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ARTICLE INFO ABSTRACT

Keywords: Since the emergence of their primitive strains, the complexity surrounding their pathogenesis, constant genetic
Coronaviridae mutation and translation are contributing factors to the scarcity of a successful vaccine for coronaviruses till
Pathophysiology

moment. Although, the recent announcement of vaccine breakthrough for COVID-19 renews the hope, however,
there remains a major challenge of accessibility to urgently match the rapid global therapeutic demand for
curtailing the pandemic, thereby creating an impetus for further search. The reassessment of results from a
stream of experiments is of enormous importance in identifying bona fide lead-like candidates to fulfil this quest.
This review comprehensively highlights the common pathomechanisms and pharmacological targets of HCoV-
0C43, SARS-CoV-1, MERS-CoV and SARS-CoV-2, and potent therapeutic potentials from basic and clinical
experimental investigations. The implicated targets for the prevention and treatment include the viral proteases
(MP™, PLP™, 3CLP™), viral structural proteins (S- and N-proteins), non-structural proteins (nsp 3, 8, 10, 14, 16),
accessory protein (ns12.9), viroporins (3a, E, 8a), enzymes (RdRp, TMPRSS2, ADP-ribosyltransferase, MTase, 2’-
O-MTase, TATase, furin, cathepsin, deamidated human triosephosphate isomerase), kinases (MAPK, ERK, PI3K,
mTOR, AKT, Abl2), interleukin-6 receptor (IL-6R) and the human host receptor, ACE2. Notably among the 109
overviewed inhibitors include quercetin, eriodictyol, baicalin, luteolin, melatonin, resveratrol and berberine
from natural products, GC373, NP164 and HR2P-M2 from peptides, 5F9, m336 and MERS-GD27 from specific
human antibodies, imatinib, remdesivir, ivermectin, chloroquine, hydroxychloroquine, nafamostat, interferon-f
and HCQ from repurposing libraries, some iron chelators and traditional medicines. This review represents a
model for further translational studies for effective anti-CoV therapeutic designs.

Drug targets

Multi-target pharmacology
Biochemical analysis
Therapeutic design

1. Introduction coronaviruses (HCoVs), HCoV-NL6E, HCoV-229E and feline infectious

peritonitis (FIP) virus while HCoV-OC43, HCoV-HKU1, SARS-CoV-1,

The entire humanity has been experiencing a sudden outbreak of
viral infectious diseases indefatigably. The emergence of new strains or
re-emergence of mutated pathogenic types has always been creating a
public health emergency while the development of effective vaccines
lasts years or decades even with sophisticated resources and accelerated
procedures. Notably among the recently observed global viral-mediated
pandemics include the Spanish flu, Zika virus, Ebola virus and the cur-
rent coronavirus (Dallmeier and Neyts, 2016; Giulietti et al., 2018). The
coronaviridae family consists of seven species infectious to human cells,
largely grouped into the alpha- and beta-coronaviruses (Cabezon and
Arechaga, 2020). The members of the alpha- group include the human
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MERS-CoV and SARS-CoV-2 constitute the beta family with host reser-
voirs mostly in bats, rodents, cattle, palm civets and humans (Corman
et al., 2018; Pillaiyar et al., 2020). Among the beta types, HCoV-OC43
was the first human coronavirus genotypic strains to be identified in
the mid-1960s with a relative innocuous identification as a source of
common cold until 2003, when a global epidemic outbreak of the severe
acute respiratory syndrome (SARS) was reported with primary origin
through exposures to a health care worker in Guangdong province,
China. The Middle East respiratory syndrome coronavirus (MERS-CoV)
was firstly discovered in Saudi Arabia and spread worldwide around
2012 with a higher mortality rate (~40%) (Chen et al., 2017; Galante
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Fig. 1. World map illustrating the global spread of coronavirus as of November 30, 2020. The number of confirmed cases is represented by the size of the circles with
the US, Brazil, India and Mexico currently on top. (Reproduced from R. Graphics (2020), free access.)

Fig. 2. The expression of ACE2 on the gut, lung, epithelial, endothelial, in-
testinal and testis cells. (Reproduced from Albini et al. (2020), Licenced under
CC BY 4.0.)

et al., 2016; Yamamoto et al., 2016). According to virologists, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a p-CoV
family member of coronaviridae of the order Nidovirales, similar to SARS-
CoV-1 and MERS-CoV (Elfiky, 2020; Xia et al., 2020a).

Coronavirus disease 2019 (COVID-19) is a newly emerged viral
infection of SARS-CoV-2, firstly observed in a suburb city of China to-
wards the end of the year 2019 and had spread across almost all conti-
nents of the world. It was later pronounced as COVID-19 pandemic by
the World Health Organization (WHO) (Zhang et al., 2020a), the situ-
ation which severely threatens the global health, economy and

population through the daily loss of lives, leading to its further decla-
ration as public health emergency of international concern by WHO in
January 2020 (Zhang et al., 2020a; Atri et al., 2020). The death rate of
COVID-19 as of 30th November 2020 stands at 2.30% with 1,455,620
mortality of the global population out of the confirmed cases of
62,335,195, and up to 40,123,407 (64.40%) of infected patients have
recovered while the estimated number of active cases remains
20,756,168 (33.30%). Around 220 countries and territories of the world
are currently battling with the disease out of which about 196 have
reported fatalities, prominently US, Brazil, India, Mexico, Italy and
Russia (Fig. 1) (R. Graphics, 2020).

1.1. Aetiology and symptoms of coronavirus infection

Although, almost all HCoV infections are primarily zoonotic with
presumed origin from bats and have dynamic nature favouring the
feasibility of a cross-species transmission (Corman et al., 2018; Kim
et al.,, 2012). The human-to-human cross-infection occurs predomi-
nantly through respiratory droplets, during coughing, sneezing and
sometimes through excretory products. These have been earmarked as
factors greatly contributing to the exponential spread of these viral
diseases, and sometimes in association with the lower respiratory tract
infections. To further argue the hypothesis of common pathogenesis, the
overview of chest radiographs and imaging outcomes reportedly in-
dicates the organization of pneumonia-like arrangements by fibrocel-
lular intra-alveolar structuring with bronchiolitis obliterans in the
infections induced by MERS-CoV and SARS-CoV (van den Brand et al.,
2015). The common symptoms of the diseases vary from mild such as
fever, fatigue, nostril blockage, dry cough, flu-like to acute respiratory
distress syndrome (ARDS), acute lung injury (ALI), pneumonia, cardiac
arrest, dyspnea, liver damage and death, although asymptomatic cases
have been frequently reported (Gupta et al., 2020; Wu et al., 2020;
Zhang et al., 2020b). Oftentimes, COVID-19-related mortalities are re-
ported with several comorbidities, predominantly, cardiovascular dis-
eases, diabetes and renal failure (Albini et al., 2020). Thus, effective
preventive measures are essential for the control of the pandemic, as
such, the WHO recommended several preventive ethics and the use of
hygienic products including povidone-iodine (PVP-I) mouth wash
(Anderson et al., 2020).

The global therapeutic demand to mitigate the impact of the deadly
virus on humans is increasingly high while the new strains emerge at
unpredictable rates. Despite the continuous sheer amount of concerted
scientific efforts towards identifying efficacious and safe therapeutic
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Fig. 3. Schematic diagram of SARS-CoV SUD induced CXCL10-mediated pulmonary inflammation through the NLRP3 inflammasome pathway. Red arrow; viral
transcription and translation, blue arrow; the presumed pathway induced by SARS-CoV SUD. (Reproduced from Chang et al. (2020), Licenced under CC BY 4.0.)

options against the CoVs since the emergence of their primitive strains,
the complexity surrounding their aetiology, constant genetic mutation
and translation are contributing factors to the scarcity of a successful
vaccine till the moment. Secondly, the available drugs in clinical trials
display unpleasant side effects. Prominently, remdesivir was reported to
cause some adverse events in 13 out of 35 (22.8%) patients from
intensive care unit (ICU) and infectious disease ward (IDW) enrolled for
clinical studies in Italy (Antinori et al., 2020). Although, the recent
announcement of vaccine breakthrough for COVID-19 renews the hope,
however, there remains a major challenge of accessibility to match the
rapid global demand for the highly pathogenic disease. Thus, there is a
need for sustained innovative, preventive and treatment countermea-
sures to upturn the effects of the unwanted phenomenon. The reas-
sessment of results from a stream of experiments are of enormous
importance in identifying bona fide lead-like candidates to fulfil this
quest. Taking advantage of their similar pathology and pathomechan-
isms, a large range of prospective candidates are being experimented
against the old and newly emerged strains. Many of these agents
demonstrate strong inhibitory potentials across the strains at various
experimental levels, a propensity for effective therapeutic development
for the current and emerging CoVs. Although, some reports have been
recently documented with a specific overview on either the therapeutic
target or the class of inhibitors (Lim et al., 2016; Verma et al., 2020; Xian
et al., 2020). However, an all-inclusive analysis of homologous human
CoV strains from features through infection to treatment remains sparse.
This review comprehensively highlights the common pathomechanisms
and pharmacological targets of four beta-CoVs infectious to human,
HCoV-0C43, SARS-CoV-1, MERS-CoV and SARS-CoV-2, and potential
therapeutic candidates from the recently reported basic and clinical
experimental investigations.

