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Abstract

The COVID-19 pandemic caused by SARS-CoV-2 is responsible for the global health emergency. Here, we explore the
diverse mechanisms of SARS-CoV-induced inflammation. We presume that SARS-CoV-2 likely contributes analogous
inflammatory responses. Possible therapeutic mechanisms for reducing SARS-CoV-2-mediated inflammatory responses
comprise FcR inactivation. Currently, there is no specific remedy available against the SARS-CoV-2. Consequently, recog-
nizing efficacious antiviral leads to combat the virus is crucially desired. The coronavirus (CoV) main protease (MP™ also
called 3CLP™), which plays an indispensable role in viral replication and transcription, is an interesting target for drug design.
This review compiles the latest advances in biological and structural research, along with development of inhibitors target-
ing CoV MP™* 1t is anticipated that inhibitors targeting CoV MP™* could be advanced into wide-spectrum antiviral drugs in
case of COVID-19 and other CoV-related diseases. The crystal structural and docking results have shown that Ebselen, N3,
TDZD-8 and a-ketoamide (13b) inhibitors can bind to the substrate-binding pocket of COVID-19 MP™. a-ketoamide-based
inhibitor 13b inhibits the replication of SARS-CoV-2 in human Calu3 lung cells. Quantitative real-time RT-PCR (qRT-
PCR) showed that the treatment with Ebselen, TDZD-8 and N3 reduced the amounts of SARS-CoV-2, respectively, 20.3-,
10.19- and 8.4-fold compared to the treatment in the absence of inhibitor. Moreover, repurposing of already present drugs
to treat COVID-19 serves as one of the competent and economic therapeutic strategies. Several anti-malarial, anti-HIV and
anti-inflammatory drugs as mentioned in Table 2 were found effective for the COVID-19 treatment. Further, hydroxychloro-
quine (HCQ) was found more potent than chloroquine (CQ) in inhibiting SARS-CoV-2 in vitro. Furthermore, convalescent
plasma from patients who have recuperated from viral infections can be employed as a therapy without the appearance of
severe adverse events. Hence, it might be valuable to examine the safety and efficacy of convalescent plasma transfusion in
SARS-CoV-2-infected patients.
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Introduction

A newly emerged pathogen, 2019 novel coronavirus (2019-
nCoV), caused an outbreak of contagious respiratory dis-
ease in the last month of 2019 in Wuhan, Hubei Province,
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China [1-4]. On January 10, 2020, first full-length genome
sequence of the virus was discharged, which helped in
the quick identification of virus in patients by employ-
ing reverse transcription polymerase chain reaction (RT-
PCR) [1]. On February 12, the World Health Organiza-
tion (WHO) permanently named the virus as severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) and
the disease as coronavirus disease 2019 (COVID-2019).
Initially, the disease cluster was related to Huanan seafood
market, probably because of animal proximity. Later on,
human-to-human transmission was observed [5] and the
disease rapidly spread globally [3, 4]. Owing to global
expansion, the World Health Organization (WHO) pro-
claimed the outbreak an epidemic on March 11, 2020. The
disease has spread to more than 100 countries, territories
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or areas with over 21,026,758 confirmed cases and over
755,786 confirmed deaths worldwide as of August 15,
2020 [6]. Coronaviruses (CoVs) can infect both humans
and other animals, causing common cold to severe dis-
eases, such as severe acute respiratory syndrome (SARS)
and Middle East respiratory syndrome (MERS) [7]. How-
ever, bats which host a variety of coronaviruses were found
resistant to coronavirus-induced disease [8]. The infected
patients suffer from fever, fatigue, cough and dyspnea
[9, 10]. Viruses are small obligate intracellular parasites
which consist of nucleic acid (single- or double-stranded
DNA or RNA) and a protein coat called capsid. The cap-
sid protects the viral genome from nucleases and attaches
the virion (a complete virus particle) to specific receptors
exposed on the approaching host cell during infection. The
capsid and its enclosed nucleic acid together constitute
the nucleocapsid. The main purpose of the virion is to
dispatch its RNA or DNA genome into the host cell so that
the genome can be expressed (transcribed and translated)
by the host cell. Though SARS-CoV-2 is categorized into
the beta-coronaviruses cluster, it is distinct from MERS-
CoV and SARS-CoV. Recent investigations demonstrated
that SARS-CoV-2 genes contribute < 80% nucleotide iden-
tity and 89.10% nucleotide resemblance with SARS-CoV
genes [3, 4]. CoVs are comparatively giant pleomorphic or
spherical particles with bulbous surface extensions [11].
The diameter of the viral particle ranges from 80 to 120 nm
[12]. CoVs possess a positive-sense single-stranded RNA
genome enclosed within a membrane envelope. The viral
envelope consists of a lipid bilayer where the structural
proteins such as envelope (E), membrane (M) and spike
(S) are anchored [13]. The spike protein embedded on
the viral membrane gives them crown-like appearance
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Fig. 1 a Coronavirus virion structure showing the presence of mem-
brane (M), envelope (E), nucleocapsid (N) and spike (S) proteins
(Reprinted with permission from Ref. [15], Copyright 2012 MDPI);
b transmission electron microscope image of SARS-CoV-2, showing

(Fig. 1a). The size of genome ranges from roughly 27 to
34 kb, the largest amongst known RNA viruses [14].

The SARS-CoV-2 genome is composed of ~30,000
nucleotides. Its replicase gene encodes ppla and pplab,
overlapping polyproteins that are essential for viral replica-
tion and transcription [3, 4]. Unlike SARS-CoV and MERS-
CoV, the SARS-CoV-2 also influences gastrointestinal sys-
tem, liver, kidney, heart and central nervous system along
with the lower respiratory system, leading to multiple organ
failure [1, 17]. Moreover, the recent research demonstrated
higher infectious nature of SARSCoV-2 than SARS-CoV
[18]. The S protein of the coronaviruses facilitates its entry
into target cells. The entry of virus relies on binding of the
S protein to a cellular receptor, which expedites viral attach-
ment to the surface of target cells. The entry also entails S
protein priming by cellular proteases, that entail S protein
cleavage and permit fusion of viral and cellular membranes.
SARS-S employs angiotensin-converting enzyme 2 (ACE2)
as the entrance receptor [19] and engages the cellular serine
protease TMPRSS2 for S protein priming [20-22]. SARS-S
and SARS-2-S exhibit~76% amino acid identity. However,
it is anonymous whether SARS-2-S like SARS-S engages
ACE2 and TMPRSS?2 for host cell entry.

