAs),
which usually cause drug resistance and toxicity. Owing to viral speci-
ficity, the development of new DAAs takes a considerable amount of
time when a new virus breaks out. It is necessary to block viral repli-
cation to overcome potential viral mutagenesis [69]. Therefore, HTAs
are generally more advantageous against viruses.
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Fig. 10. Structure of HIV protease inhibitors with inhibitory activity against SARS-CoV-2 3CLP™.
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Table 3
Sixteen FDA-approved drugs showing the highest affinity for SARS-CoV-2 PLP™.

Drug Binding Current application
affinity

Biltricide 8 nM-8 uM Anthelmintic

Cinacalcet 26 nM-3 pM Calcimimetic, treatment of

hyperparathyroidism

Procainamide 30 nM-3 pM  Antiarrhythmic

Terbinafine 33nM-3pM  Antifungal

Pethidine 53 nM-5 pM Narcotic analgesic

Labetalol 113 nM-11 Treatment of hypertension
M

Tetrahydrozoline 137 nM-14 Over-the-counter eye drops and nasal spray
M

Ticlopidine 160 nM-16 Inhibitor of platelet aggregation
M

Ethoheptazine 163 nM-16 Opioid analgesic
M

Formoterol 716 nM-71 Management of COPD and asthma
M

Amitriptyline 466 nM-46 Antidepressant with analgesic properties
pM

Naphazoline 697 nM-69 Decongestant in over-the-counter eye drops and
M nasal preparations

Levamisole 259 nM-26 Antihelminthic used for parasitic, viral, and
pM bacterial infections

Benzylpenicillin 718 nM-71 Narrow-spectrum antibiotic
M

CcQ 858 nM-85 Antimalarial agent
M

Chlorothiazide 939 nM-93 Diuretic
M

4.1. Dihydroorotate dehydrogenase (DHODH) inhibitors

DHODH is an important rate-limiting enzyme in the de novo synthesis
of pyrimidine, which catalyses the conversion of dihydroorotate to
orotate and provides nucleotides for the synthesis of RNA/DNA [70,71].
Ke Xu [72] confirmed that DHODH can be used as an antiviral drug
target by verifying its high antiviral efficacy and low viral replication in
DHODH-knockout cells through in vivo experiments. Two effective

DHODH inhibitors with good pharmacokinetic characteristics, $312 and
S$416 (Fig. 13), can act against a variety of RNA viruses, including
influenza A virus (H1IN1, H3N2, and HON2), Zika virus and Ebola virus,
and they exert a strong inhibitory effect on SARS-CoV-2. Notably, S416
exhibits an ECsg value of 17 nM and an SI value of 1,050.88 in
SARS-CoV-2-infected cells. Furthermore, $312/S416 and the older
drugs (leflunomide/tefnomide) exert dual antiviral and immune regu-
latory effects. Thus, mutations in SARS-CoV-2 or other RNA viruses
circulating around the world are not a concern because they exhibit
clinical potential to cure these viral infections.

4.2. S-phase kinase-associated protein 2 (SKP2) inhibitors

SARS-CoV-2 infection restricts autophagy by interfering with mul-
tiple metabolic pathways. In vitro targeted autophagy-induced com-
pounds can reduce the release of SARS-CoV-2. An in-depth analysis of
autophagy signals and metabolomics showed reductions in glycolysis
and protein translation by limiting the activation of AMP-activated
protein kinase (AMPK) and mTORC1 [73] with Beclinl (BECN1) as its
key regulatory factor. SKP2 inhibitors can reduce BECN1 ubiquitination,
which reduces BECN1 degradation and enhances autophagy. The
SKP2-BECN1 connection constitutes a promising target for host-directed
antiviral drugs (including SARS-CoV-2) and other autophagy-sensitive
conditions.

