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Abstract

The coronavirus disease 2019 (COVID-19) pandemic has affected a large por-
tion of the global population, both physically and mentally. Current evidence
suggests that the rapidly evolving coronavirus subvariants risk rendering vac-
cines and antibodies ineffective due to their potential to evade existing immunity,
with enhanced transmission activity and higher reinfection rates that could
lead to new outbreaks across the globe. The goal of viral management is to
disrupt the viral life cycle as well as to relieve severe symptoms such as lung
damage, cytokine storm, and organ failure. In the fight against viruses, the
combination of viral genome sequencing, elucidation of the structure of viral
proteins, and identifying proteins that are highly conserved across multiple coro-
naviruses has revealed many potential molecular targets. In addition, the time-
and cost-effective repurposing of preexisting antiviral drugs or approved/clinical
drugs for these targets offers considerable clinical advantages for COVID-19
patients. This review provides a comprehensive overview of various identi-
fied pathogenic targets and pathways as well as corresponding repurposed
approved/clinical drugs and their potential against COVID-19. These findings
provide new insight into the discovery of novel therapeutic strategies that
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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) caused an outbreak that started around December
2019 and quickly spread.! The outbreak caused a global
threat to human physical and mental health worldwide.”
According to Centers for Disease Control and Preven-
tion, the effects of coronavirus disease 2019 (COVID-
19) may be long lasting.>* The pandemic nature and
continuous evolution of the virus produced additional,
novel immunity-dodging coronavirus variants of concern,
including B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma),
B.1.617.2 (Delta), B.1.1.529 (Omicron), BA.4, and BA.5, with
stronger transmission ability and more immune evad-
ing potential, leading to reinfections and breakthrough
infections across the globe (COVID-19 Dashboard). The
COVID-19 disease is characterized by pneumonia that pro-
gresses to dyspnea, acute respiratory distress syndrome
(ARDS), and multiple organ dysfunction syndrome.>®
According to the World Health Organization Dashboard,
SARS-CoV-2 has caused more than 6 million deaths up
to now, with confirmed cases over 600 million.” More-
over, some experts now expect it to become endemic,
similar to the common cold and the seasonal flu that
appear year after year (NBC news, Europe Newsletter).
Although the advent of vaccines and antibodies abated the
global burden, they showed variable effectiveness against
the new variants of SARS-CoV-2 due to the structural
proteins of coronaviruses (i.e., Spike protein) undergoing
rapid mutations due to high selective pressure. In addi-
tion, the fact that certain immunosuppressed individuals
are unable to mount responses even after two vaccine
doses suggests a need for other options to protect against
SARS-CoV-2 variants.?° Therefore, efforts have been made
to search for and identify proteins that are highly con-
served across multiple coronaviruses that could serve as
potential therapeutic targets for COVID-19 treatment.'” In
addition to viral potential targets of coronaviruses, such
as the replication-related enzymes RNA-dependent RNA
polymerase (RdRp), protease Mpro/3Cpro, and PLpro,"
there are many other attractive targets that play roles in
the virus-host response. One example is the protein kinase
AXL, which acts as a virus-host cell receptor.'>"® Cur-
rently, researchers are attempting to identify treatments
that suppress the transmission of SARSCoV2 or amelio-

could be applied to the control of disease symptoms emanating from evolving
SARS-CoV-2 variants.

combination therapy, drug resistance, pathogenic targets, repurposing therapies, SARS-CoV-2

rate the symptoms of COVID19, and this trend warrants the
development and repurposing of approved agents block-
ing crucial targets integral to viral infection and host
response.

The cost-effective repurposed approaches have been
investigated against key host cell targets of SARS-CoV-2
for potential to contain the spread of existing SARS-CoV-2
variants as well as to counter future variants.'* An effi-
cient and economical approach is to identify new therapies
for diseases, particularly in those cases where there is an
urgent need for new therapeutics and preclinical safety
studies have already been conducted. The advent of com-
putational approaches and genetic programming has led to
the development of novel strategies for drug repurposing,
which offer a convenient alternative in the advent of an
unexpected medical crisis, such as the outbreak of COVID-
19.15 Several oral antiviral drugs for COVID-19 have been
successfully repurposed and on the market with promis-
ing therapeutic effects. Paxlovid is a SARS-CoV-2 protease
inhibitor antiviral therapy developed by Pfizer Inc., which
reduced the risk of hospitalization or death by 89%.'°
Paxlovid is comprised of nirmatrelvir and ritonavir. Nirma-
trelvir prevents the virus from growing and spreading, and
ritonavir prevents nirmatrelvir from being metabolized
in the body long enough to exert its effects. Molnupi-
ravir, developed by Ridgeback Biotherapeutics and Merck
Sharp & Dohme (MSD), is an antiviral medication used to
treat COVID-19. Molnupiravir was investigated in a clin-
ical trial and reduced the risk of hospitalization or death
at-risk with COVID-19 (NCT04575597). Azvudine is a small
molecule oral drug developed by Real Biotechnology Co.,
Ltd that selectively inhibits the activity of SARS-CoV-2
RdRp, and therefore inhibits virus replication.!” The clin-
ical trial (NCT05033145) showed that azvudine treatment
accelerates the elimination of virus and reduces mortal-
ity. VVI116 is another new oral nucleoside antiviral drug,
developed by Junshi Bio-Pharmaceutical Technology Co.,
Ltd that was demonstrated in three clinical trials to lead
to shorter recovery time for patients as compared with
Paxlovid (4 days vs. 5 days) (NCT05227768, NCT05201690,
NCT05221138)."® Findings reported with these agents sug-
gest that drug repurposing is an effective way to treat
disease outbreaks such as COVID-19.

This review will include some of our recent, published
studies and will include four parts: (1) Summary and
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characterization of numerous potential pathogenic targets
associated with viral life cycle and symptoms of infection;
(2) summary of repurposed, approved/clinical drugs for
pathogenic targets that have been vetted for safety and that
are more accessible for COVID-19 treatment, including
mechanism-of-action; (3) summary of repurposed drugs
that are approved or in clinical trials for COVID-19; and
(4) discussion and future prospects, aiming to provide valu-
able insights into the discovery and development of novel
medicines as well as effective therapeutics for combating
COVID-19.