1.2. Structural features, pathophysiology of coronavirus infection and
therapeutic targets

The understanding of the structural characteristics is essential for
speedy approaches towards therapeutic development including
structure-assisted drug design, high throughput screening (HTS), virtual
screening (VS), basic and clinical experimental studies. Members of the
pleomorphic viral family including the CoVs possess common structural
features such as the positive-sense RNA molecule of around 30 kb, open
reading frames (ORFs), structural proteins: envelope (E), membrane
(M), spike (S) glycoprotein for viral infusion into the host cells through
the viral-host receptor, angiotensin-converting enzyme 2 (ACE2) with
an expression on the surface of the pulmonary, intestinal and renal cells
inclusively (Fig. 2) (Albini et al., 2020; Huang et al., 2017). Similarly, a
clinical case study indicates the complications of SARS-CoV-2-related
syndrome with ARDs and diagnosed cardiac injury expressed as
myocarditis, stress cardiomyopathy and demand ischemia, thereby
inclusively implicating the interleukin-6 and aldose reductase as path-
ophysiological targets (Coyle et al., 2020). Due to these complications,
the applications of the ACE-2 inhibitors, renin-angiotensin-aldosterone
system (RAAS) inhibitors and/or angiotensin receptor blockers (ARBs)
in the experimental trials of SARS-CoV prevention and treatment creates
a scientific argument (Mourad and Levy, 2020). Some researchers sug-
gest the discontinuation of ACE inhibitors and ARBs in the therapeutic
trials based on the hypothesis that they facilitate SARS-CoV-2 diffusion
into cells, thereby contributing to the severity, others claim there exist
no basic or clinical experimental shreds of evidence to support the
argument, as such they are recommended for continuous applications
(Alexandre et al., 2020; Kai and Kai, 2020; Sriram and Insel, 2020;
Verdecchia et al., 2020). In addition to the ACE2, sometimes the FURIN
gene, a paired basic amino acid cleaving enzyme located on chromo-
some 15, performs relevant pathophysiological functions. Thus, its re-
pressors/silencers are putatively identified as markers for mitigating the
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Fig. 4. Sequence features of SARS-CoV-2 nucleocapsid protein. (A) The complete genomic features of SARS-CoV-2 Wuhan-Hu-1 isolate (Gene bank: MN908947).
UTR = untranslated region; TRS = transcriptional regulatory sequence; orf/ORF = open reading frame; E = envelope protein-encoding region; S = spike glycoprotein
encoding region; N = nucleocapsid protein-encoding region; M = membrane protein-encoding region illustrated by Snap Gene Viewer. (B) Domain architectures of
CoV N-protein. NTD = N-terminal RNA-binding domain; CTD = C-terminal dimerization domain. (C) Multiple sequence alignment of N-NTD of SARS-CoV-2 with that
SARS-CoV (UniProtKB P59595), MERS-CoV (UniProtKB ROUMS87) and HCoV-OC43 (UniProtKB P33469). Red arrows indicate conserved residues for ribonucleotide
binding sites and dash boxes indicate residues variably in structural comparison. (Reproduced from Kang et al. (2020a), Licenced under CC BY-NC-ND 4.0.)

viral entry (Glinsky, 2020). Furthermore, the viral main proteases (MP™)
and chymotrypsin-like proteases (3C/3CLP™) and papain-like proteases
(PLP™) are important enzymes which play pivotal roles in mediating
replication and transcription, usually through the cleavage of viral
polyprotein into intermediate or fully developed new virus proteins,
thus constitute essential therapeutic targets (Kim et al., 2012; Jin et al.,
2020). Other structural features include the nucleocapsid (N) phos-
phoprotein, the structural entities essentials for the formation of the
RNP-enclosed virion particles for viral infection (Bhowmik et al., 2020).
This protein encodes the viral genome into a helical structure, ribonu-
cleocapsid protein (RNP) and plays essential parts in the viral multi-
farious activities including self-assembly.

There are only 600-1500 chemotherapeutic targets originally
encoded by the human genome for small molecule drugs, but post-
translational modifications make the druggable targets considerably
larger (Enriquez-Flores et al., 2020). However, CoVs exceptionally to
other RNA viruses, possess a large genome associated with low rates of
mutation. All CoVs contain a conserved macrodomain non-structural
protein 3 (nsp 3) which enzymatically detaches the covalently bonded
adenosine diphosphate (ADP)-ribose from protein targets, thereby
reversing the ADP-ribosyltransferase activity and immune innate
response. This indicates the possibility of ADP-ribosylation in the
pathogenic CoV virulence factor and the potential of the enzyme as a
target for vaccine development (Fehr et al., 2016). The CoVs also code

for nspl4, a bifunctional enzyme with RNA cap guanine N-7-methyl-
transferase (MTase) and 3'-5' exoribonucleic (ExoN) activities, thereby
making it a potential therapeutic target. The translation and stability of
the RNA are greatly influenced by the 5’cap structures of the eukaryotic
messenger RNA (mRNA) in most viruses with replication occurring in
the cytoplasm of eukaryotes which releases 2’-O-MTase for mRNA
modification through the m7GppNm 5'-cap formation. The mechanisms
enhance the replication and an escape to innate immune recognition
within the host cells. However, these resistance-inclined processes
require the stimulation of the 2’-O-MTase activity of SARS-CoV nsp16 by
nspl0. Unarguably, the nsp16/nsp10 2’-O-MTase activation is thus, an
important therapeutic target for overcoming viral replication and innate
resistance. The expression was demonstrated in vitro using a biochemical
assay for MTase activity, while a peptide, TP29 derived from the nsp16/
nspl10 domain shows great experimental inhibition of the pathway (Atri
etal., 2020; Wang et al., 2015). Similar to these are the ns12.9 accessory
proteins which function as a viroporin and are reportedly involved in the
pathogenesis and morphogenesis of virion in HCoV-OC43 (Zhang et al.,
2015). Also reported is the nsp8 which participates in diverse non-
canonical template-dependent polymerase activities including the
metal ion-dependent RNA 3'-terminal adenylyl transferase (TATase)
activity for viral replication in HCoV-229E (Tvarogova et al., 2019).
The viroporins are viral proteins associated with ion channel activ-
ity, stimulation of viral release from infected cells, and are essential for
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virulence pathogenesis and replication. The SARS-CoVs encode 3a, E
and 8a viroporins. Whilst the 3a and E are actively involved in the
control of various cell functions including replication and pathogenesis
due to the presence of PDZ-binding motif (PBM), a potential for binding
over 400 cellular proteins with PDZ domain, the 8E contributes less to
these viability pathways (Castano-Rodriguez et al., 2018). Thus, the
proteins are relevant targets for therapy and mutations for vaccine
development.

Upon gaining entrance into the host respiratory tract, SARS-CoV-2
infuses the host cell in a similar way to SARS-CoV-1 and MERS-CoV
via the membrane-bound ACE2 and employs the transmembrane pro-
tease serine 2 (TMPRSS2) for S protein activation, the progression of
which the viral fusion and replication occur (Hoffmann et al., 2020; Xia
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et al.,, 2020b). The down-regulation of TMPRSS2 expression has been
reported as a pharmacological pathway towards the inhibition of
influenza A virus (Shen et al., 2020), a similar pathogenic organism to
CoVs. Other host proteases such as the cathepsin and FURIN also un-
dergo some proteolysis, facilitating the infusion of viral S-protein into
the host cells (Yamamoto et al., 2016). Although, the possibility of in-
teractions between the viral S-protein and some other human cell
adhesion factors such as the dipeptidyl peptidase, cyclophilins and ezrin
cannot be overruled (Vankadari and Wilce, 2020). Also, sex-dependent
epidemiology is possibly observed in the current COVID-19 due to the
encoding of ACE2 gene expression on X chromosomes (Atri et al., 2020),
supporting the fact that the signal pathway of the human ACE2 is
imperative in the control of COVID-19 infection in addition to the viral
S-protein and the nucleocapsid NTD (Kang et al., 2020a; Wrapp et al.,
2020; Wu and Yang, 2020).

Some analyses such as the temporal kinome analysis (TKA), func-
tional network analysis (FNA) and the overrepresentation analysis
(ORA) on human MERS-CoV-infected hepatocytes with peptide kinome
arrays indicate that the signalling responses on mitogen-activated pro-
tein kinase (MAPK)/extracellular signal-regulated kinase (ERK) and
phosphoinositol 3-kinase (PI3K)/mammalian target of rapamycin
(mTOR)/serine-threonine kinase (AKT) are modulated specifically in
MERS-CoV infection (Kindrachuk et al., 2015). Similarly, the Abelson
tyrosine-protein kinase 2 (Abl2) has also been implicated in the path-
ways of SARS-CoV-1, MERS-CoV and SARS-CoV-2 infection and repli-
cation (Coleman et al., 2016; Nabavi et al., 2020). SARS-CoVs are known
to induce lung injury mediated by cytokine/chemokine storm, thus,
SARS-CoV unique domain (SUD) consisting of the C, M and N macro-
domains are possible targets for G-quadruplet binding activity. As
experimental evidence, chemokine analysis indicates that the SUD
actuated the nucleotide-binding oligomerisation domain, leucine-rich-
repeat and pyrin domain-containing protein 3  (NLRP3)
inflammasome-dependent C-X-C motif chemokine ligand 10 (CXCL10)-
mediated pulmonary inflammation, confirmed by NLRP3 inflammasome
inhibitor in a mouse model (Fig. 3) (Chang et al., 2020). The deamidated
human triosephosphate isomerase, a glycolytic enzyme was demon-
strated as another promising druggable target for the prevention/
treatment of SARS-CoV-2 infection using in silico and in vitro experi-
mental assays (Enriquez-Flores et al., 2020).