Niclosamide is a drug used to kill tapeworms and has previously been
identified as a SKP2 inhibitor [74,75]. Importantly, Theo Rein et al.
found that niclosamide reduces the replication of MERS-CoV by 28,
000-fold [76]. The maximal inhibition of infectious virus at nontoxic
concentrations was identified to be 1.24 pM for niclosamide (>99 %).
Mingyi Zhao et al. reported that niclosamide was able to bind to Met124
of ACE. These findings indicate niclosamide as a potential
anti-SARS-CoV-2 drug [77,78].

4.3. Potential drugs for the prevention or treatment of cytokine storm

Cytokine storm can cause serious illness in patients and targets host
cells. Cytokine storm is characterized by an uncontrolled elevation of
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Fig. 12. (A) Structures of the tetrapeptide substrate.
(B) X-ray crystal structure of VIR250 and VIR251
bound to SARS-CoV-2 PLP™. The residues are shown
as sticks; the red, blue and yellow colours indicate
oxygen, nitrogen, and sulphur atoms, respectively,
and hydrogen bonds are indicated by dashed lines
(left: VI2R50, PDB code: 6WUU; right: VIR251, PDB
code: 6WX4). (C) VIR250 and VIR251 bound to the
binding pocket of SARS-CoV PLP™. VIR250 and
VIR251 are shown as sticks, and the P2-P4 positions
are labelled. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article).
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Fig. 13. Structures of $312 and S416.

proinflammatory cytokines, an excessive recruitment of immune cells,
and systemic inflammation leading to tissue and organ damage [79,80].
Therefore, inhibiting the inflammatory storm caused by the release of
cytokines has been proposed as a means to limit the severity of
COVID-19 [81-83].

4.3.1. Thalidomide

Thalidomide exerts the dual effects of immunosuppression and
immunostimulation and might play a role in COVID-19 immune
reconstruction, anti-inflammation, lung injury reduction, anti-
pulmonary fibrosis and suppression of cytokine storm. Experiments
have shown that thalidomide is a promising therapeutic drug for the
treatment of COVID-19 [84,85]. A patient with COVID-19 in China
received thalidomide combined with low-dose glucocorticoid and anti-
viral therapy. The patient was administered 100 mg of thalidomide and
a small dose of methylprednisolone. The results showed a rapid increase
in the oxygen index, the suppression of anxiety, nausea and vomiting,
and no reported side effects. The anti-inflammatory and immunomod-
ulatory effects of thalidomide are related to the reduction of inflam-
matory cytokines (IL-6, IL-10, and IFN-y) and recovery of the
lymphocyte count [86]. Two registered phase II clinical trials have
evaluated the efficacy of thalidomide as an immunomodulatory drug for
the treatment of SARS-CoV-2 infection. The first clinical trial
(NCT04273581) explored the efficacy and safety of the drug combined
with low-dose hormones in the treatment of severe COVID-19. The
second trial (NCT04273529) investigated the effectiveness and safety in
the treatment of pneumonia. Therefore, thalidomide might be a poten-
tial drug when it is difficult to achieve short-term antiviral effects.

4.3.2. Pentoxifylline and oxypurinol

Gerardo Lopez-Rodas et al. proved that the administration of pen-
toxifylline alone or in combination with oxypurinol for the early treat-
ment of patients with COVID-19 can prevent potentially fatal acute
respiratory distress. Pentoxifylline is a TNF-a inhibitor, whereas oxy-
purinol is a xanthine oxidase inhibitor. TNF-a can activate other
inflammatory-related genes, such as Nos2, ICAM and IL-6, which regu-
late the migration and infiltration of neutrophils into the lung interstitial
tissue and thereby cause damage to the lung parenchyma. In acute
pancreatitis, the anti-inflammatory effect of pentoxifylline might be
mediated by preventing the rapid and temporary loss of protein phos-
phatase 2A activity, which might also occur during the stage of SARS-
CoV-2 infection characterized by the release of inflammatory cyto-
kines [87].