2 | POTENTIAL PATHOGENIC
TARGETS OF SARS-CoV-2 FOR
ANTIVIRAL THERAPEUTICS

In order to develop potential antiviral medicines to con-
strain this global pandemic, researchers are working to
understand the underlying pathology of COVID-19 and
identify the druggable molecular targets for total con-
tainment of the disease.'”!® Some targets are proteins
or pathways that are highly conserved among multi-
ple viruses, such as Ebola virus, MERS-CoV, and more
recently, coronaviruses."* There are two main cate-
gories of potential therapeutic targets that are involved in
SARS-CoV-2 infection and symptoms: (1) the viral targets
associated with SARS-CoV-2, (2) the host targets (host pro-
tein kinases, pathways, and immunoregulators) essential
for viral life or virus-host cell response'*?9-2* (Figure 1 and
Table 1).

2.1 | Potential therapeutic viral targets
associated with SARS-CoV-2

With a large RNA genome (30 kb), SARS-CoV-2 encodes
many proteins (~30) during the whole viral life cycle.
There are the structural proteins, nonstructural proteins
(nsps), and accessory proteins, which interact with numer-
ous host cellular factors to conduct essential physiological
roles.>” There are numerous potential molecular targets
that are essential to virus’ four stages life cycle, includ-
ing entry, replication, assembly, and release, and each
has been investigated for development of repurposed
or novel drug discovery. There are the structural viral
Spike (S1) protein, which plays a critical role in the ini-
tial steps of pathogenesis, the viral entry receptors, such
as the human angiotensin-converting enzyme 2 (ACE-
2) receptor, tyrosine-protein kinase receptor UFO (AXL)
kinase, and host cell receptor CD147, which mediate viral
infection by binding to the Spike (S) protein, the serine
protease Transmembrane Serine Protease 2 (TMPRSS2),

Furin and Cathepsin L (CatL), for Spike protein priming
and facilitating the fusion of the viral and host mem-
branes. Ongoing efforts to identify nonstructural proteins
as antiviral targets for SARS-CoV-2 to date have focused
mainly on several NSP proteins previously identified from
SARS-CoV and MERS-CoV studies: NSP12 RdRp, which
enables viral genome replication, NSP5 main protease,*°
3-chymotrypsin-like protease (3CLpro), and NSP3 papain-
like protease (PLpro).”" Several proteins, including Mpro,
3CLpro, and PLpro, are essential for the viral infection
cycle and replication. In addition, the envelope protein
can form cation channels, inducing host cell death in
vitro and a cytokine storm in vivo’! (Figure 1). More-
over, some effective therapeutic, United States Food and
Drug Administration (US FDA)-approved agents with a
well-established safety profile have been identified to
combat this viral disease with activity against key pro-
teins. For COVID-19 patients, there have been demon-
strated, although variable, degrees of success with drugs
including chloroquine (CQ)/hydroxychloroquine (HCQ),
lopinavir/ritonavir, remdesivir, azvudine, favipiravir, mol-
nupiravir, and azithromycin (Figure 1 and Table 1).

211 | Spike glycoprotein
Spike glycoprotein is the largest structural protein pro-
truding from the surface of mature SARS-CoV-2 viri-
ons. It plays essential roles during the initial steps of
pathogenesis, through mediating receptor recognition, cell
attachment and fusion during viral infection, and these
events ultimately lead to the virus entering the host cell.
Some studies revealed the evolution between SARS-CoV-
2 and SARS-CoV with similarity in both structure and
sequence; SARS-CoV polyclonal antibodies are able to
inhibit SARS-CoV-2 Spike-mediated entry into cells.>*
This suggests potential for repurposing existing antibod-
ies or drugs for urgent treatment of COVID-19. Moreover,
previously reported receptors of SARS-CoV have also been
confirmed to play a crucial role in SARS-CoV-2 entry,
including ACE-2, AXL, and the immunoglobulin super-
family member CD147 (Figure 1).>*2°?7 To our knowl-
edge, the Spike protein is cleaved into S1 and S2 subunits
by proprotein convertases such as TMPRSS2, Furin, and
CatL/CatB/L, during infectivity. The S1 subunit binds the
host receptor and the S2 subunit anchors the S protein
to the membrane and mediates membrane fusion with
fusion peptide and other machinery necessary for a new
infection.”®

The surface location of the Spike glycoprotein renders it
a direct target for host immune responses, making it the
focus of many vaccine strategies as well as the main target
of neutralizing antibodies. However, this protein is under
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FIGURE 1 Potential pathogenic targets that are essential to SARS-CoV-2 viral life cycle and virus-host cell response. Two main
categories of potential therapeutic targets that are involved: (1) direct viral targets and (2) host cell protein kinases, signaling pathway, and
immunoregulators targets. The life cycle of coronaviruses begins when the virion binds to the host cell receptor (angiotensin-converting
enzyme 2 (ACE2), the cell surface serine protease TMPRSS2, and tyrosine-protein kinase receptor UFO (AXL) kinase and host cell receptor
CD147) via its Spike protein S, which promotes viral uptake and fusion at the cellular or endosomal membrane. The serine protease,
Transmembrane Serine Protease 2 (TMPRSS2), is critical for Spike protein priming and facilitating the fusion of the viral and host
membranes. Nonstructural proteins as antiviral targets for SARS-CoV-2: NSP12 (RdRp), which enables viral genome replication, NSP5 main
protease (MPro) or 3-chymotrypsin-like protease (3CLpro), and NSP3 papain-like protease (PLpro), which are essential for the viral infection
cycle and replication. The cellular kinase proteins and pathways in particular appear to be essential for the life cycle of the virus. Kinases,
such as Abelson tyrosine kinase (ABL), the SRC family of kinases (SFKs), AXL kinase, the Numb-associated kinase (NAK), the tyrosine
kinase receptor epidermal growth factor receptor (EGFR), PI3K/Akt/mTOR pathway signaling mediators, cyclin-dependent kinases (CDKs),
casein kinase 2 (CK2), p38 MAPK, JAK-STAT, and GSK-3, are involved in transmission, pneumonia-like symptoms, inflammation and
fibrosis associated with SARS-CoV-2 infection. Targeting these factors are currently a significant effort on the part of numerous
pharmaceutical companies. The complex immunopathological manifestations of COVID-19 are associated with many signaling pathways,
including JAK/STAT signaling, NF-xB, MAPK pathways, which lead to an overwhelming release of inflammatory mediators, such as tumor
necrosis factor (TNF)-a, interferon (IFN)-y, GM-CSF, interleukin (IL)-16, IL-6, IL-12/23, IL-17A, thymosin and immunoglobulin (Ig). This
potentially causes a life-threatening cytokine storm associated with extensive lung injury in SARS-CoV-2-infected patients.
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strong selection pressure and is at high risk for undergoing
mutagenesis, including mutations in the receptor bind-
ing domain (RBD) and mutations and deletions within
the N-terminal domain (NTD).?° Vaccines and neutraliza-
tion antibodies specific for the Spike glycoprotein may be
less effective for new subvariants evolving rapidly. This
raises the risk for reinfection of these transmissible and
immunity-dodging subvariants, even in people who have
already been infected or those who have recently been
vaccinated. Several studies have reported that a single
application of anti-RBD antibodies may lead to a rise
in generation of drug-resistant mutations in the virus.
Researchers isolated and identified a monoclonal anti-
body (4A8 mAb) in 10 COVID-19 patients in remission.
This monoclonal antibody was able to efficiently neu-
tralize the COVID-19 by targeting the NTD (and not the
RBD motif, which could also generate a powerful neu-
tralizing effect). This result suggests that mutations in the
NTD are potential therapeutic targets for monoclonal anti-
body therapeutics against COVID-19.*° In addition, if the
two separate targeting antibodies against NTD and RBD,
respectively, are combined, this approach could potentially
override drug resistance to virus characterized by evolu-
tion of novel mutations; thus this is a potential direction for
combination therapy.*! There remains an urgent need to
develop novel therapeutic interventions targeting parts of
the virus that are not as likely to evolve, such as the interac-
tion between the Spike protein and its receptor rather than
the Spike protein itself.