1.3. Homology of active therapeutic targets of coronavirus strains

Possibly arising from their evolutional differentiation, the four
strains of coronaviruses under focus, HCoV-OC43, SARS-CoV-1, MERS-
CoV and SARS-CoV-2 have been resolved with genomic and structural
homology especially at the active sites of their main therapeutic targets,
the NTD of N-protein (Fig. 4) (Kang et al., 2020a), the S-protein at the 6-
HB fusion core (Fig. 5) (Xia et al., 2020b; Xia et al., 2020c¢), 3CLP™ (ul
Qamar et al., 2020) and the PLP™ (Fischer et al., 2020). This structural
homology further unveils the underlying similarity in their molecular
mechanisms of infection, pharmacological pathways and therapeutic
hypotheses. Further analyses suggest the inhibitory mechanisms against
the essential proteases for proteolytic activities of viral polyproteins as a
common therapeutic pathway against the CoVs (Fischer et al., 2020).

1.4. Medical hypotheses and randomised trials

The emergencies usually associated with CoV outbreaks warrant
reasonable therapeutic suggestions and randomised trials by experts
based on previous relevant experimental experiences. The complication
of CoV infection with other ailments oftentimes regulates the treatment
options. For instance, the Royal College of Paediatrics and Child Health
reported complications of Kawasaki disease (KD) syndromes in some
children infected with SARS-CoV-2, and this led to the suggestion of
some KD suppressors such as the serum interferon-gamma (IFNy) and
interleukin 6 (IL-6) with diminishing inflammatory cytokine
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Scheme 1. Chemical structures of some repurposing drugs and their activity against HCoV-OC43 and MERS-CoV.

mechanisms as adjuvant treatments (Bar-Or et al., 2020). Impressive
antiviral activities of some phytochemicals such as saikosaponins which
include the inhibition of influenza virus and several inflammatory me-
diators such as reactive oxygen species (ROS), cyclooxygenase-2 (COX-
2) and the interleukins (IL-6, IL-8, IL-10) mainly prompted their sug-
gestive trials during the first wave of COVID-19 (Bahbah et al., 2020). In
a commentary reported by Bleasel and Peterson, emetine, an alkaloid
from ipecacuanha root demonstrates stronger inhibitory potentials
against MERS-CoV and SARS-CoV-1 in 500-2000-folds of the effect
against Entamoeba histolytica, its main target as anti-amoebiasis.
Although the treatment is associated with emetic complications in pa-
tients, it is manageable with 5-HT3 antagonists such as ondansetron. It is
therefore suggested to deliver emergent therapeutic demand against
COVID-19 (Bleasel and Peterson, 2020). Clinical impediments of neu-
roinvasive and neurotropic effects have been reportedly observed in
association with COVID-19 in forms of neurological symptoms such as
hyposmia, anosmia and dysgeusia, indicating the applicability of
doxycycline in treatment studies (Bonzano et al., 2020). Chloroquine
(CQ) and its derivative, hydroxychloroquine (HCQ) are among the most

popular inhibitors of enveloped viruses such as dengue, Nipah and
Hendra paramyxoviruses, human immunodeficiency virus (HIV) and the
CoVs in vitro through the hijacking of the endocytic pathway, the process
in which the endosomal lipid, bis(monoacylglycero)phosphate report-
edly plays a vital role. Other suggested mechanisms of chemothera-
peutic actions of these weak bases include the increment in the
lysosomal pH through the alkylation of phagolysosome, inhibition of
glycosylation, interference with the virus-receptor binding and prolif-
eration, and inhibition of the acidic proteases that are responsible for the
maturation of viral fusion proteins (Carriere et al., 2020; Colson et al.,
2020; Monti and Montecucco, 2020). Although, with limited experi-
ments, the in vivo efficacy is strongly debated still, however, it is ear-
marked as early therapeutic targets for SARS-CoV treatment (Carriere
et al., 2020). Other therapeutic hypotheses for clinical investigation
include teicoplanin, a glycopeptide antibiotic for treating several bac-
terial infections (Baron et al., 2020), heparin, an anti-inflammation
agent (Belen-Apak and Sarialioglu, 2020), mevalonate pathway in-
hibitors and statins owing to their anti-inflammatory and immuno-
modulatory effects which benefit patients suffering from viral pathology
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Fig. 6. Effects of H3 on the RNA binding activity of NP (a) Sensorgram of the interaction between the immobilized single-stranded RNA and full-length HCoV-OC43
NPs in the presence of H3 at 2 pM; (b) Sensorgram of the interaction between the immobilized single-stranded RNA and full-length HCoV-OC43 NPs at different
concentrations in the presence of H3. (Reproduced from Chang et al. (2016) with permission, copyright Royal Society of Chemistry 2016.)
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Scheme 2. Chemical structures of the peptidyl inhibitors of FCoV/SARS-CoV-1 3CLP™ (A) Dipeptidyl derivatives; (B) Tripeptidyl derivatives (Kim et al., 2015).

such as influenza (Bifulco and Gazzerro, 2020). From the reported ac-
tivities, these bioactive agents are hypothesized to possess potentials for
improving prognosis in coronavirus pathologies.

2. Potential inhibitors from experimental studies

Since the similarities in pathophysiologies and the protein residual
sequencing (especially at the active sites) of the existing and emerging
CoV strains support the hypothesis of similar pathomechanisms of
infection, similar approaches could be rationally employed for their
prevention and treatment (Xia et al., 2020b), which have been virtually
demonstrated (Xia et al., 2020b; Mercurio et al., 2021; Yadav et al.,
2020). From experimental studies, the inhibition of the 3CLP™ and the

PLP™ have been documented for lopinavir, although experimental ar-
guments favour its inhibition of HIV protease more (Cattaneo et al.,
2020). The S-protein and ACE2 by arbidol, viral RNA-dependent RNA
polymerase (RdRp) by remdesivir and ribavirin, TMPRSS2 by camostat
mesylate and ACE2 glycosylation by CQ analogues (Liu et al., 2020a).
Other conventional medications known for the mitigation of ARDS,
influenza, acute lung injury (ALID), inflammation, hypertension, immu-
nomodulation have also been evaluated against pandemics, including
losartan, statins and ARBs (Atri et al., 2020; Phadke and Saunik, 2020).
Improved immune responses in SARS-CoV and MERS-CoV infected pa-
tients have also been investigated upon administration of chemokine
and cytokine modulators such as tocilizumab and the human mesen-
chymal cells (Bennardo et al., 2020; Ceribelli et al., 2020; Shetty, 2020).
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Table 1
Anti-FCoV activities of the dipeptidyl and tripeptidyl derivatives.
Dipeptidyl Tripeptidyl
Compound  FCoV (ECso CCso Compound  FCoV (ECsg CCso
pM) (uM) pM) (uM)
18 0.02 £+ 0.01 >150 25 0.02 £ 0.01 70.29 +
5.6
20 0.04 + 0.04 >150 26 0.86 £ 0.72 40.57 +
10
21 0.10 £ 0.03 >150 27 0.54 £ 0.28 32.34 £
1.9
22 0.43 £ 0.31 >150 28 0.04 £+ 0.03 61.91 +
0.2
23 0.06 £+ 0.05 >150 29 0.18 £ 0.12 32.01 £
1.3
24 0.12 £+ 0.05 >150 30 0.06 + 0.06 21.96 +
5.1
31 0.06 £ >150
0.001

Measured as the mean and standard error of the means (SEM).

Among the herbal medicines screened, respiratory detox shot and
Shuanghuanglian oral liquid, traditional Chinese medicines with known
antiviral history experimented in early prevention and control of
COVID-19 through inhibition of SARS-CoV-2’s 3CLP™, PLP™, spike
protein etc. by theoretical binding and in vitro studies (Su et al., 2020;
Yang et al., 2020). The Xeubijing injection was also demonstrated with
the active expression of the inflammatory response and lung injury,
indicated by the improvement on lymphocyte count, partial pressure of
CO5 in the artery and oxygenation index in patients with critical
complicated conditions of COVID-19 (Ma et al., 2020a). Similarly, the
Liu Shen capsule, Lianhuagingwen and Gene-Eden-Vir/Novirin have
been reported with inhibitory potential against SARS-CoV-2 through the
regulation of innate immune response, inhibition of cell entry and
replication, inhibition of viral proteases and reduction in pro-
inflammatory cytokines (Ma et al., 2020b; Polansky and Lori, 2020;
Runfeng et al., 2020).

The natural product, melatonin is a protective agent against some
pathogenesis associated with viral infections and ARDS has also been
speculated as an adjuvant in the treatment of some chronic ailments
induced by COVID-19 including ARDS, ALI and pneumonia (Zhang
et al., 2020b). Other phytochemicals such as theaflavin, quercetin,
baicalin, berberine, eriodictyol, lycorine etc. with experimental antiviral
potency have also been reviewed among the currently available options
for further studies (Boukhatem and Setzer, 2020).