4.4. TMPRSS2 inhibitors and furin inhibitors

The coronavirus S protein promotes viral entry into the target cell
and depends on the S1 subunit on the surface of the S protein. This
subunit helps the virus attach to the surface of the target cell. The entry
of S protein needs to be initiated by cellular proteases, and this process
requires cleavage of the S protein at the S1/S2 and S2’ sites, which then
allows fusion of the virus membrane and cell membrane. The fusion
process is driven by the S2 subunit [73]. SARS-CoV-2 binds to ACE2 to
enter the host cell, and the S protein on the surface of SARS-CoV-2
mediates the interaction with ACE2. S protein activation is crucial for
the entry of SARS-CoV-2 and depends on TMPRSS2 and furin [88,89].
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TMPRSS2 and furin cleave S at different sites — furin at the S1/S2 site
and TMPRSS?2 at the S2’ site. Therefore, TMPRSS2 and furin can be used
as a combination strategy of small peptidomimetic inhibitors to syner-
gize S cleavage. This was shown to result in a synergistic blockage of
SARS-CoV-2 propagation in cell culture, indicating an eventual thera-
peutic application.

4.4.1. TMPRSS2 inhibitors

Camostat mesylate is a potent TMPRSS2 inhibitor that blocks SARS-
CoV and HCoV-NL63 infection in HeLa cells expressing ACE2 and
TMPRSS2 (Fig. 14) [90]. Hoffmann and colleagues recently confirmed
that this drug effectively blocks the entry of SARS-CoV-2 into lung cells
[91]. Another TMPRSS2 inhibitor for the treatment of COVID-19 is
nafamostat mesylate, which is an FDA-approved drug for indications not
related to coronavirus. It is significantly more effective than camostat
mesylate in blocking SARS-CoV-2 infection of human lung cells [92].
Interestingly, Dorothea Bestle et al. [93] found that the peptide mimetic
TMPRSS2 inhibitors MI-432 and MI-1900 strongly prevented the pro-
liferation and strong cytopathic effect (CPE) of SARS-CoV-2 in CALU-3
cells in a dose-dependent manner. When MI-432 and MI-1900 were
individually applied at 20 and 50 pM, only small foci of infection were
visible (Fig. 14). At 10 pM, the diffusion and CPE of SARS-CoV-2 in
MI-432- and MI1900-treated cells was reduced compared to that of
control cells (no protease inhibitor, 0.5 % DMSO-treated cells).
TMPRSS2 is essential for SARS-CoV-2 infection and appears to be a
promising target for COVID-19 therapeutics [94].

4.4.2. Furin inhibitors

Furin is a pro-protein convertase (PC) located in the trans-Golgi
network (TGN) that is activated by an acidic pH environment [95].
This enzyme cleaves precursor proteins with specific motifs to produce
mature proteins with biological activity [96]. Furin has key roles in
embryonic development and cell homeostasis [97]. Similar to other
enveloped viruses that rely on the surface S protein for binding and
fusion, the S protein of coronaviruses is cleaved by proteases during
virus particle biosynthesis and entry into target cells [98]. A comparison
between the SARS-CoV-2 S protein sequence and the highly homologous
SARS-CoV sequence revealed that most features of SARS-CoV-2 S protein
are similar to those of SARS-CoV. SARS-CoV-2 S protein has an N-ter-
minal signal peptide that is divided into two parts, S1 and S2. S1 con-
tains the N-terminal domain and receptor binding region, and S2 is
mainly involved in membrane fusion. The C-terminal region of S2 is S2/,
which contains a fusion peptide, heptad repeat 1, heptad repeat 2, and a
transmembrane domain (Fig. 15) [99]. Unlike SARS-CoV, SARS-CoV-2 S
protein contains a PRRA insertion that provides a furin cleavage motif of
PRRAR|S at the S1/S2 site (|: cleavage site) [100], which might explain
why SARS-CoV-2 infection is more severe than SARS-CoV. In addition,
homology alignments and phylogenetic analysis of the SARS-CoV-2
sequence revealed that the PRRA insert did not appear in other close
relatives of SARS-CoV-2, indicating that this insert is novel. The exis-
tence of this motif might allow the cleavage of S protein into S1 and S2
by furin protease prior to maturation; this effect would provide S1 with
the flexibility to change its conformation to better adapt to the host
receptor [101,102].

