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Abstract: Severe acute respiratory syndrome coronavirus-2 causes coronavirus disease-19
(COVID-19) that spreads quickly in the world. Considering the impact of this pandemic,
researchers have been racing to understand the peculiar nature of the virus and the pathogen-
esis of the disease to uncover possible drug targets, effective therapeutic agents, and
vaccines. Accordingly, numerous drug targets are identified by scientists. Among them,
structural glycoproteins, virulence factors, host-specific receptors and enzymes, non-
structure proteins, the Janus kinase/signal transducers and activators of transcription (JAK/
STAT) signaling pathway, and pro-inflammatory cytokines are discussed herein. This review
summarizes the promising drug targets for COVID-19, and highlights antiviral strategies
which depend on molecular interactions between viral small molecules and host biologic
machinery for repurposing the available clinical drugs. In addition, it gives a strong rational
basis for the ongoing discovery of new drugs and vaccines.
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Introduction

The coronavirus disease-2019 (COVID-19) pandemic due to the emergence of severe
acute respiratory syndrome coronavirus-2 (SARS-COV-2) sustains to spread swiftly
across the globe. As of July 26, 2020, more than 16.2 million confirmed cases were
reported from 213 countries.' To date, deaths have surpassed 648,866." Currently,
some clinical studies reported the use of a few drugs in severe cases. Of these, the
steroid dexamethasone improves survival in severe cases of COVID-19.% In addition,
another study revealed that compassionate use of remdesivir produced clinical
improvement in 68% of hospitalized patients with severe cases of COVID-19, though
measurement of efficacy requires ongoing randomized, placebo controlled trials. In
the face of all this burden, researchers were looking for the identification of potential
drug targets to SARS-COV-2. Most recent findings give strong attention to proteins
which are involved in viral nucleic acid synthesis and replication, structural proteins
that have a role in viral entry and fusion, virulence factors, host-specific receptors and
enzymes, pro-inflammatory cytokines, and immune response modulating signaling
pathways.*® Therefore, the following sections dwell on the aforementioned targets,
physiological features, structural makeup and some pipeline antiviral drugs.

The Viral RNA Synthesis and Replication

Non-structural proteins (Nsps), functional proteins, participate in viral replication
and infection of the host by inducing transcription and translation of viral RNA.
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These proteins are getting the current and future attention
as drug targets for COVID-19 treatment. Among them,
3-chymotrypsin-like protease (3CLpro), RNA-dependent
RNA polymerase (RdRp), papain-like protease (PLpro),
and helicase are the most considered targets for the dis-
covery of different therapeutic agents due to their clear
vital enzyme active site and biological functions.*

RNA-Dependent RNA Polymerase
(RdRp)

RdRp also known as Nspl2 is a conserved protein in
COVID-19 which is an essential enzyme for RNA tran-
scription and replication of this virus. The RdRp domain
of polymerase is located at the C-terminus, and has
a conserved Ser-Asp-Asp motif.* Enzymatic activity and
binding of Nsp12 to RNA is increased by the Nsp7—Nsp8
complex.”® On the other hand, inhibition of RdRp is one
of the antiviral drug development strategies, and clinical
drugs as well as new compounds are tested for their effect
on it. Drugs like favipiravir, ribavirin, penciclovir, remde-
sivir, galidesivir, itraconazole, novobiocin, chenodeoxy-
cholic acid, cortisone, idarubicin, silybin, pancuronium
bromide, dabigatran etexilate 6’-fluorinated-aristeromycin
analogues, acyclovir, and fleximer analogues exhibited
RdRp inhibition.”
RdRp by these agents could not cause significant side

In principle, selective inhibition of

effects and toxicity on host cells.® In addition, natural
compounds and their derivatives with anti-inflammatory,
anti-tumor, and antivirus effects such as gnidicin and gni-
ditrin from Gnidia lamprantha, and betulonal from
Cassine xylocarpa showed high binding affinity to RdRp
with promising anti-COVID-19 activity, though further
investigations are needed.’