Several non-structural proteins such as main protease
(MP™ also known as 3CLP™), papain-like protease (PLP™)
and RNA-dependent RNA polymerase (RdRp) are also
encoded by the viral genome [23, 24]. After reaching
the host cells, the viral genome is discharged as a single-
stranded positive RNA. Later on, it is translated into viral
polyproteins employing host cell protein translation machin-
ery, which are then divided into effector proteins by viral
MP™ and PLP™ [23, 24]. PLP™ also acts as a deubiquitinase
which may deubiquinate definite host cell proteins, such

spikes on the outer edge of the virus; ¢ scanning electron microscope
image of SARS-CoV-2 (Yellow), exhibiting spherical or pleomorphic
shape. Reprinted from Ref. [16], Credit: NIAID-RML
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as interferon factor 3 and NF-«xB, causing immune repres-
sion [24, 25]. The interaction between viral S protein and
ACE?2 on the host cell surface is of significant interest as it
begins the infection process. Cryo-EM results showed 10-20
times higher binding affinity of SARS-CoV-2 S protein to
ACE2 compared to SARS-CoV S protein [26, 27]. Alike
SARS-CoV infection, SARS-CoV-2 disease also results
in enlarged secretion of IL-1b, MCP-1, IFN-c, IP-10, IL-4
and IL-10 [9]. The anticipation also persists for discovery
of therapeutic leads targeting the highly preserved proteins
linked with both SARS-CoV and SARS-CoV-2. RdRp and
MP™ of SARS-CoV-2 experience over 95% of sequence
homology with those of SARS-CoV regardless of only 79%
sequence homology at the genome level [27-30]. On the
behalf of array arrangement and similar design, SARS-CoV
and SARS-CoV-2 contribute to a huge protected receptor-
binding domain (RBD), a domain of S protein, and 76% of
array resemblance in their S proteins [27-30]. Moreover,
the PLP™ sequences of SARS-CoV-2 and SARS-CoV are
only 83% similar; still, they share similar active sites [29].
So far, there have been no SARS-CoV-2-specified antiviral
drugs. Previously, structure-based activity inspection and
high-throughput investigations have described potential
inhibitors for MERS-CoV and SARS-CoV 3CLP™ [31-33].
Medicinal plants have attracted remarkable attention for
developing formal drugs against several diseases with no or
minimal side effects [34]. Recently, Qamar et al. acquired
structural insight of SARS-CoV-2 MP™ and designed domi-
nant anti-COVID-19 natural compounds [35].

In the first section of the review, we explore feasible
mechanisms of SARS-CoV-2-mediated inflammatory
responses and potential therapeutic interventions to over-
come these responses. In the second section, we explore
structure-assisted drug design strategies and inhibitors
to target COVID-19 MP™, In the last section, we explore
potential drug targets and anti-COVID-19 drugs (by drug
repurposing).

Mechanisms of COVID-19-mediated inflammatory
responses

At present, there is no effective antiviral remedy for the
newly emerged SARS-CoV-2, which is regularly causing
fatal inflammatory responses and acute lung injury. Owing
to similarity in inflammatory responses of COVID-19 and
SARS-CoV infection, here, we explore the diverse mecha-
nisms of SARS-CoV-mediated inflammation.

Inflammation led by rapid viral replication
and cellular damage

The previous investigations have demonstrated that
the SARS-CoV not only infects macrophages, vascular

endothelial cells and alveolar epithelial cells, but also lym-
phocytes and monocytes [36]. According to the latest reports,
both SARS-CoV-2 and SARS-CoV use angiotensin-convert-
ing enzyme 2 (ACE2) as the entry receptor for infection
which recommends the possibility of the same type of cells
being targeted and infected by the duo [3, 37]. According to
Ming Yang, the early and quick viral replication may cause
endothelial and epithelial cell apoptosis and vascular leak-
age, which in turn may cause the release of cytokines and
chemokines [38]. Besides, SARS-CoV-2 infection may also
result in pyroptosis of lymphocytes [38]. According to Guan
et al., ~82% patients undergo peripheral blood lymphopenia
due to COVID-19 [39], indicating viable pulmonary infiltra-
tion of lymphocytes via pyroptosis [9].

Inflammation led by virus-induced ACE2
downregulation and shedding

Foregoing studies showed ACE2-related lung injury
in SARS-CoV disease [40, 41]. The spike (S) protein of
SARS-CoV can downregulate ACE2 [42, 43] and prompt the
shedding of catalytically active ACE2 ectodomain [44, 45].
Depletion of pulmonary ACE2 activity has been advised to
be associated with severe lung injury [46, 47]. Furthermore,
the decrease in ACE2 activity can lead to inhibition of the
renin—angiotensin system (RAS) and increase inflammation
and vascular permeability. The failure of ACE2 expression
in a murine ARD model resulted in enhanced lung swelling,
increased vascular permeability and reduced lung function
[46]. ACE2 was also shed by the action of disintegrin and
metalloprotease 17 in human airway epithelia to leak enzy-
matically active soluble ACE2 (sACE2) [45]. Furthermore,
both SARS-CoV disease and inflammatory cytokines such
as TNF-a and IL-1b can increase shedding of ACE2 [45, 48].
According to Haga et al., the S protein of SARS-CoV can
induce ACE2 shedding, while the S protein of HNL63-CoV
does not induce ACE2 shedding [44]. HNL63-CoV infec-
tion only causes the common cold, suggesting a potential
pathogenic role of sSACE2 in SARS-CoV infection. These
findings demonstrate direct involvement of sACE2 in the
inflammatory responses of SARS-CoV, and possibly SARS-
CoV-2 as well.