Importantly, furin inhibitors can reduce the activity of the SARS-
CoV-2 S protein and reduce the infectivity of SARS-CoV-2. Therefore,
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furin inhibitors are very likely to be potential SARS-CoV-2-specific tar-
geted therapy drugs. Dorothea Bestle et al. [97] found that a synthetic
furin protease inhibitor (MI-1851, Fig. 16) strongly inhibited the mul-
ticycle replication of SARS-CoV-2 in CALU-3 human airway cells, even at
the lowest concentration of 10 pM, producing a 30- to 190-fold reduc-
tion in virus titres. This indicates that the inhibitor MI-1851 is a
promising compound for further drug development. Interestingly, the
authors also found that the combination of TMPRSS2 inhibitors and
furin inhibitors had a synergistic antiviral effect: the combination of 10
pM MI-1851 and 10 pM MI-432 showed enhanced antiviral activity
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against SARS-CoV-2 and reduced virus titres by 10- to 30-fold compared
with 10 pM of each inhibitor alone. 4-Guanidinomethyl-phenylactey-
1-Arg-Tle-Arg-4-amidinobenzylamide (MI-1148) is a novel peptidomi-
metic furin inhibitor containing unnatural amino acid residues in the P3
position and has a significant inhibitory effect on furin, with a Ki value
of 5.5 pm. MI-1148 has a strong inhibitory effect on the highly patho-
genic H5N1 and H7N1 avian influenza viruses and on the reproduction
of canine distemper virus. MI-1148 also has the potential to inhibit furin
activity in SARS-CoV-2 [103]. Thus, it is a promising compound for the
treatment of acute infectious diseases. Hua Li et al. [104] used

w9 w 9
NI A N
W W

H
HZN\H/N o = o = NH;
NH H H NH
HN)\NHZ HN)\NHZ
MI-1148
HZN
>=NH

HN:( QNH HN;/é_NH HN\<_\_\_\_\

Structures of furin inhibitors.



D. Tian et al.

structure-based virtual screening to screen a library of 4000 compounds
(including approved drugs and natural products) for their ability to
inhibit furin. The authors then analysed the identified compounds for
their inhibitory effects. The antiparasitic drug diminazene showed a
high inhibitory effect on furin, with an ICsg of 5.42 + 0.11 pM; therefore,
it should be investigated as a potential COVID-19 therapeutic.

The combined administration of different proteases or other target
inhibitors and furin inhibitors might constitute an effective anti-SARS-
CoV-2 treatment strategy. Yawen Cheng et al. [105] validated cleav-
age at a putative furin substrate motif of the SARS-CoV-2 S protein by
expressing the protein in Vero E6 cells and found prominent syncytium
formation. They found that treatment with the furin protease inhibitor
decanoyl-RVKR-chloromethylketone (CMK) and naphthofluorescein
prevented cleavage and syncytia. CMK and naphthofluorescein reduced
virus production and had cytopathic effects in SARS-CoV-2-infected
cells. Further analysis showed that CMK inhibited the virus by pre-
venting viral entry and also inhibited the lysis of the S protein and
syncytia, while naphthofluorescein mainly acted by inhibiting viral RNA
transcription.