Sometimes the inhibitors are in the form of antibodies which could
mediate through prophylactic therapeutic development and monoclonal
immunotherapies. For instance, the monoclonal antibody (mAb), 5F9
binds to the NTD of MERS-CoV at the S1 subunit as a neutralizing
epitope, thereby mapping the S-protein for viral infusion (Chen et al.,
2017), and the murine antisera which reportedly neutralised the MERS-
CoV activity in vitro and in vivo basic and clinical experimental models
(New et al., 2019).

Table 2
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Although scientists are still in search of an effective vaccine against
CoV infections, some candidates are already undergoing randomised
clinical trials while others are still in the basic and pre-clinical experi-
mental stages. Their sources range from traditional, scriptural, herbal
and conventional medicines most of which exhibit multi-targeting and
networking pharmacology, a propensity for overcoming drug resistance
associated with the pandemic. The overview of these important thera-
peutic innovations is comprehensively addressed according to the CoV
strain targets as follows.

2.1. Inhibitors of HCoV-OC43

Shen and co-researchers performed an HTS assay on 2000 approved
drugs out of which 56 hits were retrieved. Upon further biochemical
analysis against the wild type CoV strains, seven repurposing drugs, 1-7
(Scheme 1) were identified with strong inhibition against the viral
replications of HCoV-OC43 and MERS-CoV in vitro at low ECsg and CCsg
values of <5 and >20 pM respectively. The further evaluation shows
that 1 protected the BALB/c mice from the lethality of HCoV-OC43 as
observed using novel RT bioluminescence imaging for monitoring
HCoV-0C43 distribution in vivo mice while 2 blocked the entry of MERS-
CoV (Shen et al., 2019). These compounds especially, 1 and 2 are
therefore recommended as potential therapeutics against CoV entry and
replication upon further study.

The HCoV-OC43 on emergence was pinpointed as the major cause of
common cold and upper respiratory tract infections with resistance to
several available drugs (Shen et al., 2016). Owing to this speculation,
Shen and co-workers developed four recombinants HCoVs-OC43
expressing the Renilla luciferase (Rluc) receptor gene. They demon-
strated that the HCoV-OC43 replication was strongly inhibited by 8 in
higher terms than 9 in vitro with an inhibitory concentration (ICsg) value
of 0.33 pM and 10 pM respectively (Scheme 1). The adopted assays
include Rluc activity, dual-luciferase reporter, small interfering RNA
screening (siRNA), a double-stranded, non-coding RNA molecule with a
length comprising of 20-25 base pairs, Western blot and antiviral assays.
Other experimental protocols include cell viability assay using BHK-21,
Huh and HEK-293 T cell lines, and in vivo mice model (Shen et al., 2016).

A biophysical Surface Plasmon Resonance (SPR) analysis shows a
significant decrease (>20%) in the RNA binding capacity of the N-pro-
tein of HCoV-OC43 induced by 10. Further analyses by X-ray crystal-
lography and fluorescence titration indicate that the mechanism of this
action includes the antagonistic binding interaction between the com-
pound and the NTD of the protein to prevent RNA-HCoV-OC43 inter-
action in a concentration- and time-dependent manner (Fig. 6) (Chang
et al., 2016).

Among the reported peptides for the inhibitory activity against the
CoV S-protein, 11 with amino acid sequence SLDQINVTFLDEYEMK-
KLEEAIKKLEEGSGSGPEG4 display interesting activity against SARS-
CoV-2 S-protein-mediated membrane fusion and pseudoinfection
quantitatively with ICso of 1.30 and 15.8 nM respectively. The appli-
cation of 0.5 mg/kg of 11 intranasally in new-born mice pre and post-
infection with HCoV-OC43 at TCIDs5p of 100 protected the mice from

Clinical and laboratory observations in cats infected with FIP virus before and during treatment.

Clinical and laboratory observations before and during treatment

Cat Fever Weight loss Jaundice Ascites Lymphopenia (<676/pL) Treatment duration (dpi) Outcome

P07 + + + NA + 20 days (15-34) Recovered
P10 + + + NA + 20 days (15-34) Recovered
P02 + + + Mild + 15 days (20-34) Recovered
P03 + + + Mild + 16 days (19-34) Recovered
P17 + + + Profound + 14 days (21-34) Recovered
P24 + + + Profound + 14 days (21-34) Recovered
P15 + + + Profound + 4 days (18-21) Euthanised
P16 + + + Profound + 7 days (18-24) Euthanised

NA = Not apparent; dpi = days post infection. (Reproduced from Kim et al. (2016), Licenced under CC BY 4.0.)
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the viral infection. The mouse (100%) recovered from a significant 2.2. Inhibitors of SARS-CoV-1

reduction in body weight and 100% mortality upon HCoV-OC43 infec-

tion, indicating the promising prophylactic and therapeutic effects of the In similitude to the report of Shen et al. (2016), and based on their

peptide for further studies (Xia et al., 2020b). expression of genetic regulation and RNA interference (RNAi) effects,
the siRNAs have been designed into bioactive agents against virulent
diseases such as cancer, Zika virus and SARS-CoV-1 where effective
therapeutic options remain challenging (Giulietti et al., 2018; Ghosh
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Scheme 4. Chemical structures of some repurposing drugs and their activity against MERS-CoV and SARS-CoV-2.

et al., 2020). These agents reportedly demonstrate interesting inhibitory
activities indicated by a 50-95% reduction in viral loads in vitro against
SARS-CoV-1 and MERS-CoV, through various mechanisms, targeting the
encoding sequence for the viral RARp, proteolytic enzymes, helicase and
N-protein. Enlisted among them include CN1548054 (12),
CN101173275 (13), CN101085986 (14), CN101113158 (15),
W02005019410 (16) and US8653252 (17). Some of these potent anti-
CoV agents have been developed into nanoparticles for enhanced de-
livery. Thus, these siRNA-based therapeutics are later suggested by
Ghosh and co-workers for trials in SARS-CoV-2 pharmacological path-
ways by specifically targeting the viral nsp5 and RdRp (Ghosh et al.,
2020).

The 3CLP™ of the coronaviruses including the SARS-CoV-1 contains
the chymotrypsin-like folds and a catalytic dyad/triad with a conserved
cysteine residue as an active site. Thus, potent inhibitors implicated with
the inhibitory activity against the viral replication through the 3CLP™
pathomechanisms have been documented. Among them are the dipep-
tidyl residues with various active arrowheads. They demonstrate effec-
tive antiviral activities through the inhibition of 3CLP™ of SARS-CoV-1
as observed using fluorescence resonance energy transfer (FRET) pro-
tease assay. The peptide derivatives, 18-20 with aldehyde, a-ketona-
mide and bisulfite adduct arrowheads possess ICsg values of 3.48 4 1.59,
4.66 £+ 0.19 and 4.35 £ 0.10 pM compared to a standard antiviral drug,
rupintrivir with ICsg value >50 pM. The potential 3CLP™ inhibitors, 18
and 20 were further investigated against FIP using TCIDs,, Western blot
and nonspecific cytotoxicity assays, where they show synergistic/addi-
tive efficacy in combination with cathepsin B inhibitor against the
virulent infection (Kim et al., 2012; Kim et al., 2013). Based on the
experimental results, the compounds are suggested as potential 3CLP™-
targeted anti-SARS-CoV-1 worthy of further therapeutic advancement.

In 2016, Kim et al. reported new series of the dipeptidyl, 18-24 and
tripeptidyl, 25-31 potent inhibitors of feline coronavirus (FCoV) 3CLP™

10

(Scheme 2) with interesting activities (Table 1) (Kim et al., 2015). These
are considered relevant since the FCoV shares common pathogenesis
with SARS-CoV-1 in respect to immune response and depletion of T cells
along the 3CLP™ pathway as defense mechanisms. The anti-CoV activ-
ities were investigated by the addition of each compound to the
Crandell-Rees feline kidney (CRFK) cells which are immediately infected
with FCoV. The viral titres and effective concentrations at 50% (ECsg)
values were determined by the TCIDsy method after 24 h of incubation
as well as the half-cytotoxic concentration (CCsg) of each compound.
Thus, through extrapolation, the results indicate the promising potential
of the peptidyl derivatives to inhibit CoV replication by targeting the
3CLP™ for further development, especially 18, 20, 23, 25, 28 and 30.

The dipeptidyl, 20 were further investigated for safety, pharmaco-
kinetics and 3CLP™-targeted efficacy in vivo FIP virus-infected cats. The
experimental fatality of the cats was 100% once the clinical indications
become obvious after the infection. Upon treatment with 20, the cats
fully recover from the associated ailments such as fever, weight loss,
lymphopenia, ascites, jaundice (mucous membrane/plasma) and other
signatory illnesses, then regain normal healthy lives within 20 days of
treatment (Table 2) (Kim et al., 2016). Although, the increase in the rate
of recovery with the treatment duration supports the continuous
administration for effective recovery, however, the compound inter-
estingly worth further translational study as inhibitory therapeutics
against CoV infections targeting the 3CLP™ pathways.