Papain-Like Protease (PLpro)

PLpro exists in all coronaviruses and has been found to be
vital for the release of non-structure proteins 1, 2, and 3 from
the N-terminal part of polyproteins 1a and 1ab.'° In addition,
the PLpro of SARS-COV has been shown to have deubiqui-
tinating and interferon antagonism activities, thus preventing
interferon-regulatory factor 3 (IRF3) activation and blocking
the nuclear factor-j-light-chain-enhancer of activated B cells
(NFjB) pathway.'' This enzyme is considered to be
a potential antiviral drug target. Clinically known protease
inhibitors such as disulfiram, lopinavir, and ritonavir have
been reported to be active against Middle East respiratory
syndrome (MERS) and severe acute respiratory syndrome

coronavirus (SARS-COV).'*!? Despite the lack of clinical
evidence, disulfiram has been revealed to inhibit MERS and
SARS papain-like protease in cell cultures. On the other
hand, clinical trials have been initiated to test ritonavir and
lopinavir in patients infected with COVID-19.'* These drugs
were initially assumed to inhibit SARS and MERS 3-chymo-
trypsin-like protease, and appeared to be associated with
SARS patients' improved clinical outcomes in a non-
randomized open-label trial. Nevertheless, it is debatable
whether these drugs could effectively inhibit COVID-19
papain-like and 3-chymotrypsin-like proteases.'* Besides,
a study reported that 6-thioguanine (6TG) and 6-mercapto-
purine (6MP) inhibit SARS-COV PLpro."?

Helicases

Helicases are universal motor proteins that separate and/or
rearrange duplexes of nucleic acid in reactions driven by
hydrolysis of adenosine triphosphate (ATP).'® Nsp13,
a superfamily 1 helicase, is a multi-functional protein
with an N-terminal metal binding domain (MBD) and
a helicase domain (Hel). The N-terminal forms a Zn bind-
ing domain while the C-terminal forms a helicase domain
with a conserved motif, and participate in unravelling
double-stranded (ds) DNA and RNA of the virus along
the 5'-3' direction in a nucleoside triphosphate-dependent
manner. A study reports that Nsp13 dependent unravelling
is an essential process for the replication, transcription,
and translation of SARS-COV-2."7 Therefore, helicases
are promising anti-COVID-19 drug targets. Different
scientific literature has recently reported various potent
inhibitors of helicases encoded by SARS-COV-2. Some
inhibitors like bananins, 5-hydroxychromone derivative,
ADKs, and SSYA10-001 are under preclinical studies for
the treatment of SARS-COV-2."®

3-Chymotrypsin-Like Protease
(3CLpro)

3CLpro (Nsp5) mediates Nsps maturation, which is vital
for the life cycle of the virus. 3CLpro is first cleaved from
poly-proteins to produce mature enzymes, and then further
cleaves downstream Nsps at 11 sites to release Nsp4—
Nsp16.'” In-depth investigation of the structure and cata-
lytic mechanism of 3CLpro makes 3CLpro an interesting
target for anti-COVID-19 drug development. Peptide inhi-
bitors and small-molecule inhibitors are targeting 3CLpro
of SARS-COV.?® Velpatasvir, ledipasvir, lymecycline,
demeclocycline, doxycycline, oxytetracycline, nicardipine,
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telmisartan, conivaptan, and montelukast exhibited highest
binding affinity to 3CLpro.?° In silico studies revealed that
bepotastine, colistin, epirubicin, valrubicin, icatibant, epo-
prostenol, vapreotide, caspofungin, aprepitant, and perphe-
nazine also bind to the lopinavir/ritonavir-binding site on
SARS-COV.*!