4.5. Repurposing of antimalarial drugs

CQ and HCQ are traditional, weak antimalarial drugs (Fig. 17). After
entering the cell, these drugs preferentially accumulate in acidic or-
ganelles, endolysosomes (ELs), and the Golgi and neutralize the lumen
of acidic organelles. Malarial parasites rely on acidic digestive vacuoles
to survive, which is the main reason for the antimalarial efficacy of CQ
and HCQ. SARS-CoV-2 needs an acidic environment to enter the host cell
[106]. Therefore, the deacidification effect of CQ and HCQ on ELs and
the Golgi might prevent SARS-CoV-2 from being integrated into host
cells, thereby exerting an antiviral effect against SARS-CoV-2. CQ can
effectively block virus infection at low micromolar concentrations and
exhibits a high SI (EC59 = 1.13 pM; CCs0>100 pM, SI > 88.50), while the
anti-SARS-CoV-2 activity of HCQ appears to be weaker than that of CQ
[16]. CQ can inhibit virus replication by reducing ACE2 terminal
glycosylation on the surface of host cells and interfering with the
binding of S protein to ACE2 [107]. The Hansen group found that HCQ
can destroy lipid domains, including monosialotetrahexosylganglioside
1 (GM1) lipid rafts and phosphatidylinositol 4,5-bisphosphate (PIP2).
These lipid domains can transform SARS-CoV-2 receptors on the sur-
faces of blood vessels. ACE2 is recruited to the entry point of endocy-
tosis. HCQ also blocks the ability of GM1 lipid rafts and PIP2 domains to
attract and accumulate ACE2 and thus reduces both ACE2 recruitment
and virus entry [108]. Both CQ and HCQ can block the transport of
SARS-CoV-2 from early endosomes to ELs [109].

4.6. S protein inhibitor (Arbidol)

Arbidol is a broad-spectrum antiviral drug mainly used to treat upper
respiratory tract infections caused by influenza A and B viruses. In recent
years, many studies have proven its inhibitory action against SARS-CoV
and MERS-CoV [110,111]. Arbidol works by binding to the haemag-
glutinin (HA) protein. Protein sequence analysis has shown that a short
segment (aa947-aal027) of the trimerization domain (S2) of the
SARS-CoV-2 S protein exhibits similarity with the H3N2 HA sequence.
The length of the SARS-CoV-2 S protein coding gene sequence is 3822
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Fig. 17. Structure of CQ and HCQ.
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bp, and the coding product consists of 1273 amino acid residues. It in-
cludes four functional domains: a signal peptide, an extracellular
domain, a transmembrane domain and a cytoplasmic domain. The S
protein forms a corolla-like structure in the form of trimers, which is
cleaved into two subunits (S1 and S2) under the action of host cell
proteases. The S1 subunit is responsible for binding to the host cell re-
ceptor, and the S2 subunit is responsible for fusion of the virus and host
cell membranes [112]. The SARS-CoV-2 S protein, located in the outer
membrane, is necessary for the adhering to human ACE2 and CD26
receptors on the host cell, and its trimerization is necessary for fusion
with the host membrane. Arbidol can effectively block or prevent the
trimerization of SARS-CoV-2 S protein, which is key to cell adhesion and
entry [113]. Yuan Xue et al. found that Arbidol monotherapy is more
effective than lopinavir/ritonavir in the treatment of COVID-19 [110].
However, further clinical research is needed to determine the efficacy
and safety of Arbidol when used to treat SARS-CoV-2 infection.

4.7. Corticosteroids

Corticosteroid drugs have been included in the Diagnosis and
Treatment Programs of 2019 New Coronavirus Pneumonia (Eighth
edition) formulated by the NHC of China. Ruijin Hospital, which is
affiliated with the Shanghai Jiaotong University School of Medicine,
quickly initiated drug screening and verification experiments for ACE2
activators and found that corticosteroids could improve severe and
critical COVID-19 by activating ACE2 and inhibiting IL-6 levels [114].
ACE2 is a protective enzyme that maintains the balance of the respira-
tory system, cardiovascular system and vital organ functions under
physiological conditions. When SARS-CoV-2 invades the body, ACE2 is
rapidly depleted, which disrupts the body’s respiratory system, cardio-
vascular system and other important organs. When this occurs, patients
can quickly deteriorate and experience multi-organ failure. Therefore,
administering corticosteroids may become an option for COVID-19
treatment. Notably, to varying degrees, commonly used corticosteroids
significantly activated the expression of ACE2 and inhibited the IL-6
produced by macrophages. Among these drugs, hydrocortisone was
the strongest, followed by prednisolone, dexamethasone and
methylprednisolone.