Mucroporin-M1 (32), a highly penetrating defensive peptide from
the scorpion venom with amino sequence LRFLIKSLIKRLVSAFK
reportedly exhibit remarkable virucidal effects against SARS-CoV-1,
thus suggested for further modification as an anti-SARS-CoV agent tar-
geting the viral RNA (Abd El-Baky et al., 2018). Additionally, a
B-defensin-based peptide, P9 (33) with sequence NGAICWGPCPTAFR-
QIGNCGHFKVRCCKIR reportedly exhibits potent antiviral activity
against several respiratory viruses including SARS-CoV-1 and MERS-
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ritonavir-interferon-p (N = 15), lopinavir/ritonavir-interferon-p low (N = 16) or lopinavir/ritonavir-interferon-p high (N = 16) B1D. The oral vehicle of lopinavir/
ritonavir (160/40/mg/kg) was administered orally once daily. Interferon-f low (1 x human equivalent dose of 1.6 MIU/kg) and high (2x human equivalent dose of
40 MIU/kg) or PBS vehicles were administered via subcutaneous injection every other day. Asterisks indicate statistical difference by two-way ANOVA with Turkey’s
multiple comparison test. (c) Lung hemorrhage 6 dpi for all animals in (a), (b) scored on a scale of 0—4, where 0 is a normal pink healthy lung and 4 is a diffusely
discoloured dark red lung. (d) MERS-CoV lung titer 6 dpi in mice as described in (a), (b). Asterisks indicate statistical significance (N group described in (a) and (b), p
< 0.05) by one-way ANOVA with Kruskal-Wallis test for (c), (d). Data for (a-d) are compiled from two independent experiments. For the box and whisker plots, the
boxes encompass the 25th to 75th percentile, the line is at the median, while the whiskers represent the range. (e) Representative photomicrographs of MERS-CoV
antigen (brown) and hematoxylin stained nuclei (blue) in mouse lung tissue sections from 6 dpi. The black bar is 100 pM. (Reproduced from Sheahan et al. (2020),

Licenced under CC BY 4.0.)

CoV, enhanced by its high binding affinity to the viral glycoproteins and
their respective active amino acid residues. The proposed mechanisms of
its activities include the effective prevention of endosomal acidification
and, blockage of the viral-host membrane fusion and RNA release from
late endosomes with ICsg and TCsq of 1.2 and 380 pg/mL respectively
(Zhao et al., 2016).

The dose-dependent inhibition of viral virion along the endosomal
membrane of Abl2 has been experimentally demonstrated as a pro-
phylactic and therapeutic mechanism of imatinib (34) (Scheme 3), an
anticancer and Abl kinase inhibitor in the onset treatment of SARS-CoV-
1 infection. The application of the 25 pM of the drug for 4 h causes the
inhibition of genomic RNA production in 1000-folds, indicating its po-
tency to prevent viral replication. The data obtained suggest the effec-
tive inhibition of the virus occurring before the RNA production without
affecting the intracellular trafficking of the pseudo-type viruses, similar
to its effect on MERS-CoV (Coleman et al., 2016). The viral genetic
stability becomes disrupted due to the nucleotide mismatch induced in
vitro by the ExoN at the RNA 3’-end and its inactivation in vivo. Thus,
Ferron et al. demonstrated the RNA synthesis and proofreading pathway
for SARS-CoV-1 through the association of nspl4 with nsp12 (low-fi-
delity) viral RNA polymerase using 35 (Scheme 3). Although, the drug is
significantly incorporated, however, it readily escaped from the RNA,
signalling rationale for limited activity in vivo (Ferron et al., 2018).

11

2.3. Inhibitors of MERS-CoV

A traditional Prophetic Medicine fraction (PMF/PM 701) (36)
extracted from camel’s urine, popular among the Arabs for treating
many diseases were investigated in vitro for activity on TGEV, a model
for MERS-CoV. Other assays employed to study its antiviral/virostatic
potentials include endpoint dilution titration, infective dose calculation
and quantitative virucidal activity. At a concentration of 20.34% of
PMF, 99.50% of TGEV became activated with viral reduction factor (RF)
of 4.31 + 0.48 after 60 min and the value increased to >5.50 + 0.45
(99.99%) after 240 min (Fig. 7). The presence of zinc and copper ions in
the regimen was suggested as a contributing factor to their interesting
virucidal activity, although further studies are recommended to identify
the major chemical compositions and the mechanisms of antiviral ac-
tions of 36 (Al Attas, 2019). Thus, this traditional medicine could be
further evaluated for applicability in the fight against viral infection.

The S-protein of MERS-CoV recognises a dipeptidyl peptidase-4
(DPP4)/cluster of differentiation 26 (CD26) as a host receptor, as
such, the virus may gain entry through membrane fusion at the plasma
membrane or via the endosomes after endocytosis. Either of the pro-
cesses serves as additional proteolysis which favours the activation of
the viral S-protein for fusion. A serine protease inhibitor, nafamostat
(37) (Scheme 3) reportedly inhibits the S-mediated membrane fusion
and demonstrates a potent blockage mechanism against MERS-CoV
infection in vitro when cell lines expressing Rluc-based split reporter
protein were used to assay a cell-based TMPRSS2-dependent fusion of S
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Fig. 9. Viral titers in rabbit lungs after
intravenous prophylaxis with neutralizing
monoclonal antibody, m336. Rabbits
received MERS-CoV-relevant m336 or irrel-
evant hmAb/m102.4 as control intrave-
nously 24 h Dbefore the intranasal
administration of 10° TCIDs, of MERS-CoV
isolate (HCoV-EMC/2012) at infective
doses. (A) Lungs were analysed on days 1
and 3 post-infection, and viral titers were
analysed using quantitative real-time-

3

10
m102.4

10

Dose (mg/kg)
Antibody

\
1

m336

m102.4

polymerase chain reaction (RT-PCR). (B)
and (C) are mages of hematoxylin-eosin-
stained sections from a rabbit treated with
10 mg/kg of m336 or the control (data from

L)
10

protein, with DMSO as a control. The cell lines, Calu3 and 293FT-
derived effector cells were also used to express the MERS-CoV-S-
protein fusion membrane in dual split protein assay. The strongest in-
hibition of the membrane is observed upon administration of 37 at
concentrations of 1.0 and 10 pM where the relative cell fusion reduces to
<10% and almost 0% respectively, although the fusion was better
blocked in Calu3 than in 293FT cells (Yamamoto et al., 2016). Thus,
nafamostat deserves further studies for therapeutic development.

Kindrachuk and co-workers demonstrate the experimental inhibition
of MERS-CoV infection by some licenced kinase inhibitors in vitro using
TKA, FNA and ORA analyses. The pharmacological pathways/mecha-
nisms of action were suggested as the inhibitory signalling expression on
the MAPK/ERK and PI3K/mTOR/AKT. The most potent inhibitors were
shown as rapamycin (38), GF109203X (39), Ro31-8220 (40) and
Wortmannin (41) (Scheme 3) with percentage inhibition estimated as
60, 58, 46 and 28% respectively each at a concentration of 10 pM.
Among the four drugs, rapamycin exhibited the highest inhibitory po-
tential even at a lower concentration of 1 pM, further supporting the
implication of mTOR as a therapeutic target in the effective control of
MERS-CoV infection (Kindrachuk et al., 2015), thus amenable for
consideration in vaccine development.

Oftentimes, combination therapy enhances anti-CoV activities in
clinical trials. For instance, improved clinical outcome was observed
when lopinavir/ritonavir (42) and interferon-$1b (43) (Scheme 3) were
separately assessed in common marmosets infected with severe MERS-
equivalent disease. From the clinical pathology and radiological find-
ings, the mean clinical scores were observed between 50.9 and 95.0%
and a decreased weight loss compared to the set treated with myco-
phenolate mofetil (MMF) and the untreated set. Other improvements are
mild bronchointerstitial pneumonia and minimal pulmonary infiltrates
in association with mean viral loads in the necropsied lung which
changed from 0.59-1.06 log;(. The mortality rate for the set treated with
42 and 43 stands between 0 and 33% respectively after 36 h post-
inoculation compared to the untreated and MMF-treated sets with 67%
recorded mortality respectively. This strongly supports further

12

4 rabbits/group). Arrowheads and insets
indicate the areas of intense perivascular
inflammation. All images were taken on day
3 post-infection. **p < 0.005 and ***p <
0.001 by 1-way variance analysis with the
Turkey multiple comparison test. (Repro-
duced from Houser et al. (2016), Licence
under US Government work.)

evaluation of 42 as well as 43 in clinical trials of MERS-treatment (Chan
et al., 2015). Similarly, 9 and 43 reportedly demonstrate superior
antiviral activities against MERS-CoV in vitro compared to interferon-
B1b (43), lopinavir (44) and ritonavir (45) (Scheme 4) individually or in
combination. Upon further investigation in vivo mice, the drug shows
promising potential for prophylaxis and treatment by improving the
pulmonary function and reducing replication (viral loads), and other
severe lung pathology (Fig. 8) (Sheahan et al., 2020). The study provides
supporting evidence of the therapeutic potential of 9 against MERS-CoV.

An Abl kinase inhibitor and anticancer drug, 34 was observed with
good inhibitory potentials against the entry virion of MERS-CoV when
its administration at 10 pM for 4 h inhibits the production of MERS-CoV
RNA in 50-folds (Coleman et al., 2016). In a similar pattern, saracatinib
(46), a renowned inhibitor of the Scr-family of tyrosine kinases (SFK)
selectively inhibits MERS-CoV replication in Huh7 cells with ECs and
CCsp values 2.9 pM and >50 pM respectively. The proposed pharma-
cological mechanism is the suppression of SFK signalling pathways. Its
synergistic effect was also observed in combination with gemcitabine, a
potent inhibitor of RNA viruses (Shin et al., 2018).