Anti-spike IgG (anti-S-lgG)-prompted inflammatory
responses

Antiviral neutralizing antibodies (Nab) perform a signifi-
cant job in viral clearance. But, preceding investigations on
SARS-CoV contamination in animal models demonstrated
that corresponding anti-S-protein-neutralizing antibodies
(anti-S-IgG) can also result in acute lung injury by chang-
ing inflammatory responses [49]. The study clearly indi-
cated that despite viral repression, the presence of anti-spike
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protein antibody at the critical stage of SARS-CoV infection
can actually result in acute lung injury which persists until
the late stages. Close monitoring of SARS-CoV vaccine-
induced pulmonary injury has also been reported in many
animal models such as African green monkeys and mice
[50-52]. Zhang et al. intimated that faster development of
the anti-S-neutralizing antibody results in higher possibility
of death of the patients from the disease [53]. Addition-
ally, the anti-S-IgG can encourage proinflammatory mac-
rophage or monocyte deposition and the generation of IL-8
and MCP-1 in the lungs. These proinflammatory responses
were considered to be moderated through the binding of
the virus—anti-S-IgG complex to the Fc receptors (FcR)
existing on macrophages or monocytes [48]. Furthermore,
antibody-dependent cell-mediated cytotoxicity (ADCC)
may also be implicated. Fu et al. speculated that antibody-
dependent enhancement (ADE) of viral infection may be
the cause of persistent inflammation and non-clearance of
virus in the patients in which neutralizing antibody is pro-
duced earlier (Fig. 2S) [54]. ADE advances viral cellular
uptake of contagious virus—antibody complexes succeeding
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Fig.2 (R) Potential mechanisms of inflammatory responses caused
by SARS-CoV-2. Based on recent investigations on SARS-CoV, the
inflammatory responses in COVID-19 were divided into primary and
secondary responses. Primary inflammatory responses exist early
after viral infection, before the arrival of neutralizing antibodies
(NAD). These responses are primarily led by active viral replication,
viral-induced ACE2 downregulation and shedding, and host antiviral
responses. Secondary inflammatory responses commence with the
production of adaptive immunity and NAb. The virus—-NAb complex
can also cause FcR-mediated inflammatory responses; (S) antibody-
dependent enhancement (ADE) of viral infection and inflammatory
responses mediated by Fc receptor. A, ADE exists when antiviral
NAb cannot completely neutralize the virus. Rather, the virus—NAb
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their association with FcR or more receptors, resulting in
increased infection of target cells [55-58]. Hence, linkage
of FcR with the virus—anti-S-IgG complex may ease both
inflammatory responses and non-stop viral replication in the
lungs of some patients (Fig. 2S). Fu et al. divided SARS-
CoV-mediated inflammatory responses in two categories,
i.e. primary and secondary responses (Fig. 2R) [54].
Primary inflammatory responses take place soon after
viral infection, i.e. before the production of neutralizing
antibodies (NAb). Such responses are mostly propelled by
quick viral replication, viral-moderated ACE2 downregula-
tion and antiviral responses of host cells. Although, as dis-
cussed earlier, the appearance of NAb can also activate FcR-
mediated inflammatory responses and result in acute lung
injury, Peiris et al. reported that the generation of antiviral
IgG results in severe respiratory disease in 80% of SARS-
CoV-infected patients [59]. Owing to non-lethal nature of
primary inflammatory responses, this part of review pri-
marily explores deadly secondary inflammatory responses.
There are many promising therapeutic approaches that can
be relevant or developed for the purpose (Fig. 2S). These
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complex adheres to the Fc receptor (FcR), resulting in viral endocyto-
sis and infection of the target cells. B, Binding of virus—NAb complex
to FcR can also stimulate proinflammatory signalling, altering mac-
rophage responses to the growth of proinflammatory (M1 or classi-
cally activated) macrophages in lungs. The M1 macrophages secrete
inflammatory cytokines including IL-8 and MCP-1, resulting in lung
injury. C, Possible therapeutics based on targeting the Fc receptors to
prevent SARS-CoV-2-mediated inflammatory responses. From left to
right, FcR can be blocked by employing anti-Fc specific antibodies,
intravenous immunoglobulin (IVIG) or small molecules. The inhibi-
tory FcR, FccRIIB, may also be selected to inhibit FcR activation.
Reprinted with permission from Ref. [54]. Copyright 2020 Springer
Nature
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approaches are mainly based on blocking of Fc receptor.
Due to this, binding of virus—NAb complex to Fc receptor
is prevented and inflammatory response is triggered off [60].
First, FcR deactivation can be achieved by developing small-
molecule inhibitors that may interact with the Ig-binding
domains of FcR for the purpose. Second, impeding FcR,
FcyRIIB, may also be intended to inhibit FcR activation.
Many FcyRIIB-specified antibodies are now being generated
as novel immune repressors [61].

Third, FcR activation can also be hindered by targeting
the newborn Fc receptor (FcRn), which is urgent for increas-
ing the half-life of IgG. According to Nimmerjahn and
Ravetch, antibody-mediated blockage of FcRn can inhibit
the IgG interaction with FcRn, which can lessen circulat-
ing IgG levels [62]. Besides, intravenous immunoglobulin
(IVIG) can also block the binding of antiviral NAb to other
FcRs [63]. We also presume that SARS-CoV-2 also contrib-
utes similar inflammatory responses. Possible therapeutic
techniques to reduce SARS-CoV-2-induced inflammatory
responses comprise various methods to block FcR activa-
tion. In the absence of a tested clinical FcR blocker, the use
of intravenous immunoglobulin to block FcR activation may
be an applicable alternative for the crucial treatment of pul-
monary inflammation to inhibit acute lung injury. Owing to
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lack of targeted therapeutics and effective treatment options,
it becomes compulsory to rapidly discover new drugs for the
treatment of COVID-19. One of the most distinguished drug
targets included in coronaviruses is the main protease (MP',
which is also called as 3CLP™) [64]. The MP™ is crucial
for operating the polyproteins that are translated from the
viral RNA [65]. Thus, this enzyme appears to be an attrac-
tive drug target for this virus [66]. MP™ breaks down the
polyprotein at no less than 11 protecting sites. The practical
significance of MP™ in the virus life cycle, as well as una-
vailability of related homologues in humans, makes the MP™
as an interesting target for antiviral drug formation [66].
The researchers are trying to employ structure-assisted drug
design methodologies to repurpose existing drugs to target
the MP™.