The Viral Structural Proteins

Spike Protein
The genome of beta-coronavirus encodes many structural
proteins, including the glycosylated spike (S) protein which
is a major inducer of host immune responses.>> The spike
protein is a clove-shaped type I-transmembrane protein.
This protein has three segments. These are: the ectodomain
(ED) region, transmembrane region, and intracellular
domain. The intracellular domain comprises the intracellu-
lar short tail part, the receptor binding S1 domain (three S1
heads), and the membrane fusion subunit S2 (trimeric stalk)
on the C-terminal together with the ED.*** Membrane
fusion and virus entry activation require the cleavage at
the junction of S1-S2. Hence, due to its vital role in the
interaction between the virus and the cell receptor, spike
protein is an important potential target for antiviral agents.*’
Consequently, monoclonal antibodies targeting the S1
subunit and fusion inhibitors targeting the S2 subunit may
be effective therapeutic agents to treat COVID-19 infections.
A serine endoprotease, furin, cleaves off S1-S2 and, thus,
could be a suitable anti-COVID-19 agent.*® A red-alga-
derived lectin, griffithsin, binds to SARS-COV spike glyco-
protein and HIV glycoprotein 120.%7 As a result, griffithsin
has been tested for HIV prevention in Phase I studies as a gel
or an enema and produced promising effect. However, the
delivery systems and potency of S inhibitors in general
should be re-evaluated for the prevention or treatment of
COVID-19.%" In addition, nafamostat which is under clinical
investigation for COVID-19 treatment inhibits spike-
mediated membrane fusion of the virus. Moreover, Yang
et al revealed that, in a mouse model, a DNA vaccine encod-
ing the full-length S protein SARS-COV urbani strain could
induce both the responses of protective immunity and pro-
duction of neutralizing antibody by the T cells.”®

Envelope, Nucleocapsid, and Membrane
Proteins

The E (envelope) protein is the smallest transmembrane
structural protein of coronaviruses.”’ Two different domains
constitute the E protein: the charged cytoplasmic tail and the

hydrophobic domain. The E protein possesses vital biologi-
cal functions for the structural integrity coronaviruses and
host virulence.’® The other structural protein, nucleocapsid
(N) protein, is conserved across different members of the
coronavirus families.>' The most important function of the
N protein N-terminal domain (NTD) is binding of RNA,
while the primary function of the C-terminal domain
(CTD) is dimerization.>'**> On the other hand, the main
function of the membrane (M) protein is maintenance of
the shape of the viral envelope. It performs this activity by
interacting with other coronavirus proteins, incorporating
Golgi complex into new virions, and stabilizing of
N protein.*

Therefore, E, N, and M proteins can be considered as
targets for the development of anti-COVID-19 drugs. Many
antiviral, anti-bacterial, anti-asthmatic, anti-inflammatory.
and anti-tumor drugs were found to have comparatively
good affinity to these targets, thereby inhibiting the viral
replication in the host cells. Moreover, small interfering
RNAs (siRNAs) showed strong binding affinity for
220-241 and 460-480 regions of M protein mRNA.’

The Host-Specific Receptor or

Enzymes

Based on the result of many findings, the host ACE2 has
been evidenced to be the specific receptor for the spike
RNA binding domain (RBD) of SARS-COV.** A recent
study shows that the host receptor of SARS-COV-2 is
similar to SARS-COV. In addition, the spike RBD
sequence of SARS-COV-2 is also found to be nearly
identical to SARS-COV RBD. Moreover, an interaction
between the key amino acid residue of RBD receptor-
binding motif and ACE2 is an important process for anti-
COVID-19 drug development.** According to the present
research progress, ACE2 is considered as a host target for
the discovery of COVID-19 therapy. Clinical drugs such
as troglitazone, losartan, ergotamine, cefmenoxime, and
silybin were found to bind with ACE2 receptor with low
energy.’

On the other hand, the enzyme transmembrane pro-
tease, serine 2 (TMPRSS2), triggers the infection of
SARS-COV and MERS-COV by cutting the viral spike
protein.®® Inhibiting the enzymatic activity of TMPRSS2
can prevent some coronaviruses from entering into host
cells. To this effect, pivampicillin, hetacillin, cefopera-

zone, clindamycin, kouitchenside I, phyllaemblicin G7,
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and neoandrographolide are predicted to be potential inhi-
bitors of TMPRSS2.*°