The inhibitory potentials of resveratrol (stilbenol) (47), a natural
antioxidant agent in grape seeds and skin as well as in red wine was
evaluated in vitro against the MERS-infected Vero cells using MTT and
neutral red uptake (NRU) assays. Other experimental procedures
adopted for the assessment of the antiviral effects of the phytochemical
on viral RNA and protein expression include quantitative PCR, immu-
nofluorescence, Western blotting and plaque assays. The compound
significantly inhibits MERS-CoV, indicated by the reduction in MERS-
induced apoptosis through the suppression of the viral replication by
its N-protein at 125 pM with an increase in the effects upon elongation of
the treatment duration (Lin et al., 2017). Similarly, experimental
demonstration of the anti-MERS-CoV effect was reported for nitazox-
amide (48), an antiviral drug with a broad spectrum of activity. The
drug inhibits the viral N-protein expression, suppresses the production
of IL-6 and pro-inflammatory cytokines in vivo mice model (Rossignol,
2016). The compounds are therefore suggested for further investigation
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Fig. 10. (a) Variations in reported ECs( values for SARS-CoV-2 across the drugs with more than one reported value. (b) The implications of the variability in reported
ECsp in terms of Cp,x/ECso ratio. Amodiaquine and toremifene were estimated to exhibit subtherapeutic pharmacokinetics irrespective of the ECsy value used.
Similarly, nelfinavir was estimated to have higher Cy,,x than ECsq values irrespective of the ECsq used in the analysis. The interpretation for other drugs is strongly
dependent upon the ECsq used which is a major concern. (Reproduced from Arshad et al. (2020), Licenced under CC BY-NC-ND 4.0.)

as potential therapeutics against the CoV infections, especially resver-
atrol whose potentials in combination with indomethacin were pro-
posed as adjuncts for the treatment of SARS-CoV-2 (Marinella, 2020).
As an enveloped, positively-sensed virus with single strands of RNA,
MERS-CoV employs S-protein S1 (SS1) subunit to interactively bind to
its target receptor, DPP4/CD6 and becomes fused to the plasma/endo-
somal membrane through a fusion peptide located at N-terminal of S2
subunit. In the S2 site, the heptad repeats 1 (HR1) and the heptad re-
peats 2 (HR2) bind together to form a 6-helix bundle (6-HB) core for
viral-cell membrane fusion. Peptides derived from the HR2 (HR2P) (49)
can actively interact with the binding site of HR1, block the formation of
the 6-HB fusion core, thereby inhibiting viral S-protein-mediated cell-
cell fusion. Through the mechanism, the viral infection by pseudovi-
ruses is effectively prevented with or without mutation in the HR1 re-
gion. Both 49 and its derivative, HR2P-M2 (50) strongly inhibit the
MERS-CoV infection through the formation of 6-HB core in vitro in
dose-dependent with an ICs value of 0.97 and 0.55 pM respectively.
When administered intranasally, 50 effectively protected the adenovirus
serotype-5-human DPP4-transduced mice from MERS-CoV infection in
vivo as assessed through fluorescence N-PAGE, circular dichroism
spectroscopy, native polyacrylamide gel electrophoresis and Vero 81
cells for lung viral titer. Quantitatively, the viral titer reduction in the
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lung was >1000-folds and the effect became enhanced upon the com-
bination with interferon-p (Channappanavar et al., 2015). The inter-
esting results pose the regimen, 50/interferon-f (51) as an effective
preventive option against MERS-CoV infection, thus, deserves further
studies.

The propensity of some antibody as an effective countermeasure for
prevention CoV infection was further demonstrated by Houser and co-
workers when they investigated the potential of human mAb (m336)
(52) to prevent rabbits from MERS-CoV infection. The antibody, 52 was
administered in the volume range of 0.2-2.0 mL at 1 mL/kg and 10 mL/
kg intravenously and intranasally respectively before the infection with
1 mL of 10° TCIDs of MERS-CoV isolate (HCoV-EMC,/2012) propagated
in Vero81 cells with OPti-MEM 5% FBS. The prophylaxis with m336
shows a very promising protective potential with a reduction in the
pulmonary RNA titers of the virus by 40-9000-folds when compared
with the irrelevant controls, hmAb and m102.4 (specifically for Henda
virus) which show no effect (Fig. 9) (Houser et al., 2016). The study
affiliated with the US government, strongly suggests the trials of a spe-
cific human antibody, 52 as an effective preventive strategy against CoV
infections.

Niu and co-researchers reported the neutralizing activities of 13 se-
ries of monoclonal/polyclonal antibodies against MERS-CoV. The Abs
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Fig. 11. Effects of HCQ as combined prophylactic and therapeutic agent against SARS-CoV-2. (a) HCQ dose-dependent assessment. HCQ EC50 against SARS-CoV-2
was obtained by both CPE and RT-PCR analysis on results from a full-time experimental setting on Vero E6 cells. Mean values and SD (for RT-PCR values) and SEM
(for CPE values) are reported for all experimental replicates. All conditions were tested in quadruplicate and tested in duplicate in RT-PCR. (b) HCQ antiviral effect
using different MOI. CPE analysis resulted in a statistical difference between treated and untreated cells (****P < 0.0001) when using 0.1 MOI or less, RT-PCR only
from 0.05 MOI to decrease (****P < 0.0001). (Reproduced from Clementi et al. (2020), Licenced under CC BY 4.0.)

were isolated from the human Ab libraries, transchromosomic bovines,
transgenic humanised mice and naive B cells of an infected person. Nine
(9) of the Abs labelled Ab28 (53), Ab33-2 (54), Ab38 (55), Ab39-1 (56),
Ab39-2 (57), Ab40 (58), Ab42 (59), Ab43 (60) and Ab45 (61) display
strong binding against the viral S-protein in >30-folds while the weakly-
bound Ab8 (62) is in <15-fold of H7, a mAb for hemaglutination of
influenza virus, used as a control. The most promising two, Ab27 (MERS-
GD27) (63) and Ab33-1 (MERS-GD33) (64) recovered from infected
patient demonstrate the highest potent inhibitory effect against the live
MERS-CoV in vitro with respective ICsq values of 0.0010 and 0.0013 pg/
mL while their strong affinity for S-protein of MERS-CoV (Kp) are
evaluated as 0.775 and 0.575 nM respectively. Their combination shows
additive/synergistic effects against the pseudotyped MERS-CoV (Niu
et al., 2018). Thus, they are recommended for further translational
development into effective therapeutics and vaccines for MERS-CoV
infection.

An Amb (5F9) (65) located at the epitope of S1 subunit of MERS-CoV
NTD efficiently neutralised the activity of wild-type strain of MERS-CoV,
EMC/2012 with quantitative effects in term of ICsp as 0.2 pg/mL (Chen
et al., 2017). This supports the scientific argument that antibodies are
naturally effective as prophylactic agents and immunotherapy against the
onset of CoV infection. For further study, the antibody is available at the
National Library of Medicine (https://www.nlm.nih.gov/copyright.html).

2.4. Inhibitors of SARS-CoV-2

Considering the achievable chemotherapeutic concentrations in the
targeted human compartments relevant to prognosis and pharmacology
of COVID-19 including lung and plasma, Arshad and co-researchers
predicted the accumulation of various repurposed drugs in the onset
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of the viral prevention and treatment within lung tissues using combined
physicochemical and pharmacological parameters for modelling. The
maximal effective concentrations at 90% (ECqg) of the drugs were re-
evaluated from in vitro activity records against SARS-CoV-2 expressed
in terms of the achievable maximum plasma concentration (Cpax) at an
effective dose (Cpax/ECqq ratio). Based on the pharmacokinetic param-
eters within the human plasma and lung, the drug molecules with the
highest tendency to exert chemotherapeutic viral suspension were
conveniently screened. Those predicted to achieve lung concentrations
between 1.5 and 10-folds higher than the reported ECs¢ include amo-
diaquine (66), HCQ (67), atazanavir (68), 44, 8, nelfinavir (69), 9,
mefloquine (70) and toremifene (71) with ECsg of 0.5-4.5 pM (Fig. 10;
Scheme 4). The researchers suggested more focus on the ECy evaluation
mode and the contextual prioritisation of achievable potentials within
the human target compartment such as the lung in further COVID-19
therapeutic studies (Arshad et al., 2020). Although, the application of
some repurposed antibiotics such as azithromycin in this quest has
generated some concerns of microorganism resistance and associated
macrolides (Kow and Hasan, 2020).

From an in vitro experimental evaluation, ivermectin (72) (Scheme
4), an FDA-approved anti-parasite demonstrates a strong antiviral effect
against SARS-CoV-2. After single addition to Vero-hSLAM cells, 2-h post-
infection with SARS-CoV-2, TagMan real-time-polymerase chain reac-
tion (RT-PCR) assay shows a significant reduction of 93% in the viral
RNA after 24 h, which subsequently increased to 99.8% and observed in
~5000-folds at 48 h, indicating the total loss of the virions. The ICsq
against the supernatant RARp gene was recorded as 2.2 pM, supporting
its eligibility for further studies as a potent inhibitor of SARS-CoV-2
(Caly et al., 2020).