The crystal structure of COVID-19 MP™ in complex
with N3 inhibitor

For understanding the inhibitory mechanism of N3 com-
pound, Jin et al. established the crystal structure of COVID-
19 MP™ in complex with this compound at 2.1 A resolution
(Fig. 3) [67]. Although the asymmetric unit possesses only
one polypeptide, formation of dimer takes place between

Protomer A

Chemical structure of N3 inhibitor

Fig.3 Crystal structure of COVID-19 MP™ in complex with N3
inhibitor; a one protomer of the dimeric MP™—inhibitor complex,
where green sticks represent N3 inhibitor; b depicts surface of the
dimeric MP™—inhibitor complex, where blue-coloured part represents
protomer A, salmon-coloured part represents Protomer B, and green
sticks indicate N3 inhibitor; ¢ zoomed view of the substrate-binding

region. The fundamental residues constituting the binding pocket
are shown in sticks; W1 and W2 represent two water molecules and
are shown as red spheres; the 2Fo-Fc density map formed at 1.2 ¢ is
shown around N3 inhibitor (blue mesh), C145-A (yellow mesh), and
the two waters (blue mesh); d C-S covalent bond; e chemical struc-
ture of N3 inhibitor. Reprinted with permission from Ref. [67]
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the two molecules and is labelled as protomers A and B
(Fig. 3b). Each protomer is formed of three domains
(Fig. 3a). Domains I and II possess antiparallel pB-barrel
structure. Domain III holds five a-helices ordered into a
large antiparallel globular clump and is linked to domain
II by means of a prolonged loop region. MP™ of COVID-19
has a Cys—His catalytic dyad. The substrate binding occurs
in a cleft between domains I and II. These characteristics
are close to those of other MP™* reported previously [64,
68—71]. The electron density map clearly manifests the bind-
ing of N3 in the substrate-binding pocket in an expanded
form (Fig. 3¢). However, atoms of the inhibitor backbone
form an antiparallel sheet with residues of the long strand
on the one side and with residues of the loop connecting
domains II and III.

Figure 3c demonstrates the specific interactions of N3
with MP™ in detail. The electron density manifests the for-
mation of covalent bond between the Cp of the vinyl group
and Sy atom of C145-A, confirming the Michael addition
reaction (Fig. 3c, d). The side chains of H163-A, E166-A,
H172-A, F140-A and S1-B (from protomer B) and main
chains of L141- A and F140-A are used in the formation of
S1 subsite, which also possesses two arranged water mol-
ecules (labelled W1 and W2). At P1 site, the lactam forms
a hydrogen bond with H163-A. At P2 site, the side chain
of Leu slips extremely into the hydrophobic S2 subsite. At
P3 site, the side chain of Val gets exposed to solvent and
exhibits tolerance of this site to a wide range of functional
groups. At P4 site, the side chain of Ala is enclosed by the
side chains of Q192- A, M165-A, F185-A and L167-A and
the main chain of Q189-A, forming a small hydrophobic
pocket. At P5 site, van der Waals interactions exist with
P168-A and the residues 190-191. The benzyl group inserts
into the S1' site and establishes van der Waals relations with
T24-A and T25-A. Moreover, N3 forms many hydrogen
bonds with the main chain of the residues in the substrate-
binding pocket, which also supports in locking the inhibitor
interior the substrate-binding pocket (Fig. 3¢). Thus, these
interactions furnish an excellent model for quickly recog-
nizing lead inhibitors to strike COVID-19 MP™ via in silico
screening. Besides, Cinanserin has been clinically tested to
inhibit SARS-CoV MP™ [72] in humans in the 1960s [73].
Hence, this can be further optimized as an antiviral drug
lead. Similarly, Ebselen has been recognized as the strong-
est inhibitor of MP™ activity with an ICs, value of 0.48 pM.

The crystal structure of COVID-19 MP™ in complex
with a-ketoamide inhibitors

Alike N3, a-ketoamides have been considered as potent
inhibitors of the MP™ of a-and p-coronaviruses in addition
to 3C proteases of enteroviruses [74]. The finest of these
inhibitors (11r; Fig. 4a) exhibited half maximal effective
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concentration (ECs;) of 400 picomolar (pm) against MERS-
CoV in Huh7 cells. For the purpose of increasing the half-
life of this inhibitor in plasma, Zhang et al. altered the
P3-P2 amide bond of this inhibitor with a pyridone ring
(Fig. 4a, green circles) [75]. Moreover, for enhancing solu-
bility and reducing binding to plasma proteins, hydrophobic
cinnamoyl moiety was replaced with less hydrophobic Boc
group (Fig. 4a, red circles) to give 13a inhibitor. To improve
the antiviral activity against SARS-CoV and SARS-CoV-2,
P2 cyclohexyl moiety of 13a was replaced by the smaller
cyclopropyl in 13b (Fig. 4a, blue circles). Next, the compat-
ibility of the modified inhibitor (13b) was determined with
the three-dimensional structure of the target (Fig. 4b) for the
purpose of designing antiviral activity. Figure 4b presents
X-ray crystal structures of the complex between SARS-
CoV-2MP™ and a-ketoamide (13b) in two different forms (in
the space groups C2 and P2,2,2,) at the resolution of 1.95
and 2.20 A. In C2 space group, both protomers of the MP™
dimer are bound to have identical conformations, whereas
in P2,2,2, space group the two protomers are independent
to acquire different conformations.