The Viral Virulence Factors

A study showed that coronaviruses have three virulence
factors which are Nspl, Nsp3c, and ORF7a that interfere
with the host’s innate immunity and assist virus immune
escape.”’ Nspl interacts with the host 40S ribosomal sub-
unit that triggers mainly host mRNA degradation and also
inhibits production of type-I interferon.>’” On the other
hand, Nsp3c has the ability to bind with the host’s adeno-
sine diphosphate (ADP)-ribose to help coronaviruses to
resist host innate immunity.*® ORF7a directly binds to
bone marrow matrix antigen 2 (BST-2) and inhibits its
activity by blocking the glycosylation of BST-2.° BST-2
is responsible for inhibition of the release of newly-
assembled coronaviruses from host cells. These evidences
suggest that Nspl, Nsp3c, and ORF7a may be potential
targets for anti-COVID-19 drug development.*® Studies
showed that many of the clinical drugs and natural pro-
ducts with anti-bacterial and anti-inflammatory effects,
such as piperacillin, cefpiramide, streptomycin, lymecy-
cline, and tetracycline, exhibited relatively high binding
affinity to these three target proteins.*!

Pro-Inflammatory Cytokines

Cytokines are glycoproteins that play as chemical signals
in the immune response to pathogen. Our immune cells
produce so many cytokines in the body. Out of these, the
pro-inflammatory cytokines have deleterious impact when
they are released in response to viruses like SARS-COV-2.
SARS-COV-2 infects the lower and upper respiratory tract
and causes mild or highly acute respiratory syndrome with
subsequent release of pro-inflammatory cytokines like
interleukin (IL)-1p and IL-6.*" Its binding to the Toll-like
receptor (TLR) in the lung commonly causes the release of
pro-IL-1B which is cleaved by caspase-1, followed by
inflammasome activation and production of active mature
IL-1p that is a mediator of lung inflammation, fever, and
fibrosis.**

Pro-inflammatory IL-1 family members and IL-6 sup-
pression are expected to produce a therapeutic effect in
COVID-19. This could be achieved by non-inflammatory
cytokines such as IL-37 and IL-38. IL-37 has the capability
to inhibit inflammation by binding to IL-18Ra receptor, and
suppress molecules of class 11 histocompatibility complex,
IL-1B, IL-6, and tumor necrotic factor.**** IL-37 sup-
presses IL-1f in an inflammatory state induced by

COVID-19 to produce a novel therapeutic effect.
Similarly, the newest cytokine of the IL-1 family members,
IL-38, is also a suppressor cytokine which interferes with
IL-1B and other pro-inflammatory IL-family members.
Moreover, it inhibits inflammation in viral infections
including that caused by COVID-19, to be considered as
a potential therapeutic cytokine.*’

Furthermore, the Janus kinase/signal transducers and
activators of transcription (JAK/STAT) pathway is a key
signaling mechanism for many types of cytokines, and
essential to cellular response to exogenous signals in the
immune system. JAK inhibitors exhibited a significant role
in inhibiting and blocking cytokine release.*® Potent and
selective JAK—STAT signaling inhibitors baricitinib, fedra-
tinib, and ruxolitinib are reported to be effective against the
impacts of the higher levels of cytokines (including inter-
feron-y) particularly observed in patients with COVID-19.*
Besides, inositol-requiring transmembrane kinase/endoribo-
nuclease la and tylophorine-based compounds showed anti-
COVID-19 activities in different studies.****

Conclusion and Perspectives

In the near future, vaccines, therapeutic antibodies, cyto-
kines, and nucleic acid-based therapies targeting viral
RNA-
dependent RNA polymerase (RdRp), 3-chymotrypsin-like
protease, helicases, IL-1, IL-6, and JAK/STAT signaling
pathways should be developed to prevent and treat

structural glycoproteins, papain-like protease,

COVID-19. Despite the current development and various
recently reported drug repositioning studies, there is no as
such potent and selective approved drug for COVID-19
treatment. Therefore, more investigations are clearly need
to be done soon enough to get rid of the catastrophic
impacts of COVID-19. Indeed, ongoing in silico and pre-
clinical investigations on different compounds are being
carried out by research companies. But, still rapid clinical
trials on these compounds and further investigations of
novel compounds are needed unequivocally. Finally, vac-
cine development by considering the above mentioned
targets is an indispensable task.

Abbreviations
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