212 |
CD147

Viral entry receptors: ACE-2, AXL, and

Spike proteins initiate cell entry by connecting viruses to
cell membrane receptors, prior to catalyzing virus-host
cell membrane fusions. ACE2 was the first receptor found
for SARS-CoV-2 that was used to gain entry into the host
cells. It has been previously shown that SARS-CoV recog-
nizes the entry receptor hACE2, and structural studies and
biochemical experiments have also confirmed the bind-
ing of SARS-CoV2 Spike protein to human ACE2 as the
host receptor.>>>?% The nanoluciferase-based assay and in
vitro binding measurements revealed that the Spike pro-
tein of the virus has a strong binding affinity to ACE-2
receptors in the low nanomolar range, and the structural
studies have shown that the Spike glycoprotein interacts
with host cell epithelial ACE-2 receptors with the RBD
in the SI subunit.’® Using structural analysis, they also
identified the essential residues for ACE2 binding in the
Spike RBD domain, suggesting a convergent evolution for
improved binding to ACE2 from SARS-CoV to SARS-CoV-
2 RBDs.?*!%% Another study revealed that ACE2 expression

was elevated in elderly individuals with impaired DNA
repair capacity, suggesting age-associated differences in
SARS-CoV-2 infection and a novel approach for antiviral
intervention.*” All findings suggest that ACE2 is a poten-
tially useful target for developing selective and effective
drugs against COVID-19.

Considering the low expression of ACE2 in the human
respiratory tract and high infectivity of COVID-19,*-43
many Spike protein neutralizing human antibodies do
not bind the RBD.*** Two additional receptors were
discovered: AXL and CD147 (Figure 1). Previous studies
showed that pharmacological inhibition or genetic deple-
tion of AXL is important for dengue viruses’ infection.®’
Moreover, AXL is highly expressed in human pulmonary
and bronchial systems and was identified in a com-
plex with SARS-CoV-2 Spike protein via tandem affinity
purification-mass spectrometry assay. Using both pseu-
dotype and authentic virus of SARS-CoV-2, researchers
confirmed that knocking out AXL or using soluble human
recombinant AXL blocks SARS-CoV-2 infection in differ-
ent cell models.”® Unlike the binding of ACE2 to the RBD,
AXL likely binds the NTD of the Spike protein, which is
consistent with effective neutralizing human antibodies
that bind to the NTD rather than the RBD of S protein.*
These findings demonstrate an indispensable role for AXL
in facilitating SARS-CoV-2 infection, suggesting combina-
tion treatments comprised of ACE2 and AXL inhibitors
may be potentially efficacious therapeutic solutions for
COVID-19. Also supportive of a link between AXL and
SARS-CoV-2 is an observed upregulation in AXL expres-
sion following SARS-CoV-2 infection in a non-small cell
lung cancer patient.”

CD147 is a transmembrane glycoprotein that has previ-
ously been reported to play a functional role in facilitating
SARS-CoV infection; it was confirmed to mediate SARS-
CoV-2 entry by endocytosis and both loss and blocking of
CD147 inhibited SARS-CoV-2 entry and amplification in
different models.””*> Moreover, CD147 antibodies specif-
ically inhibited infection and cytokine storm in different
subvariants of COVID-19, suggesting it could be a potential
target for severe COVID-19-related pathogenesis.