In fact, in the latter crystal structure, the essential
residue Glu'® acquires an inactive conformation in the
protomer B (as indicated by its distance from His!”* and
the absence of H-bonding interlinkage with the P1 part
of the inhibitor), despite the fact that compound 13b is
bound in the same fashion as in molecule A. The same
sensation has also been mentioned with the SARS-CoV
MP™ [70] and is congruous with the half-site pursuit
reported for this enzyme [76]. In all versions of the hin-
dered MP™s of SARS-CoV-2, the inhibitor ties the facile
substrate-binding site at the surface of every protomer,
amid the domains I and II (Fig. 4b). Figure 4b inset
clearly indicates the formation of a thiohemiacetal by the
nucleophilic attack of the Cys!'*on the a-keto group of
the inhibitor. Moreover, the warhead of the a-ketoamides
can interact with the catalytic point of the target proteases
via two hydrogen bonding interactions [74], rather than
only one as in case of aldehydes [77] or Michael accep-
tors [78]. Further, the P1 y-lactam part of the inhibitor,
devised as a glutamine surrogate [78, 79], is extremely
fixed in the S1 pocket of the MP™, where the lactam
nitrogen contributes a three-centre (bifurcated) hydro-
gen bond (HB) to the oxygen of Phe'*” and to the Glu'%®
carboxylate, and the carbonyl oxygen undertakes a HB
from the imidazole of His'®. The P2 cyclopropyl methyl
part inserts comfortably into the S2 subsite. Further,
the P3 amide contributes a HB to the oxygen of Glu'%®,
Compared to other protecting groups of the inhibitors,
the Boc group on P3 does not employ the S4 subsite of
the MP™ [80], but is located near Pro'®® (Fig. 4b). That’s
why removal of the Boc group as in compound 14b
(Fig. 4a, purple circles) weakens the inhibitory power of
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Fig.4 a Chemical structures of a-ketoamide inhibitors 11r, 13a, 13b
and 14b. Coloured circles feature the modifications from one devel-
opment step to the next (see detail in text); b compound 13b in the
substrate-binding cleft positioned between domains I and II of the
MP®. The Fo-Fc density is manifested for the inhibitor. Carbon atoms
of the inhibitor are magenta coloured, but black in the pyridone ring;
nitrogen atoms are blue, oxygens are red and sulphur yellow. S1, S2,
S3 and S4 subunits (light blue) indicate the canonical binding pock-
ets for P1, P2, P3 and P4 units (red) of the peptidomimetic inhibitor.
Dashed red lines indicate hydrogen bonds. The interaction between
the N-terminal residue of chain B, Serl* and Glul66 of chain A is

this compound by a factor of nearby 2. The half maximal
inhibitory concentration (ICs,) value for inhibition of the
SARS-CoV-2 MP™ has been reported as ~0.67 pM com-
pared to~0.90 uM and ~0.58 pM for the MP™ of SARS-
CoV and the MERS-CoV, respectively. RNA replication
was discouraged with EC5, of ~1.75 pM in a SARS-CoV
replicon [81]. In human Calu3 cells infected with SARS-
CoV-2, an EC5, of 4-5 pM was observed, whereas com-
pound 14b missing the Boc part was reported almost
inactive (Fig. 4c). The results demonstrate that the hydro-
phobic and bulky Boc portion is essential to cross the cel-
lular membrane. Further, the highly hydrophobic portion
might be excellent here, but it may again lead to enhanced
plasma protein binding as seen for the cinnamoyl contain-
ing 11r.
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necessary for preserving the S1 pocket in the precise shape and the
enzyme in the functional form. Inset represents the formation of thio-
hemiacetal by the nucleophilic attack of the catalytic cysteine onto
the o-carbon of the inhibitor; ¢ and d inhibition of SARS-CoV-2
replication by 13b inhibitor in human Calu3 lung cells; ¢ SARS-
CoV-2-infected Calu-3 cells stimulated with DMSO (black bar) and
varied amounts (5, 10, 20 and 40 pM) of 13b (blue bars), and 14b
(orange bars) evaluated at 24 h; d a dose—response curve for the esti-
mation of the ECy, value of the inhibitor 13b against SARS-CoV-2.
Reprinted from Ref. [75]. Copyright 2020 American Association for
the Advancement of Science

Inhibitory activity of potential drugs

The timely development of operative antiviral drugs for
clinical use is highly challenging. Conventional drug devel-
opment methods normally require years of investigations
and cost billions of dollars [82]. The repurposing of offi-
cially accepted pharmaceutical drugs and drug candidates
suggests an alternative method to rapidly recognize poten-
tial drug leads for handling of rapidly emerging viral infec-
tions [83]. The convergence of structure-based ab initio
drug design, virtual screening and high-throughput screen-
ing approaches suggests a new way to discover new drugs
for treating COVID-19. Jin et al. employed FRET assay
and screened a library of ~ 10,000 compounds including
approved drugs, clinical trial drug candidates and natural
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Fig. 5 Plots showing the inhibitory activity for the potential drug leads. The hydrolytic activity of SARS-CoV-2 MP™ was measured in the pres-
ence of different concentrations of drugs. Curves produce best fits for calculating the ICs,, values. Reprinted with permission from Ref. [67]

products [67]. Some FDA-approved drugs or clinical/pre-
clinical drugs with their ICy, values ranging from 0.48 to
16.62 pM are shown in Fig. 5. Amongst these, disulfiram
and carmofur are FDA-approved drugs, whereas ebselen,
TDZD-8, shikonin, tideglusib and PX-12 are currently in
clinical trials or preclinical studies. Jin et al. also developed
a similar model for COVID-19 MP™ [67]. Molecular dock-
ing was employed to investigate the targeting behaviour of
N3 against COVID-19 MP®. The results revealed the suit-
ability of N3 inside the substrate-binding pocket. Kinetic
analysis was also employed for assessing the efficacy of N3
against this virus [78]. The progress curve demonstrated
time-dependent irreversible inhibitory behaviour of the N3
against the COVID-19 MP™. The shape of the curve further
assisted the mechanism of two-step irreversible inhibition.
The inhibitor first links with MP™ of the virus, and then, a
stable covalent bond is devised between the two. Thus, N3
exhibits very strong inhibition of COVID-19 MP™,

For further supporting the in vitro results of the MP™
inhibition, the drug leads were further assessed for averting
the cells from being infected by SARS-CoV-2. The results
demonstrated that at concentration of 10 pM, Ebselen, N3
and TDZD-8 exhibited the most powerful antiviral effects.
The drug leads completely inhibited the cytopathic effect
(CPE) in SARS-CoV-2-infected Vero cells.