The in vitro activity of effective dosage of 67 was also reported to be


https://www.nlm.nih.gov/copyright.html

Y.0. Ayipo et al.

AP.PORT-UPRIGHT

~a

Portable
Semi-Upright

R

Infection, Genetics and Evolution 93 (2021) 104944

AP-PORT SEMIUPRIGHT
L

Exposuro2mis

Fig. 12. Serial chest radiograph and computed tomography of a patient diagnosed with complicated SARS-CoV-2 infection and treated to recovery. (A) Initial chest
radiograph with bibasilar patchy interstitial opacities. (B) Chest radiograph on day 3 with worsening bilateral opacities. (C) Chest radiograph on day 5 following
intubation. (D) Chest radiograph on day 6 with marked improvement in aeration. (E) Chest radiograph on day 8 showing normal lung parenchyma. (F) Computed
tomography (CT) of the chest on day 3 revealed extensive diffuse bilateral airspace consolidations and ground-glass opacities most pronounced in the right upper lobe
and bilateral lower lobes, with areas of subpleural sparing. Trace bilateral pleural effusions and minimal coronary artery calcification were noted. AP = ante-
roposterior; L = left; R = right. (Reproduced from Coyle et al. (2020), Licenced under CC BY-NC-ND 4.0.)

maximally achieved when administered before and after infection of
Caco-2 and Vero E6 cells. This suggests its potency for the inhibition of
SARS-CoV-2 infection through combined prophylactic and therapeutic
modes. The theory was experimentally validated by its ECso of 4.418 and
4.990 pM for cytopathic effect (CPE) and RT-PCR analysis respectively
using various multiplicities of infection (MOI) on both treated and un-
treated cells (Fig. 11) (Clementi et al., 2020). Similarly, Liu and co-
workers also demonstrated experimentally the availability, safety and
efficacy of 67 against SARS-CoV-2 in comparison with 8 and 9 (Liu et al.,
2020b). This supports the worthiness of its further study, although, some
researchers debate its activity for protection against SARS-CoV-2
infection even in combination with antibiotics such as azithromycin
(Maisonnasse et al., 2020).

A clinical case was reported in respect of a 57-year old male patient
suffering from SARS-CoV-2 infection associated with ARD complications
as myocarditis, stress cardiomyopathy, acute coronary syndrome and
demand ischemia and treated with tocilizumab (73), an inhibitor of
interleukin-6 receptor (IL-6R) and AT-100 (74), an inhibitor of aldose
reductase. One of the main pathomechanisms of SARS-CoV-2 infection is
the invasion of the pneumocytes and myocytes where it induces critical
illnesses including ARDs and cardiac injury through the generation of
inflammation cascade, necessitating the administration of methylpred-
nisolone, a corticosteroid against myocarditis. With other medical sup-
ports, the patient became fully recovered after 8 days on admission as
shown by the observable normal lung parenchyma using a chest radio-
graph (Fig. 12) and was discharged on day 19 (Coyle et al., 2020). This
clinical trial demonstrates the efficacy of some repurposed drugs such as
73, 74 and methylprednisolone (75) in the treatment of onset SARS-
CoV-2 complicated with ARDs and myocarditis.

The attenuation of ARD complications in SARS-CoV-2 infections was
demonstrated by iron chelators, deferiprone (76), deferoxamine (77)
and deferasirox (78) commonly applied to treat iron overload. The
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multidentate ligands suppress the endothelial inflammation through
inhibition of IL-6 synthesis by decreasing the signalling pathway of the
nuclear factor, NF-kB. Other pathophysiological mechanisms of anti-
SARS-CoV-2-induced ARDS exhibited by these agents include inhibi-
tion of viral replication, prevention of pulmonary fibrosis, decrease in
iron availability and upregulation of lymphocytes (B cells) to improve
lymphopenia expression (Dalamaga et al., 2020). These agents are
generally identified with antiviral, antioxidants and immunomodulatory
profiles, thus, reasonably recommended for further studies in the search
for effective treatment against SARS-CoV-2.

To further evaluate the synergistic antiviral efficacy of combinatorial
therapy of some repurposed drugs, Choy and co-workers experimented
with the anti-SARS-CoV-2 activity of some drugs (individually and in
combination) in vitro Vero E6 cells. They observed 64.9% viral inhibition
when 0.195/6.25 pM of combined drugs, 2/9 (79) compared to the 50%
inhibition recorded when 23.15, 26.63, 2.55 and 0.40 pM of 9, 44, 2 and
homoharringtonine (80) respectively were tested individually. The
positive controls of 35 and favipiravir (81) show no inhibition each at
100 pM. They suggested the clinical trial of the combinatorial approach
owing to the synergistic effects observed in 79 combined therapy (Choy
et al., 2020). In a similar report, 9 displays the strongest inhibitory
potential against SARS-CoV-2, indicated by the lowest ECsy value of
0.99 pM in vitro infected Vero E6 cells compared to other repurposable
drugs, 8, cyclosporine A (82), umifenovir (83), 44 and berberine (84)
(Scheme 5)whose ECsq values are 1.38, 3.00, 3.50, 5.20 and 10.60 pM
respectively (Pizzorno et al., 2020). Its synergistic activity was also
observed in combination with diltiazem (85), a host-directed drug. It
demonstrates good pharmacokinetics, safety and tolerability (Humeniuk
et al, 2020), thus recommended for further pathophysiological
investigation.

The administration of combined 44/45 (86) (7:1.75 pg/mL) and 67
(1-2 pg/mL) to SARS-CoV-2-inoculated Vero cells individually or in
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Scheme 5. Chemical structures of some repurposing drugs and their activity against SARS-CoV-2.

combination reportedly induce CPE of virus and reduced viral loads at
various degrees after 48 h, studied using qRT-PCR analysis. In this in
vitro experiment, 86 at normal plasma steady-state concentration (PSC)
demonstrates a higher anti-SARS-CoV-2 potential with lower CPE and
reduced viral loads while 67 exhibits lesser potential all in comparison
with the control (Fig. 13) (Kang et al., 2020b), supporting the anti-SARS-
CoV-2 potential of lopinavir/ritonavir for further development.

Pruijssers and co-workers also demonstrate an experiment support-
ing the anti-SARS-CoV-2 efficacy of 9 in vitro and non-clinical in vivo
models using a SARS-CoV-1 encoding the SARS-CoV-2 RdRp (SARS/
SARS2-RdRp). The drug strongly inhibits the viral replication in
cultured human lung and primary airway epithelial cells through the
RdRp with an ECsp value of 0.10 pM. It improved the pulmonary func-
tions and reduced the viral loads in SARS-CoV-2-infected mice (Fig. 14)
(Pruijssers et al., 2020).

Among the traditional medicines, Pudilan Xioyan liquid (PDL) (87),
a Chinese herbal mixture from Isatis indigotica, Taxacum mongolicum,
Corydalis bungeana and Scutellaria baicalensis was evaluated with strong
anti-SARS-CoV-2 activity with ECsg, CCsp and selectivity index of 1.078
mg/mL, 8.914 mg/mL and 8.27 respectively in vitro model. When 4 mL/
kg was administered 1-h post inoculation once daily in hACE2 trans-
genic SARS-CoV-2-infected mice, a significant increase in body weight
and change in viral loads within the lung tissues were noticed at 1-day
post-infection, quantitatively with histopathological scores, dpi (p =
0.0120), 3dpi (p = 0.0020) and 5dpi (p = 0.0006) compared to the
control group (Fig. 15), suggesting the potent efficacy of the natural
herbal regimen (Deng et al., 2020).

The suppressors of the FURIN gene such as the combined quercetin
(88)/vitamin D (89)/estradiol (90) [91] putatively demonstrates
mitigating activities against COVID-19 in gene silencing and over-
expression, and relevant transgenic mouse models. Using molecular
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docking screening and gene set enrichment analysis (GSEA) of expres-
sion profiling experiments (EPEs), 88, 89 and combined 88/89 shows
interference of 85, 70 and 93% respectively with functions of SARS-CoV-
2 proteins in human cells (Glinsky, 2020). The scaffolds of the natural-
based bioactive agents, 88 and 90 are therefore suggested for the
development of effective therapeutic candidates for the prevention and
treatment of COVID-19. Russo and co-researchers also investigated the
anti-SARS-CoV-2 potentials of some natural products of the polyphenol/
flavonoid family including 88, luteolin (91), baicalin (92), hesperetin
(93), epicatechin gallate (94), gallocatechin gallate (95), papyriflavonol
(96), amentoflavone (97) and scutellarein (98). They demonstrate
promising inhibitory activity against some key targets implicated in
SARS-CoV-2 infection and replication such as the NTPase/helicase, PLP™
and 3CLP™ with a fair expression for systemic toxicity, therefore, sug-
gested for further evaluation (Russo et al., 2020).

The innate immune-inclined mast cells (MCs) are implicated in the
pathogenesis of SARS-CoV-2 as targets for mediating inflammation. The
activation of these MCs by microbes including SARS-CoV-2 through the
TLRs occurs by the release of pro-inflammatory chemicals and cyto-
kines. In a mouse experimental model, an MC stabilizer, sodium chromo-
glycate (SCG) (99) retards the release of the pathogenic molecules,
thereby improving the pathological changes, suppressing inflammation
and enhancing the mouse survival during the viral infection. Similarly,
palmitoylethanolamide (PEA) (100) exhibits protective and inhibitory
activity on the respiratory tract against the viral infection (Gigante et al.,
2020), thus, both are hypothesized as a potent therapy for the SARS-
CoV-2-induced inflammation and MC activation.