2.1.3 | Proteases for Spike protein priming:
TMPRSS2, Furin, and CatL/CatB/L

After the Spike glycoprotein initiates infection via bind-
ing to host receptors on cell surface, the latter mem-
brane fusion requires proteolytic cleavages at two different
sites (S1 and S2) by host cell proteases of S protein to
develop a conformational flexibility; these activities reveal
potential drug targets.”® There are several proteases iden-
tified, including TMPRSS2, Furin, and Cathepsin B and L
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(CatB/L), which play essential roles in S protein priming.>’
TMPRSS2 is a type-II transmembrane serine proteases,
which cleaves the viral Spike protein at the S2 site to
expose the fusion peptide for cell entry, and thus has an
essential role in the virus lifecycle.”® SARS-CoV employs
the serine protease TMPRSS2 for S protein priming, and
inhibition of serine proteases robustly block viral entry.
Moreover, TMPRSS2 is also reported to be closely linked
to the host cell receptor, ACE2, and forms a complex
with it to enhance the SARS-CoV virus entry; this corre-
lates with proteolysis of S protein.”” A role of TMPRSS2
was recently identified in priming and mediating prote-
olytic maturation of the SARS-CoV-2 Spike protein for cell
entry.”’ An antisense-mediated knockdown of TMPRSS2
led to robust inhibition of SARS-CoV-2 S protein activation
in Calu-3 human airway epithelial cells, demonstrating
that TMPRSS2 is essential for S protein priming.’® The
protease inhibitors, camostat mesylate and E-64d, block
SARS-CoV-2 infection of lung cells, and the effect is able
to be rescued by directed expression of TMPRSS2.%> A Pep-
tidomimetics that specifically inhibits TMPRSS2 activity
demonstrated a potentially high level of prophylactic and
therapeutic benefit against different subvariants (Alpha,
Beta, Gamma, and Delta) of concern.”® Another study
showed that in the airways of TMPRSS2-knockout mice,
Omicron infection efficiency is significantly reduced.®”
This suggests TMPRSS2 is critically important for Omicron
variant infection in murine airways. All of these findings
support TMPRSS2 as an attractive pharmacological target
for impeding entry of SARS-CoV-2 into host cells.
Furin-like proteases are classified as a type I transmem-
brane protein and proprotein convertase that cleaves the
precursors of a broad range of proteins, including cell
surface receptors.®* Unlike SARS-CoV and other coron-
aviruses, the Spike protein of SARS-CoV-2 is thought to
be uniquely cleaved by this protease at a polybasic inser-
tion. Recent studies have shown that Furin cleaves the
S protein at the S1/S2 site in the Golgi apparatus and
TMPRSS?2 at the S2’ site on the cell surface.3% Moreover,
SARS-CoV-2 infection was strongly inhibited by the Furin
inhibitor, MI-1851, in human airway epithelial cells. A
combination TMPRSS2 inhibitors with inhibitors of Furin
exhibited more potent activity against SARS-CoV-2 than
any monotherapy,”>® suggesting therapeutic potential of
Furin for treatment of COVID-19. In addition, Furin is con-
sidered to be an important mediator of T cells, including
regulatory T cell (Treg) and T helper type 1 cells, through
restricting TGFB-1 and interferon-y (IFN-y) signaling.®’-%
Therefore, inhibition of Furin may potentially suppress
virus infection by twofold, via restraining viral entry and
enhancing the immune response for viral clearance.*
The pH-sensitive endosomal cysteine proteases CatB/L
mediate the cleavage of an additional site internal to the

S2 subunit of SARS-CoV-2 in the endosomal compartment,
termed the “S2’ site,” which associates with ACE2. Mem-
brane formation is then initiated by further release of the
fusion peptide through ACE2-mediated endocytosis.?*°!
CatB/L is involved in S protein activation and is present
at the cell surface. Mediated S protein activation occurs
at the plasma membrane, and CatB/L performs the cleav-
age and mediated activation occurs in the endolysosome.?®
Recent studies have shown that the level of Cathepsin L
was found to be elevated post-SARS-CoV-2 infection in
human cells and positively correlated with disease severity
in ACE2 transgenic mice in vivo. Correspondingly, overex-
pression of Cathepsin L enhanced pseudovirus infection
in human cells, and knockdown in vitro and application
of Cathepsin L inhibitor drugs prevented infection both
in vitro and in vivo.%? Previously, CatL-selective inhibitors
were reported to block coronavirus entry into host cells in
vitro and in vivo for SARS-CoV,”’ and more recently were
demonstrated to do so for SARS-CoV-2. Moreover, a com-
bination of serine protease with CatL-targeted inhibitors
showed more potential therapy activity and safety than
other available therapeutics in blocking coronavirus-host
cell entry and replication, without disrupt the immune
functions.®® These results suggest that Cathepsin L is a
promising target for anti-COVID-19 drug development.

214 | RdRp

SARS-CoV-2 belongs to the class of positive-sense RNA
viruses. Its genome (30 kb) encodes two type proteins: (1)
the structural, Spike (S), Nucleocapsid (N), Envelope (E),
and Matrix (M) and (2) the nonstructural proteins (nspl up
to nspl6), including RdRp (NSP12).*> RdRp is integral for
preserving viral life, and it enables viral genome replica-
tion and transcription with cofactors nsp7 and nsp8.3%3*
RdRp enzymes are reported to be highly conserved in
positive-sense viruses,>*° and X-ray crystallography and
structural characterization of SARS-CoV-2 RdRp reveal
that the active site of the RdRp is the most conserved
and accessible region.*>*> These results suggest that tar-
geting this region for inhibition of viral replication may
be an effective therapeutic approach, and also provide
evidence for novel antiviral drug design and drug repur-
posing strategies.’”*® In accordance with these findings,
researchers found that pharmacological blockade of the
activity of RdRp with compounds repurposed from US
FDA-approved databases robustly impaired the replica-
tion of different subvariants of SARS-CoV-2.°”197 Further
investigations are ongoing for preclinical and clinical stud-
ies to explore the potentials and effectiveness of these drugs
and in the interest of developing safer and more potent
therapeutics for treating COVID-19.*°
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2.1.5 | The viral proteases: Mpro/3CLpro and
PLpro

The replicase gene is a major component of the SARS-
CoV genome that encodes two large PPs (PPla and PPlab),
which are cleaved into 16 NSPs. There are two types of
cysteine proteases that act on these PPs to release the
NSPs. The C-terminal of these PPs (PPla) is cleaved by
Mpro or 3CLpro (corresponding to NSP5), and the N-
terminal of these PPs (PPlab) is processed by PLpro (a
domain within NSP3) into functional units.’® The nsps
produced by Mpro/3CLpro includes NSP3, NSP9 and more
importantly, the RdRp.*” These nsps are crucial for the
replication and transcription of virus. In addition, com-
pared with Spike protein, they are unlikely to develop
drug-resistant mutations rapidly and therefore are promis-
ing targets for antiviral drug development. Mpro is a
critical drug target due to its importance in aiding the pro-
duction of these proteins and establishment of the virus.*
With the aid of high-resolution crystal structures, eluci-
dation of active sites/pocket and substrate preferences, as
well as high sequence similarity of both SARS-CoV and
SARS-CoV-2 3CLpro,*** a panel of novel inhibitors devel-
oped against SARS-CoV 3CLpro have been screened; this
highlights the potential impact of crystallography-guided
fragment-based drug discovery and computer-aided vir-
tual screening for drug repurposing.*’1%