Quantitative real-time RT-PCR (qRT-PCR) showed
that the treatment with Ebselen, TDZD-8 and N3 reduced
the amounts of SARS-CoV-2, respectively, 20.3-, 10.19-
and 8.4-fold compared to the treatment in the absence
of inhibitor. Owing to antioxidant, cytoprotective and
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anti-inflammatory properties, Ebselen has also been used
for the treatment of hearing loss and bipolar disorders. In
humans, the toxicity of Ebselen has been judged in a num-
ber of clinical trials [84, 85]. TDZD-8 has been used in
the treatment of Alzheimer’s disease and found effective
in various animal models [86]. Further, Cinanserin also
showed moderate inhibition against SARS-CoV-2 with an
ICs, value of 20.61 pM. These data firmly recommend the
clinical potential of Ebselen, TDZD-8 and Cinanserin for
COVID-19 treatment.

In another investigation, compound 13b constrained
the recombinant SARS-CoV-2 MP™ with IC, value
of ~0.67 pM. The comparable ICs, values for restriction of
the MP™s of SARS-CoV and the MERS-CoV were ~0.90 pM
and ~0.58 pM, respectively. In a SARS-CoV replicon
[81], RNA replication was prevented with ECy, value
of ~1.75 pM. For further investigation of inhibitory/antivi-
ral activity of 13b and 14b, Calu-3 cells were infected with
SARS-CoV-2 using multiplicity of infection (MOI) of 0.05.
The infected cells were then stimulated with DMSO (black
bar) and varied amounts (5, 10, 20 and 40 pM) of 13b (blue
bars) and 14b (orange bars) (Fig. 4c). The analysis was per-
formed for 24 h. Total RNA was separated from cell lysates,
and viral RNA content was analysed by gPCR. For the evalu-
ation of the ECs, value of compound 13b against SARS-
CoV-2, a dose-response curve was also framed (Fig. 4d).
The results showed the ECs, value of 4-5 pM for the inhibi-
tor 13b, whereas the inhibitor 14blacking the Boc group was
found almost inactive (Fig. 4c). The results recommend that
the hydrophobic and bulky Boc group is essential to cross



Molecular Diversity (2022) 26:629-645

637

the cellular membrane, but highly hydrophobic part may
again lead to enlarged plasma protein binding as seen for
the cinnamoyl comprising 11r. Thus, pyridone-containing
a-ketoamide inhibitors can play a significant role in anti-
coronaviral drugs.

Crucial proteins and their functions in viral disease

Recognition of drug targets is essential for repurposing of
existing drugs for the treatment of the COVID-19. There-
fore, it becomes necessary to investigate COVID-19-specific
targets and their task in viral infection. Analogous to SARS-
CoV, receptor-binding domain (RBD) in the S protein of
SARS-CoV-2 binds to human ACE2 receptor for gaining
access into the host cells [87]. In viral disease, the S protein,
but not the other structural proteins, membrane glycopro-
tein (M), envelope (E) and nucleocapsid (N) in SARS-CoV,
evokes an immune response [88]. The two viral proteases,
MP™ and PLP™, cleavage the viral peptides into useful units
for virus replication and loading within the host cells. Hence,
drugs targeting these particular proteases in other viruses
such as HIV drugs, ritonavir and lopinavir, were analysed
[89]. RdRp or RNA replicase is an enzyme that is neces-
sary for viral RNA generation. The existing antiviral drugs
like remdesivir (RDV) [89] may block this RdRp. Perhaps,
communication between viral S protein and its receptor
ACE?2 on host cells, and consequent viral endocytosis into
the cells, may likewise be an applicable drug target. Arbidol
(a broad-spectrum antiviral drug) acts as a virus—host cell
fusion inhibitor. It inhibits viral entry into host cells against
influenza virus [90]. That’s why it is under a clinical trial for
curing COVID-19 [91, 92]. Transmembrane protease, serine
2 (TMPRSS2), is generated by the host cells, and it assists in

proteolytic transformation of S protein mainly to the receptor
ACE2 in human cells [93]. Camostat mesylate (CM) pre-
vents the generation of TNF-a and monocyte chemoattract-
ant protein-1 (MCP-1) by monocytes and is impressive in
curing dibutyltin dichloride-prompted rat pancreatic fibrosis
[94]. Hoffmann et al. further reported that CM is a clinically
approved inhibitor of TMPRSS2. It can prevent entry of
SARS-CoV-2 to the human cells. Thus, the CM may prove
as a potential drug for treating COVID-19 [93].

Entanglement of ACE2 in CoV disease is of more sig-
nificance because ACE2 is a powerful negative regulator
and prevents over activation of the RAS. In addition to
control of body fluid, electrolytes [43, 95] and blood pres-
sure, RAS may be associated with elicitation of inflamma-
tory lung infection. It leads to degradation of angiotensin
II to angiotensin (1-7). The harmony between angiotensin
II and angiotensin (1-7) elicits vasodilation conciliated by
AT2 [46, 96, 97]. Owing to limited number of studies [43,
97], it is not clear how the functions of ACE2, AT1 and
AT?2 receptors are changed in coronavirus-induced infec-
tions. Hence, it is still a matter of discovery whether some
drugs that target the proteins (such as L-163491 a partial
antagonist of AT1 and partial agonist of AT2 receptor) may
reduce coronavirus-prompted lung injury [98]. Table 1 pre-
sents some crucial proteins and their functions during the
viral infection mechanism [99].