A potent anti-inflammatory and immunomodulatory antagonist of the
C—C chemokine receptor type 5 (CCR5), cenicriviroc (101) (Scheme 5)
reportedly inhibits the replication of SARS-CoV-2 in vitro. The anti-HIV-1
drug demonstrates a strong preventive activity against the SARS-CoV-2-
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Fig. 13. Antiviral activity by the cytopathic effect of Vero cells after 48 h of inoculation with SARS-CoV-2. (A) Positive control; (B) Negative control; (C) 2 pg/mL
HCQ, equivalent to PSC of 800 mg once daily; (D) 7:1.75 pg/mL lopinavir/ritonavir, equivalent to PSC of 400/100 mg twice daily. (Reproduced from Kang et al.

(2020b), Licenced under CC By 4.0.)

induced cell damage and inhibitory potential against the viral RNA with
ECs values of 19.0 and 2.9 pM respectively, thus, suggested for further
consideration in the COVID-19 therapeutic design (Okamoto et al., 2020).
The Michael acceptor inhibitor (N3) (102) reportedly inhibits the
MP™ of SARS-CoV-1, MERS-CoV and some other virulent viral infections.
When evaluated against SARS-CoV-2 using some computer-aided
structural and in vitro assays, the drug exhibits a very strong inhibitory
potency, such that the corresponding dissociation/inactivation con-
stants (ki/k3) could not be feasibly measured. Among the potential in-
hibitors with similar interactions to 102 in respect to amino acid
residues in the active substrate-binding pocket of the SARS-CoV-2 MP™,
serin (103) and cinanserine (104) (renown serotonergic antagonist)
(Scheme 5) demonstrate optimization potential with an ICsy value of
125 pM and CCsp > 200 pM respectively. The HTS and tandem mass
spectrometry results show that among the screened drug-leads, ebselen
(105), carmofur (106) and PX-12 (107) (Scheme 5) bind covalently to
the catalytic cysteine dyad (C145) of SARS-CoV-2 MP™, thereby modi-
fying the enzyme completely or partially. The drug 105 demonstrates
the strongest inhibitory potentials with ICsy of 0.67 + 0.09 while 106
and 107 have 1.82 + 0.06 and 21.39 + 7.06 puM respectively. Further
evaluation of the enzymatic inhibition using RT-PCR cell-based in vitro
assay supports the strongest antiviral potential of 105 in good compe-
tition with 102, a co-crystallized inhibitor of SARS-CoV-2 MP™ with an
ECsg value of 4.67 and 16.77 pM respectively (Jin et al., 2020). Thus,
105, an organoselenium compound with known antioxidant, anti-
inflammatory and cytoprotective activity shows a promise for effective
inhibition of SARS-CoV-2 as a potential for therapeutic development.
In a similar fashion to the inhibitory activity against the MERS-CoV
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infection, two specific human mAbs labelled CA1 (108) and CB6 (109)
from COVID-19-infected patients show a promising neutralizing poten-
tial specifically against SARS-CoV-2 in vitro. Further experiment favours
the inhibition of SARS-CoV-2 infection by 109 as both prophylactic and
a treatment agent in the rhesus monkey. The Ab induced great reduction
in viral loads and alleviation of SARS-CoV-2 infection-related lung
damage. The structural study suggestively supports the mechanism of
action as the interference at the SARS-CoV-2-ACE2 binding site, thereby
preventing the viral interactive infusion into the host receptor (Shi et al.,
2020), thus, indicating the propensity of 109 as a promising therapeutic
candidate upon further translational study.

3. Conclusion and perspectives

The scientific theory of the similarity in pathomechanisms of human
coronavirus infections, pathophysiology and therapeutic targets has aided
the hypotheses of effective pharmacological approaches towards their
prevention and treatment. These phenomena have been verified through
basic, pre-clinical and clinical, experimental in vitro and in vivo models
through which several therapeutic targets and bioactive agents with po-
tentials for both prophylaxis and treatment of CoV infections have been
identified from various sources. This review comprehensively highlights
the common underlying pathomechanisms and pharmacological targets of
HCoV-OC43, SARS-CoV-1, MERS-CoV and SARS-CoV-2 infections, and
proven therapeutic potentials from basic and clinical experimental in-
vestigations. The reported pathomechanisms involve the human-to-
human cross-infection predominantly through respiratory droplets, dur-
ing coughing, sneezing and sometimes through excretory products.
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Fig. 14. Anti-SARS-CoV-2 RdRp activity of remdesivir. (A) Schematic of the recombinant SARS-CoV mouse-adapted MA15 strain chimeric virus genomes. SARS/
SARS2-RdRp and SARS/SARS2-RdRp-nanoluciferase (nLUC) constructed by exchanging the SARS-CoV-1 MA15 RdRp with the SARS-CoV-2 RdRp. ORF7 is
replaced by nLUC in SARS2-RdRp-nLUC. (B) The presence of the SARS-CoV-2 RdRp confirmed by Sanger sequencing in stocks of both recombinant chimeric viruses.
The alignment indicates that SARS-CoV-2 RdRp-specific nucleotides are present in both chimeric viruses as shown by the Sanger sequencing and histogram. (C)
SARS/SARS2-RdRp-nLUC replication in Huh7 cells in the presence of remdesivir (left) and associated percentage inhibition (right). (D) SARS-CoV-1 replication in
Huh?7 cells in the presence of remdesivir (left) and associated percentage inhibition (right). (E) Percent starting weight of 17-week-old female CesIc™ mice infected
intranasally with 1 x 10® PFU of SARS/SARS2-RdRp and treated subcutaneously with 25 mg/kg remdesivir or vehicle 1-day post-infection (dpi) and twice daily
thereafter. (F) Lung hemorrhage at 5 dpi. (G) Pulmonary function by WBP. The PenH metric shown is a surrogate marker of pulmonary obstruction. p < 0.0001 as
determined by two-way ANOVA with Sidak’s multiple comparisons test. (H) Lung titer at 5 dpi as measured by plaque assay. p = 0.0012 by Mann-Whitney test. In (E)
and (G), boxes encompass the 25th-75th percentile, a line is drawn at the median and whiskers represent the range. (Reproduced from Pruijssers et al. (2020),

Licenced under CC BY-NC-ND 4.0.)

The earmarked therapeutic targets and their potent inhibitors from
experimental studies for the prophylaxis and treatment include the viral
proteases, MP™, PLP™and 3CLP™ by anti-CoV agents 18-31, 88, 91-98
and 102-107, viral structural proteins, S-glycoprotein by 11, 37, 42,
43, 49, 50, 53-65 and 79, N-proteins by 1-7, 10, 47 and 48, non-
structural proteins, nsp 16/nsp 10 2’-OMTase by TP29, nsp 5 by
12-17, nsp 12/nsp 14 by 35. Others include enzymes such as the RdRp
inhibited by 9, 12-17, 35 and 72, TMPRSS2 by 8, 9, 44, 66-71, FURIN
by 91, kinases such as MAPK/ERK and PI3K/mTOR/AKT reportedly
interact with 38—-41, Abl2 by 34, IL-receptors by 48, 73-78 and 87, TLR
by 99, 100 and the human host ACE2 interfered by 91. The active in-
hibitors are identified from various sources for easier accessibility.
Notably among them include the traditional Chinese and Prophetic
medicines, repurposing libraries, peptides, antibodies, iron chelators,
siRNAs and combined therapy. Interestingly, most of the highlighted
inhibitors exhibit a multi-targeting and networking pharmacology
amenable for overcoming drug resistance and mitigating the comor-
bidities associated with CoV infections.
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Although, more robust experimental studies especially clinical and
non-clinical in vivo animal/human models are required to reveal details
of underlying molecular and cellular mechanisms surrounding the
promising efficacy of the agents for the current and emerging CoV
strains. Secondly, the study of pharmacodynamics, pharmacokinetics
and safety of these candidates are inadequately reported, as such more
scientific effort is required especially on the yet-to-be-approved agents.
Importantly, this review has not proclaimed the approval of any re-
ported candidate for medical application. However, it reveals the
essential therapeutic targets and potent inhibitors amenable for further
translational studies into effective pharmaceuticals for the current and
emerging CoV infections.
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Fig. 15. Therapeutic efficacy of PDL against SARS-CoV-2 in vitro and in vivo. (a) Cytotoxic effect and antiviral activity of PDL in Vero E6 cells by a reduction in
cytopathic effect. (b) Weight loss in SARS-CoV-2-infected hACE2 transgenic mice with(out) PDL treatment. (c) Changes in viral loads from lung tissues indicated by
quantitative RT-PCR at 3dpi and 5dpi. (d) Histopathological analysis of lung tissues in SARS-CoV-2-infected hACE2 transgenic mice with(out) PDL treatment (Bar =
500 pum). (e) Histopathological scores of PDL-treated group and untreated group (control), including the lung samples at 5dpi. The scoring index is based on the
severity of the lung histopathology. (Reproduced from Deng et al. (2020), Licenced under CC BY 4.0.)
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