Another potentially targetable SARS-CoV-2 protease is
PLpro, which show high sequence homology (~90%) to
SARS-CoV PLpro.”® PLpro recognizes the tetrapeptide
LXGG motif between viral proteins nspl/2, nsp2/3, and
nsp3/4, thus leading to release of viral nspl, nsp2, and
nsp3 proteins; PLpro plays an essential role in cleavage
and maturation of viral polyproteins, assembly of the
replicase-transcriptase complex, and disruption of host
responses.’’ In addition, in vitro studies revealed the
deubiquitinating activity of SARS-CoV PLpro, efficiently
disassembling mono-polyubiquitin, di-polyubiquitin, and
branched-polyubiquitin chains, and acting to remove ubig-
uitin (Ub) and Ub-like (Ubl) protein IFN-induced gene
15 (ISG15) from cellular proteins. SARS-CoV-2 PLpro
was demonstrated to harbor deISGylating activity simi-
lar to SARS-CoV PLpro,”>>* and contributes to cleavage
of ISG15 from host proteins IFN responsive factor 3
(IRF3) and attenuates type I IFN responses to mediate
evasion from host antiviral immune responses.” With
the high-resolution structure of PLpro and active site
Cysl11 reported, as well as high sequence similarity with
SARS-CoV, designed and repurposed candidate drugs were
found to inhibit the peptidase activity of PLpro and block
SARS-CoV-2 replication, providing fundamental molecu-
lar and mechanistic insight into PLpro.’>>* Moreover, the
sequence, structure, and functional conservation of PLpro

suggests that therapeutics targeting SARS-CoV-2 PLpro
by drug repurposing of previously reported coronavirus
inhibitors may be effective against COVID-19.>*1%%-200

Other pathogenic targets involved in the SARS-CoV-
2 life cycle include the envelope protein, the NSP9 RNA
binding protein (NSP9), and the Replicase Polyprotein la
(RPl1a), which lead to viral proliferation in host cells.”
Envelope protein 2-E is the smallest of the virus’s four
structural proteins. This class of protein has been found
to have ion channel function in studies of other envelope
proteins.”” In a recent report, researchers discovered that
2-E can form cation channels that induce host cell death
in vitro and a cytokine storm in vivo after infecting mice.”
Through activity screening and structure optimization, the
newly developed 2-E inhibitor is able to prevent and inhibit
COVID-19 infection in animal models. It was suggested
that the envelope protein 2-E could be considered as a
potential COVID-19 therapy target.”

2.2 | Potential therapeutic host targets
essential for viral life or virus-host cell
response

Drugs that have been approved for COVID-19 therapy are
currently being developed based on antiviral targets that
are necessary for different stages of the viral infection
cycle.’2°6197:39 However, direct viral targets continuously
evolve due to changes in the genome, and thus novel
therapies that were effective against early strains can lose
their effectiveness against emerging variants. Repurposed
drugs targeting proteins in the host cell that can interrupt
virus-host cell interaction and that are necessary for viral
propagation represent an alternative strategy that is poten-
tially able to override antiviral drug resistance. Viruses,
as cellular parasites, depend on host cell factors for com-
pletion of the viral life cycle; these factors are frequently
shared by different viruses and thus mediate a broad range
of effects. Since host factors are evolutionary conserved,
targeting host cell proteins as an antiviral strategy would

offer a higher genetic barrier to the emergence of viral
resistance, 12-14,20,88,191,201

2.21 | Host protein kinases and pathways

All stages of the viral life cycle consume host resources,
and cellular kinases in particular appear to be essen-
tial for the life cycle of the virus. Kinases are involved
in transmission, pneumonia-like symptoms, inflamma-
tion and fibrosis in coronavirus infection, and target-
ing them are now a significant effort of numerous
pharmaceutical companies.’’ Examples of potentially
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important antiviral kinase targets include Abelson tyro-
sine kinase (ABL), the SRC family of kinases (SFKs),
AXL kinase, the Numb-associated kinase (NAK), the tyro-
sine kinase receptor epidermal growth factor receptor
(EGFR), PI3K/Akt/mTOR pathway signaling mediators,
cyclin-dependent kinases (CDKs), Casein kinase 2 (CK2),
p38 MAPK, Janus kinase (JAK)-signal transducers and
activators of transcription (STAT), and glycogen synthase
kinase-3 (GSK)-3.5%83-84.93-94.112129-130.133 Many promising
US FDA-approved kinase inhibitors may be beneficial in
treating the moderate and severe symptoms of COVID-19
and can also be used to improve the efficacy of other antivi-
ral drugs or to tailor therapy against SARS-CoV-2. Some are
now being tested in clinical studies to see if they can be a
viable treatment to overcome respiratory distress or com-
plications in COVID-19 patients.'!7.7413L177-178,182,188,202
Our colleagues previously have predicted and discussed
many as potential targets associated with the coronavirus
virus infection and symptoms of COVID-19 and prioritized
a panel of repurposed kinase inhibitors as candidates for
therapy.!”'* Here, we provide a brief introduction to this
effort as well as a summary of progress made in this area.

ABL

ABL is a nonreceptor tyrosine kinase that is involved in cell
proliferation, survival, migration and stress responses.”’®
This kinase is conserved in variety of viruses, such as
Ebola virus, Coxsackie virus, and vaccinia virus, and it has
been implicated in several stages of the viral life cycle.””””
Studies have demonstrated that ABL kinase is involved
in cell entry and replication of the SARS-CoV-1 virus and
was recently identified as a therapeutic target for com-
bating SARS-CoV-2 infection. Moreover, a case reported
that with dasatinib (BMS-354825) (Src/ABL tyrosine kinase
inhibitor) treatment, a chronic myeloid leukemia (CML)
patient went into remission after experiencing severe
SARS-CoV-2 infection and symptoms; this suggests that
ABL kinase may play a critical role in viral egress and is
a potentially attractive target for coronavirus replication.*
Researchers identified inhibitors by screening approved or
clinical drugs as potential antiviral drugs previously used
for SARS-CoV-1 and MERS-CoV, and identified imatinib,
dasatinib and nilotinib.”*#%> Pharmacological inhibition
of ABL kinase activity through those candidates robustly
inhibited the SARS-CoV viral load, thus supporting the
notion that ABL kinase is a potential therapeutic target for
COVID-19.

SFKs

The SFKs is a class of nonreceptor tyrosine kinases that
play an important role in signal transduction, and regu-
late a number of biological processes that promote cell
survival and motility, as well as inflammatory responses.*’

This family includes nine members: Src, Yes, Fyn, Fgr, Lck,
Hck, Bk, Lyn and Yrk.?’ These kinases are activated inde-
pendent of ABL kinases.®> SFKs have recently emerged
as critical mediators between the infrastructure of host
cells and viral demands. SFKs have been shown to play
a critical role in the viral life cycle. For example, studies
revealed that MERS-CoV load was significantly reduced
after siRNA knockdown of Lyn and Fyn, which suggests
the importance of these protein kinases for MERS-CoV
replication.®? Yes was shown to reduce West Nile virus load
by acting on viral replication cycle, assembly and release.®*
Moreover, pharmacological inhibition of the SFK signal-
ing pathway led to inhibition of MERS-CoV, HCV77, and
dengue virus infection and replication in vitro,*#%%7 and
some family members of SRC kinases have been linked
to SARS-CoV replication.’’ These findings suggest that
these kinases may be attractive targets for COVID-19
therapy.