On June 16, 2020, a large-scale clinical trial (RECOVERY project) in
the United Kingdom announced that dexamethasone reduced the mor-
tality rate by one-third in severely ill COVID-19 patients. The authors
recruited more than 11,000 patients from 175 hospitals in the British
National Medical Service System. Overall, 2100 participants recruited
from March to June were given low and medium doses (6 mg) of
dexamethasone every day for ten consecutive days. The treatment re-
sults were compared with those of 4300 people receiving standard care
for SARS-CoV-2 infections and showed that dexamethasone works best
for critically ill patients who require ventilators, and the fatality rate was
reduced by one-third. Patients who needed oxygen but did not use a
ventilator also showed improvement after dexamethasone treatment,
and the risk of death in this group was reduced by 20 % [115]. These
experimental data indicate that the benefits of using low and medium
doses of corticosteroid therapy may exceed the potential harm.

5. Discussion and perspectives

Since the emergence of the COVID-19 pandemic, scientists world-
wide have been committed to the research and development of SARS-
CoV-2 therapeutic drugs. Potential SARS-CoV-2 inhibitors have been
discovered through the use of computer simulation techniques, such as
molecular docking and free energy calculations. Based on the highly
conserved replicated gene sequence of SARS-CoV-2, the development of
anti-SARS-CoV-2 or broad-spectrum antiviral drugs targeting RdRp,
3CLP™, PLP™, TMPRSS2, S protein and ACE2 might constitute a future
research direction [116-120]. These drugs include inhibitors of
TMPRSS2, ACE2, proteases and virus/host cell membrane fusion, as well



D. Tian et al.

as existing antimalarial drugs. SARS-CoV-2 uses ACE2 to enter cells;
TMPRSS2 is used for the activation of S protein; and furin can accu-
mulate and participate in cell invasion by SARS-CoV-2 together with
TMPRSS2 and cathepsin; however, furin does not directly participate in
cell invasion. Furin pre-activates the S protein to reduce the dependence
of SARS-CoV-2 on the invading target cells, especially cells with low
expression levels of TMPRSS2 and/or cathepsin. Therefore, furin pro-
tease and TMPRSS2 inhibitors can synergistically block SARS-CoV-2
from entering host cells. This discovery is of great significance for
pharmacological and pharmacodynamic studies of drug combinations.
Phytochemicals, such as flavonoids, isatins, and terpenoids, which exert
recognized curative effects against SARS-CoV-2 infection, might be used
in many people owing to their safety, low pharmacological side effects
and availability [121,122]. However, the targets and mechanisms of
action of several drug candidates remain unclear. Further structural and
biophysical studies are needed to determine how these drugs bind to and
affect SARS-CoV-2. In addition to the prevention strategies adopted by
many countries against SARS-CoV-2 infection, such as the isolation of
confirmed cases of infection, the development and provision of vaccines
is urgently needed to completely halt the pandemic [123,124].

Existing antiviral medications that have been used for multiple dis-
eases, such as SARS, MERS, HIV/AIDS and malaria, are currently being
tested in clinical trials [125]. The pathogenic mechanisms underlying
the morbidity and mortality of COVID-19 are diverse, and
immuno-inflammatory contributions appear to be a key player [126].
The mechanism of action of the anti-HIV protease inhibitor LPV/r may
involve the inhibition of 3CLpro. LPV/r was specifically developed for
the aspartate-classified HIV-1 encoded protease, which contains a
characteristic Asp-Thr-Gly (Asp25, Thr26 and Gly27) catalytic triad. The
SARS-CoV-2 protease contains a cysteine-histidine catalytic site, and the
catalytically active sites of the two are completely different. However,
whether LPV/r will be an effective treatment for COVID-19 remains to
be seen and requires additional clinical observation. Based on previous
research, LPV/r is currently the preferred antiviral therapy. CQ is an
antimalarial drug. Because it can inhibit the spread of SARS-CoV-2 in
kidney-derived Vero cells, it is used for treating COVID-19. However, a
recent study showed that CQ could not prevent SARS-CoV-2 from
infecting the TMPRSS2-positive lung cell line CALU-3. This means that
the virus activation pathway targeted by CQ is not present in lung cells,
and CQ is unlikely to prevent SARS-CoV-2 from infecting and spreading
within and between individuals. Relevant research on the potential for
CQ to treat COVID-19 is increasing; however, further studies are needed
[127].