Existing drugs with potential therapeutic
applications for COVID-19

As SARS-CoV-2 is a recently detected virus, no clear-
cut drugs or vaccines have been declared so far. Further,
the development of antiviral drugs is both time- and

Table 1 Crucial proteins and their functions during the viral infection process [99]

Target candidate Full name

Role during viral infection

Drug candidate

A protease for the proteolysis of viral polyprotein into func-
A protease for the proteolysis of viral polyprotein into func-

An RNA-dependent RNA polymerase for replicating viral

Lopinavir [89, 101]
Lopinavir [89, 101]

Remdesivir [89, 100,
103], ribavirin [28,
100, 102]

A viral surface protein for binding to host cell receptor ACE2
A host cell-produced protease that primes S protein to facilitate

A viral receptor protein on the host cells which binds to viral S

3CLP™ Coronavirus main protease 3CLP™

tional units
pLP© Papain-like protease PLP*

tional units
RdRp RNA-dependent RNA polymerase

genome
S protein Viral spike glycoprotein
TMPRSS2 Transmembrane protease, serine 2

its binding to ACE2
ACE2 Angiotensin-converting enzyme 2

protein
AT2 Angiotensin AT?2 receptor

An important effector involved in the regulation of blood pres-
sure and volume of the cardiovascular system

Arbidol [90, 92, 104%]
Camostat mesylate [93]

Arbidol [90, 92, 104%]

L-163491 [98]

Reprinted from Ref. [99]; copyright American Chemical Society, 2020

#An inhibitor of viral entry to host cells. Its direct action on S protein and ACE2 is yet to be confirmed
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assets-consuming. Hence, repurposing of already present
drugs to treat COVID-19 serves as one of the competent and
economic therapeutic strategies. Based on genomic array
data integrated with protein structure design, the scientists
became capable of immediately responding to an implied list
of existing drugs with therapeutic possibility for COVID-
19. Table 2 lists some such drugs with their mechanism of
action on COVID-19. Baricitinib works as an inhibitor of
Janus kinase (JAK), clogging JAK1 and JAK?2 subtypes. The
drug has been approved in Europe, and the United States
European Union approved it as a second-line remedy for
rheumatoid arthritis in adults, either alone or in combina-
tion with methotrexate. Due to anti-inflammatory effect
and viable capacity to inhibit viral entry [106], Richardson
et al. proposed baricitinib as potential drug for COVID-19

treatment [106]. An established dose of the anti-HIV (lopi-
navir—ritonavir) combination along with Arbidol or ribavirin
[92] is under clinical trials. Remdesivir has been recently
identified as an auspicious antiviral drug against a wide pro-
gression of RNA viruses such as SARS and MERS-CoV
[5] disease in cultured cells, mice and nonhuman primate
(NHP) representations. It is presently under clinical testing
for treating Ebola virus disease [107]. RDV is an adenosine
analogue, which merges into nascent viral RNA chains and
leads to premature termination [108]. The drug is presently
being investigated in phase III clinical trials in both China
and the USA. Favipiravir [109] (also known as T-705) is
an antiviral drug developed by Toyama Chemical of Japan
and is active against many RNA viruses. It has been found
active against influenza virus, foot and mouth disease virus

Table 2 Existing drugs with therapeutic potentials for COVID-19 (drug repurposing) [99]

Drug candidate CAS RN Target

Possible mechanism of action on ~ Disease indication

COVID-19

Baricitinib (C,¢H,,N,0,S) [106]  1187594-09-7 JAK kinase

Lopinavir (C3;H,N,05) [89?] 192725-17-0  Viral proteases:
3CLP™ or PLP™
Ritonavir (C5,H,gN4O5S,) [89%, 155213-67-5
110°]
Darunavir (C,;H3;N;05S) [105] 206361-99-1
Favipiravir (Favilavir) 259793-96-9  RdRp

(CsH,4FN50,) [100, 109]

Remdesivir (C,;H;5sNsOgP) [89%,  1809249-37-3

98, 103%]
Ribavirin (CgH;,N,Os) [28, 36791-04-5
100-102]
Galidesivir (C,,H,sN5O;) [105°]  249503-25-1
BCX-4430 (salt form of galidesi-  222631-44-9
vir) [105°]
Arbidol (C,,H,sBrN,0;S) [92, 131707-23-8 S protein/ACE2¢
104%]
Chloroquine (C;gH,CIN;) [99, 54-05-7
103]
Nitazoxanide (C;,HyN;O5S) [100] 55981-09-4 N/A

Endosome/ACE2 A drug that can elevate endosomal

A JAK inhibitor that may interfere
with the inflammatory processes

Approved drug for rheumatoid
arthritis

Protease inhibitors that may inhibit
the viral proteases: 3CLP™ or
PLPTO

Lopinavir and ritonavir are
approved drug combination for
HIV infection

Approved drug for HIV infection

A purine nucleoside that acts as Viral infections
an alternate substrate leading to

inaccurate viral RNA synthesis

A nucleotide analogue that may Ebola virus infection
block viral nucleotide synthesis

to stop viral replication

RSV infection, hepatitis C, some
viral haemorrhagic fevers

Hepatitis C, Ebola virus, Marburg
virus

Hepatitis C, Ebola virus, Marburg
virus

An inhibitor that may disrupt the
binding of viral envelope protein
to host cells and prevent viral
entry to the target cell

Influenza antiviral drug

Malarial parasite infection
pH and interfere with ACE2
glycosylation

A drug that may inhibit viral pro-
tein expression

Various helminthic, protozoal and
viral infection-caused diarrheea

Reprinted from Ref. [99]; copyright American Chemical Society, 2020

*Drugs under clinical trials for treating COVID-19 (repurposing)

®Drugs under clinical trials for other virus-induced diseases

Ritonavir is a pharmacokinetic profile enhancer that may potentiate the effects of other protease inhibitors due to its ability to attenuate the deg-
radation of those drugs by the liver enzyme CYP3A4 and thus is used in combination with antiviral lopinavir [109]. An inhibitor of viral entry to
host cells. Its direct action on S protein and ACE2 is yet to be confirmed. The molecular formulae of the drugs have been provided in the paren-
theses below their chemical names
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Fig.6 a In vitro antiviral activities of different doses of the tested
antivirals for 48 h against SARS-CoV-2. The left and right Y-axes
of the graphs show mean % inhibition of virus yield and cytotoxic-
ity of the drugs, respectively; b immunofluorescence microscopy of
viral disease upon treatment of chloroquine and remdesivir; ¢ and d

time-of-addition experiment of chloroquine and remdesivir. Chloro-
quine works at both entry, transport and at post-entry stages of the
COVID-19 in Vero E6 cells. For all the experimental groups, cells
were infected with SARS-CoV-2 at MOI of 0.05. Reprinted from Ref.
[103]. Copyright 2020 Springer Nature
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and flavivirus. It has also been approved for clinical trials to
treat COVID-19 [101].