AXL

AXL kinase is an identified host receptor of SARS-CoV-2
that interacts with the NTD of Spike protein.’*** Previ-
ously, our group stratified a panel of kinase inhibitors
according to their predicted ability to exhibit anti-SARS-
CoV-2 activity, including the importance of AXL-related
kinases in virus entry into cells.”* They selected and
investigated kinase inhibitors based on two databases: (1)
KINOMEscan from the Harvard Medical School Library
and (2) ChEMBL, which identified potential kinase tar-
gets in SARS-CoV, MERS-CoV, and other related viruses.
Among those identified were several tyrosine kinase
inhibitors targeting AXL and AXL-related kinases. Genetic
deletion of AXL, a target of gilteritinib and nintedanib, led
to robust anti-infectivity of different subvariants of SARS-
CoV-2, including the Omicron in both Vero (African green
monkey) cells and human lung adenocarcinoma (A549-
ACE2) cells. AXL has been implicated in pneumonia,
cytokine storm, systemic inflammation, and lung fibrosis,
and thus repurposing of AXL inhibitors would be antici-
pated to possibly exhibit a dual, clinically beneficial effect
through preventing viral entry and reducing the related
inflammatory response and cytokine storm.'>%?" These
results support a role for AXL in SARS-CoV-2 infection and
warrant further research into drug development of AXL as
a therapeutic for COVID-19."

NAK

The NAK family consists of four members: (1) the adaptor-
associated kinase 1 (AAK1), (2) cyclin G-associated kinase,
(3) BMP-2 inducible kinase (BIKE/BMP2K), and (4)
serine/threonine kinase 16 (STK16), which act to regulate
intracellular membrane trafficking.®>°° AAK1 and GAK
have been linked to the viral entry through mediating and
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promoting endocytosis.”>*> Recently, using strategies
integrating virology, genetic and pharmacological
approaches, Karim et al.%® discovered that all four NAKs,
including BIKE and STKI16, are required in SARS-CoV-2
infection. Moreover, their time-of-addition experiments
further clarified that NAKSs participate in regulating viral
life cycle in the later stage, such as assembly or egress,
but not RNA replication.® Moreover, combination with
inhibitors of AAK1/BIKE and GAK led to a synergistic
effect against SARS-CoV-2 in vitro.*® These crucial roles
of NAKs in SARS-CoV-2 make them a potential host cell
kinase target for SARS-CoV-2 treatment.

EGFR

EGFR and its activation affect cell growth, development,
and survival.”>® Studies have shown that it plays a role
in interstitial lung disease and is believed to drive devel-
opment of fibrosis through interaction between EGFR
and TGF-beta signaling.””® It is also associated with the
infection of various viruses.””!%° Inhibiting EGFR sig-
naling may prevent an excessive lung fibrotic response
to SARS-CoV and other respiratory virus infections.’*
Though the role of EGFR signaling in the development
of lung fibrosis is controversial, pharmacologic inhibition
of EGFR has led to robust reduction of TGF-betal induc-
tion of fibrosis both in vitro and in vivo in a variety of
animal models.’*”1%! Moreover, studies have revealed over-
expression of EGFR in the lung tissue from COVID-19
patients.”® Despite SARS-CoV-2 being cleared, EGFR sig-
naling remained actived.”* A deficit of STAT1 could be
induced by SARS-CoV-2, thus leading to EGFR overexpres-
sion in epithelial cells followed by activation of STAT3.?
Therefore, targeting EGFR may be effective against SARS-
CoV-2 via both relieving pulmonary symptoms as well as
suppressing fibrosis. This suggests that EGFR could be an
attractive target for COVID-19 treatment.

PI3K/Akt/mTOR

SARS-CoV-2 relies on regulating host metabolism path-
ways to meet its need to produce as many virus particles as
possible. Among those host signaling pathways, the phos-
phatidylinositol 3-kinase/protein kinase B/mammalian
target of rapamycin (PI3K/Akt/mTOR) cell signaling path-
way has drawn attention. The PI3K/Akt/mTOR pathway
regulates and incorporates various signaling processes in
cells, including cell proliferation. Recently, studies have
shown that activation of the PI3K/Akt/mTOR signaling
pathway is involved in the proliferation and replica-
tion of a variety of viruses, including hepatitis C virus
(HCV), West Nile virus, and influenza A virus.'%%-1%4 Path-
way overrepresentation and functional network analysis
revealed that several members of the signaling path-
way, including AKT, mTOR, and the Ras/Raf/MEK/ERK,

are upregulated during infection with a variety of dif-
ferent viruses, including MERS and SARS-CoV-2.105106
When virus enters into the host cell, PI3K is overactivated
followed by phosphorylation of AKT, which eventually
causes activation of mTOR.!”” One study reported that Akt
inhibition downregulates the expression of the host recep-
tor ACE2.® mTOR, a serine-threonine protein kinase,
plays crucial roles in various cell biological processes,
such as metabolism, protein synthesis, cell proliferation,
autophagy, and cell growth.'%” Moreover, mTOR is also
involved in initiating the inflammatory response and pro-
ducing cytokines.!’” Pharmacological inhibition of mTOR
or RAF led to significant inhibition of MERS-CoV or
influenza A infection.!%>!"9 Recent studies also revealed
that RAS signaling inhibition can impair the replication
of SARS-CoV-2."""' These results suggest that members
of this signaling pathway may be exploited as potential
therapeutic targets for SARS-CoV-2 treatment.

CDKs

CDKs are a family of serine/threonine kinases that include
20 members.'® Linked to both extra and intracellular sig-
nals, CDKs are critical for cell cycle progression, and thus
blocking of CDK activity could be of benefit to cancer
patients."*1° In addition, CDKs have also been targets of
various infectious diseases because their expression and
function are affected by infection with multiple viruses,
such as human immunodeficiency virus (HIV), herpes
simplex virus (HSV), Zika virus, and hepatitis B virus
(HBV).!7-120 It has been demonstrated that the highly con-
served N protein plays an important role in regulating
CDKs."?! In SARS-CoV-1, cyclin-CDK4, and cyclin A/E-
CDK2 complexes are restrained by N protein. SARS-CoV-2
has been shown to inhibit CDK1/2 activity, giving rise to
S/G2-like phase arrest.''? Given the essential roles CDKs
play in viral infection, they may be considered as potential
targets for SARS-CoV-2 therapy. Moreover, studies have
also shown that repurposed approved or clinical CDKs
inhibitors, such as CK2 inhibitors, could be new strat-
egy to combat SARS-CoV-2 infection and transmission in
vitro and some of these candidates are now in clinical
trials.?"-12?