Various treatment agents have emerged from different medical areas.
These agents include pharmacological agents [128], corticosteroids
[129] and immunological agents and antibodies from the serum of pa-
tients who were infected with other coronaviruses or from those who
have recovered from COVID-19 [130]. Docking analysis studies have
proposed ribavirin, remdesivir, sofosbuvir, galidesivir and tenofovir as
potent drugs for treating SARS-CoV-2 infection. Additionally, in silico
analyses have confirmed that zanamivir, indinavir, saquinavir and
remdesivir can be used as SARS-CoV-2 3CLP™ inhibitors [131]. Among
the SARS-CoV-2 macromolecules, large polyproteins encode the cysteine
protease 3CLP™, which is essential for the viral lifecycle of coronaviruses
[132]. This enzyme plays a crucial role in processing viral polyproteins,
which are indispensable for viral maturation and infectivity [133].

Hence, viral proteins are considered potential targets for the devel-
opment of antiviral compounds. 3CLP™ is first routinely cleaved from
polyproteins to produce mature enzymes, and it subsequently further
cleaves downstream nsps at 11 cleavage sites to release nsp4—16 [134].
Cleavage by 3CLP™ occurs at the glutamine residue in the P1 position of
the substrate through the Cys-His catalytic dyad in which the cysteine
thiol functions as the nucleophile in the proteolytic process. Thus,
inhibiting the activity of this enzyme arrests the viral replication of
SARS-CoV-2 [135]. PLP™ is also an important potential target for the
treatment of COVID-19. Naphthalene-based PLP™ inhibitors can
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effectively halt SARS-CoV-2 PLpro activity and viral replication and
provide a potential strategy for the rapid development of PLpro-targeted
therapeutics for use against SARS-CoV-2.

Among the many therapeutic drugs for COVID-19, RdRp inhibitors
(e.g. remdesivir) have generally been the most often used [136]. Cell
culture and animal model studies have confirmed that remdesivir in-
hibits coronaviruses, including SARS-CoV and MERS-CoV [137]. Coro-
naviruses usually exhibit some proofreading ability to detect and correct
the incorporation of incorrect nucleoside analogues, but remdesivir
outpaces this protective barrier to exert its antiviral activity [138]. In a
compassionate use trial, the majority of patients with severe coronavirus
symptoms treated with remdesivir exhibited clinical improvement, but
the safety and effectiveness of the drug remain controversial. The most
common adverse events were elevated liver enzymes, diarrhoea, skin
rash, renal impairment, and hypotension. Therefore, further research
and verification, including in vitro cell experiments, animal model ex-
periments and drug clinical trials, are needed [139]. One study found
that large doses of remdesivir caused insulin pill toxicity and led to
sperm parameter deterioration in mice. Therefore, additional studies on
the reproductive toxicity of the drug are needed [140]. Nevertheless,
remdesivir was approved by the FDA as the first COVID-19 treatment
drug in the US. Advances in the structural analysis of SARS-CoV-2 RdRp
will also be critical for the design of new drug candidates. Structural
information could be used to clarify the inhibition mechanisms of
remdesivir and favipiravir and could contribute to the discovery of new
drugs. Indeed, a recent study elucidated the cryostructure of the
SARS-CoV-2 full-length nsp12 monomer and those of its complexes with
nsp7 and nsp8. Ultimately, a combination therapy of RdRp inhibitors
with clinical-stage drug candidates that target other viral proteins might
provide better therapeutic efficacy for the treatment of COVID-19.
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