Chloroquine (CQ), a widely employed anti-malarial and
autoimmune infection drug, has recently been reported as a
potent broad-spectrum antiviral drug [111, 112]. CQ blocks
viral disease by increasing endosomal pH along with inter-
fering with the glycosylation of cellular receptors of SARS-
CoV [113]. It has been reported effective in the treatment of
coronavirus in China [31]. Previous studies demonstrated
that alike CQ, hydroxychloroquine (HCQ) inhibited both
the entry and the post-entry stages of SARS-CoV-2. Thus,
both the drugs could be effective against SARS-CoV-2 [114,
115]. Another study showed more potency of HCQ than CQ
in inhibiting SARS-CoV-2 in vitro [116, 117]. In addition
to the aforementioned drugs, many other antiviral drugs are
also listed in Table 2. Wang et al. evaluated in vitro antiviral
efficiency of few FAD-authorized drugs such as penciclovir,
ribavirin, nitazoxanide, nafamostat, chloroquine, favipiravir
(T-705) and remdesivir (GS- 5734) against a clinical isolate
of COVID-19. The results showed requirement of high con-
centration of ribavirin, penciclovir and favipiravir to curtail
the viral infection (Fig. 6a), although favipiravir was found
100% eftective in protecting mice against Ebola virus. Nafa-
mostat and nitazoxanide were inhibitive against the COVID-
19 with EC5,=22.50 pM, CCs,> 100 pM, SI>4.44 and
ECs5,=2.12 pM, CCs,>35.53 pM, SI> 16.76, respectively.

Notably, remdesivir (EC5,=0.77 pM; CCs,> 100 pM;
SI>129.87) and chloroquine (ECs5,=1.13 pM;
CCsy> 100 pM; SI>88.50) potentially blocked viral dis-
ease at low micromolar concentration and exhibited high SI
(Fig. 6a, b). The time-of-addition assay results demonstrated
that RDV acted at post-virus entry stage, whereas chloro-
quine (CQ) performed at both entry and at post-entry stages
of the COVID-19 in Vero E6 cells (Fig. 6¢, d). Further, the
ECy, value of RDV and CQ against SARS-CoV-2 in Vero
E6 cells was 1.76 pM and 6.90 uM, respectively.

In addition to the above-mentioned commercial antivi-
ral drugs, there are also many small molecular inhibitors
that can inhibit viral enzymes inclusive of proteases and
components for RARp. As discussed earlier, viral MP™ car-
ries a large sequence homology between SARS-CoV and
SARS-CoV-2. The inhibitors applicable against SARS-CoV
MP™ may also be pertinent to SARS-CoV-2 MP™. The inhibi-
tors such as benzopurpurin B, NSC-306711, N-65828 and
C-473872, which may curb the action of viral NSP15 and
poly(U)-specific endoribonuclease, were found to curtail
SARS-CoV infections with ICs, of 0.2—40 pM [118]. It is
also necessary to establish safe and efficient vaccines to
check the COVID-19 pandemic, inhibit its spread and finally
prevent its future recurrence. As mentioned earlier, owing
to remarkable sequence homology of the SARS-CoV-2 with
lethal SARS and MERS coronaviruses, the vaccines related
to these two viruses can possibly expedite the drafting of

@ Springer

anti-SARS-CoV-2 vaccines. Buchholz et al. demonstrated
that viral S protein subunit vaccines generated higher NAb
titers and increased complete protection as compared to
full-length S protein, live-attenuated SARS-CoV and DNA-
based S protein vaccines [119]. As a whole, S protein is the
approved target site in MERS/SARS vaccine development,
and the similar approach can be potentially convenient in
developing SARS-CoV-2 vaccines. Furthermore, convales-
cent plasma from patients who have recuperated from viral
infections can be employed as a therapy without the appear-
ance of severe adverse events. Theoretically, it should be
more effective to administer the convalescent plasma at the
early stage of disease [120]. Hence, it might be valuable
to examine the safety and efficacy of convalescent plasma
transfusion in SARS-CoV-2-infected patients.

Conclusions

At present, there is no efficacious antiviral remedy for
COVID-19, which generally causes fatal inflammatory
responses and severe lung injury. Here, we scrutinize the
different mechanisms of SARS-CoV-induced inflammation.
We also presume that SARS-CoV-2 probably shares iden-
tical inflammatory responses. Possible therapeutic means
to lessen SARS-CoV-2-mediated inflammatory responses
comprise different methods to block FcR activation. Due to
non-availability of a proven clinical FcR blocker, intrave-
nous immunoglobulin may be used to block FcR activation
and treat pulmonary inflammation. Although the proposed
strategies remain to be clinically tested for efficacy, recogni-
tion of SARS-CoV-2 MP™ as a preserved target provides an
opportunity for the development of broad-spectrum inhibi-
tors against COVID-19 and other CoV-related diseases.
The crystal structural and docking results have shown that
Ebselen, N3, TDZD-8 and a-ketoamide (13b) inhibitors
can bind to the substrate-binding pocket of COVID-19
MP™, The inhibitor 13b inhibits the replication of SARS-
CoV-2 in human Calu3 lung cells. Quantitative real-time
RT-PCR (qRT-PCR) results showed that the treatment with
Ebselen, TDZD-8 and N3 reduced the amounts of SARS-
CoV-2, respectively, 20.3-, 10.19- and 8.4-fold compared
to the treatment in the absence of inhibitor. Further, the
development of antiviral drugs is both time- and assets-
consuming. Hence, repurposing of already present drugs to
treat COVID-19 serves as one of the competent and eco-
nomic therapeutic strategies. Several anti-malarial, anti-
HIV and anti-inflammatory drugs as mentioned in Table 2
were found effective for the COVID-19 treatment. Similar to
chloroquine (CQ), hydroxychloroquine (HCQ) inhibited the
entry, transport and the post-entry stages of SARS-CoV-2.
Moreover, HCQ was found more potent than CQ in inhibit-
ing SARS-CoV-2 in vitro. Furthermore, it might be valuable
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to examine the safety and efficacy of convalescent plasma
transfusion in SARS-CoV-2-infected patients.
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