CK2

CK2 is a highly pleiotropic and constitutively active
Ser/Thr kinase that is important for cell survival, neo-
plasia and virus infection.'”> CK2 participates in several
infectious diseases by phosphorylating and modulating
viral proteins, including those of HCV, vesicular stom-
atitis virus, HIV,'> human papilloma virus, and HSV-
1.1* One study revealed that CK2 may be involved in
downregulating the ability of host cells to produce IFN
during viral infection; as such, blocking CK2 may be
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considered an important antiviral therapeutic strategy.'>
Studies have shown that in cases of SARS-CoV-2 infec-
tion, CK2 was activated and directly targeted by the N
protein and facilitated the rapid spread and movement of
the virus between cells.!” Given the essential roles of CK2
in viral infection, CK2 is a putative therapeutic target for
SARS-CoV-2.

p38 MAPK

The p38 MAPK signaling pathway can be triggered by
diverse factors, including environmental stress, viral infec-
tion and cytokine storm. This pathway is essential for
cell differentiation, apoptosis and autophagy. In SARS-
CoV-1, p38 is directly involved in viral proliferation by
inducing the receptor-mediated endocytosis for intrusive
virus.'?® The hypothesis that p38 signaling pathway can
also be similarly activated by SARS-CoV-2 was verified by
arecent study.'?” Death of COVID-19 patients is often asso-
ciated with an overwhelming inflammatory response and
ARDS. Deregulation of inflammatory responses linked to
p38 MAPK was originally discovered in association with
SARS-CoV-1, which leads to several serious diseases.!'?
Moreover, the synthesis of cytokines, including interleukin
(IL)-6, tumor necrosis factor (TNF)- and 3, is boosted after
the activation of p38 MAPK signaling pathway.'”® Taken
together, p38 MAPK is considered as a potential target for
effective treatment of COVID-19.

JAK-STAT

SARS-CoV-2-infected patients present some common
symptoms, including fever, dry cough or dyspnea. How-
ever, the severe and life-threatening pathology, such as
failure of organs and tissue injuries, are majorly due
to cytokine storm resulting from a virus-driven hyper-
inflammatory response. JAK-STAT are among a large
number of pathways involved in cytokine storm trig-
gered by SARS-CoV-2."*? The JAK family is composed
of JAK1, JAK2, JAK3, and tyrosine kinase 2 (Tyk2) pro-
teins. The STAT family consists of STAT1, STAT2, STAT3,
STAT4, STAT5a, STAT5b, and STAT6. The JAK-STAT
signaling pathway plays crucial roles in various biolog-
ical process, including apoptosis, cell cycle progression,
differentiation, and hyperactivated immune response.?’
As viruses invade host cells, the latter initiate vari-
ous downstream regulatory factors to generate IFN for
vigilance mechanisms. When these cytokines bind to
receptors, the activated receptors phosphorylate JAK and
then STAT proteins that subsequently translocate into
the nucleus to express inflammatory factors.'*! Moreover,
the JAK2/STAT3 pathway plays critical roles in systemic
inflammation during coronavirus infection.”””3% Over-
all, alleviating the potentially fatal symptoms stemming
from excessive inflammatory response by targeting JAK-

STAT is an attractive therapeutic approach to treatment of
COVID-19.

GSK-3

GSK-3 is a highly conserved serine/threonine kinase that
plays a role in metabolism, inflammatory response, and
cell proliferation.'** GSK-3 is important for the viral life
cycle by being associated with the N-protein of SARS-
CoV-1.1** N protein, highly conserved among the species
revealed by protein sequencing, acts to support and pro-
tect the viral genome, replication, and ensure proper
transmission.'?! GSK-3 has been shown to be a crucial
kinase responsible for the phosphorylation of N-protein
on the serine residue in linker-region.”*®> The activated
GSK-3 protein in the viral infected cell is able to degrade
the nuclear factor erythroid 2-related factor, which con-
tributes to excessive oxidative stress.'*> Beyond regulation
of viral replication and initiating oxidative stress, GSK-
3 also incites systemic inflammation to worsen disease
through synthesizing proinflammatory factors, such as IL-
6, 1L-13, IL-18, IFN-y, and TNF-a.'*® These findings suggest
that targeting GSK-3 may provide therapeutic benefit to
COVID-19 patients.

BRD2

Another potential host therapeutic target is BRD2, a
member of the BET (bromodomains and extra terminal
domain) family, which can regulate gene transcription
through binding acetylated histones.?”> BRD2 is closely
linked to infection by various types of viruses, includ-
ing Kaposi’s sarcoma associated-herpesvirus, murine her-
pesvirus68, Epstein-Barr virus, and murine leukemia
virus.?%42% Since the infection of host cells by COVID-
19 mainly depends on the RBD domain of the Spike
protein, researchers used RBD binding as a phenotypic
readout in a high-throughput CRISPRi screen to sys-
tematically discover significant factors regulating viral
infection in host cells.'” The results demonstrated that
knocking out the BRD2 gene effectively prevented RBD
binding. Another group used a proteomics study to deter-
mine and validate the associative relationship between
SARS-CoV-2 and BRD2.?!? Cell-based infection assays
and in vivo models confirmed the antiviral effects of
inhibiting BRD2.!” Knocking out BRD2 or inhibiting
BRD2 with small molecules strongly inhibited the infec-
tion and growth of the virus, and also resulted in
marked downregulation of genes involved in the type
I IFN response. These findings suggest that BRD2 is a
potent inhibitory target of COVID-19 infection. More-
over, BRD2 is essential for ACE2 transcription in human
lung epithelial cells, and BRD2 inhibitors are currently
being evaluated in clinical trials for SARS-CoV-2 infection
therapy.'®’
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Additional potential kinases exist that could be explored
as targets for COVID-19 remission. For example, molecu-
lar targeting of the ataxia telangiectasia and Rad3-related
protein, which is associated with DNA-damage response
signaling pathways, has been shown to inhibit SARS-CoV-
1, SARS-CoV-2, and MERS-CoV infection."*” Collectively,
these key promising kinase targets could constrain coron-
avirus infection and symptoms and lead to effective drug
repurposing for the treatment of COVID-19.

2.2.2 | Immunoregulators associated with
virus-host response

Other potential targets associated with virus-host
response have been identified in clinical studies. The
complex immunopathological manifestations of COVID-
19 include lymphopenia or exhaustion (markers are
PD-1, Tim-3, or NKG2A), dysregulation of monocytes
and macrophages (phenotypic shift and increased num-
bers), neutropenia (increased precursors in peripheral
blood), antibody-dependent enhancement (which may
enhance entry of SARS-CoV-2), reduced or delayed IFN-I
response (impedes viral clearance and induces excess
inflammation) and more alarmingly, cytokine storm,
characterized by increased levels of proinflammatory
mediators that correlate with worse prognosis in patients
with severe infection.’>#%?1214 These manifestations
are associated with many signaling pathways, including
JAK/STAT signaling, NF-xB and MAPK pathways, which
induce the expression of proinflammatory cytokines and
paradoxical hyperinflammation in COVID-19. The key
modulators related to these pathways could potentially be
new therapeutic targets.

Extensive evidence from preclinical and clinical stud-
ies suggests that cytokine storm syndrome may be an
important mechanism responsible for this respiratory
disorder.”* An imbalance in host immune regulation leads
to an overwhelming release of inflammatory mediators,
such as TNF-a, IFN-«, IFN-y, GM-CSF, IL-16, IL-2, IL-
6, IL-17A, and monocyte chemotactic protein-1 (MCP-1),
which cause potentially life-threatening cytokine storm
associated with extensive lung injury in SARS-CoV-2-
infected patients.”> For example, as a major cytokine
effector of the host immune response to viral infec-
tion, IFN-y serves as an immunomodulator by promoting
macrophage-mediated antigen phagocytosis and mediat-
ing the clearance of infected cells by NK cells, thus limiting
viral transmission.’"> IFNs are also often used to treat viral
diseases such as hepatitis B and C.?'° IFNs are implicated
in restraining SARS-CoV-2 infection; however, they may
also contribute to severe symptoms; thus, blocking IFNs
maybe beneficial for treatment.”’” Recent studies identi-

fied other targets involved in cytokine storm, including
AXL, ABL, p38 MAPK, PI3K/Akt/mTOR, JAK2/STATS3,
and GSK-3. These proteins were shown to play critical
roles in systemic inflammation, fibrosis formation, and
pneumonia, thus making them attractive targets for the
fight against infection.!?!2%:202.107.128.136 Thyg, repurposing
of kinase inhibitors offers great potential for development
of potent drugs for treatment of COVID-19 disease.

Therapy approaches targeting virus-host responses,
including immunomodulatory therapies (including
the use of monoclonal antibodies, IFNs, thymosin,
immunoglobulins) may be helpful in alleviating SARS-
CoV-2 symptoms; other options, such as stem cell-based
therapy and blood purification therapy, may also provide
clinical benefit.?!8-22°

3 | REPURPOSING CLINICALLY
AVAILABLE DRUGS AND THERAPIES
FOR PATHOGENIC TARGETS

Drug discovery is a lengthy, complex, and costly process,
from conception to availability in the market, with a high
degree of uncertainty. Among different approaches that
have been proven effective for combating COVID-19, a
drug repurposing strategy is a more economical and faster
approach than the traditional drug discovery and develop-
ment process. The concept of identifying potent molecules
from drug libraries that have been approved or are in clin-
ical trials, or compounds that have been tested against
conserved targets in coronaviruses previously, has become
accelerated, effective, and feasible ways to identify drugs
that can prevent COVID-19.!"2415 Currently, combined
with experimental and computational drug repurposing
strategies, our scientific community is largely focused on
identification of potential new drugs that can be utilized
as potential therapies for SARS-CoV-2 infection'!!>!415
(Table 2 and Figures 2-4).

The advent of Spike protein-based vaccines has abated
the global burden; however, they were not found to be
effective against all the variants of concern due to the rapid
evolution of SARS-CoV-2.%° In an effort to restrict the
opportunities for SARS-CoV-2 to spread and mutate, there
has been great advocacy for immunization, because the
higher the proportion of a population vaccinated, the lower
the number of susceptible individuals.” In addition to vac-
cines, there has been a shift to focusing on the development
of small molecules targeting the critical targets that are
more conserved among the viral replication machinery.
Such targets would be expected to serve as potentially
effective therapeutic approaches for immunosuppressed
individuals who are unable to mount responses even after
two vaccine doses.>'?
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Fur|n|_ Diminazene, MI-1851,
_and other 10 drug-like molecules

SZ Subunit

S1 Subu,nit
‘ _|_ Vaccines, specific neutralizing antibodies,
Mefloquine and its derivatives, Quercetin,
SARS-CoV-2 Andrographolide, Cepharanthine,

Spike Nelfinavir and Ceftazidime

Ketazolam, Methylnaltrexone,

Ethynodiol diacetate, Naloxone, SARS-CoV-2
Hydroxychloroquine, Lopinavir, .
Quercetin, Andrographolide, Sp|ke

Glycyrrhizic acid and Luteolin

ACE2

/

\\“ﬂu 1141 ) Mmm ME‘ H i uuMMum],?

\

.mmmmw' Iy,

W) ey
\\V“uu i !

TIRRIRLES it TN i
CD147  AXL
N-0385 Ledipasvir  Bemcentinib
Camostat mesylate Vancomycin  Gilteritinib
,’ Nafamostat Paritaprevir  Nintedani
Estradiol benzoate Imatinib 3CLpro
AVAVAVAVAVAV
GC373, PF-07321332, PAXLOVID™,
Vancomycin, Remdesivir, Favipiravir, el nibacalon, Neffinavir,
RdR _ v S J Ivermectine,Diosmin, Selinexo Bromocriptine,
P G.a |Ide.S.IVII', Molnuplr avie KetazoIaAm, Lopinavir/Ritonavir, Ensitrelvir, Masitinib
Ribavirin, Sofosbuvir and Tenofovir
PLpro
Mefloquine, GRLO617 and its selected analogues,
Lopinavir ,Sitagliptin, Daclatasvir HCI,
VWVW Flavonoids and their derivative,
Quercetin, Andrographolide, Baicalin,VIR250,
VIR251 and Naphthalene based derivatives
FIGURE 2 Repurposed approved/clinical drugs for potential pathogenic targets associated with SARS-CoV-2 viral life cycle.

SARS-CoV-2 uses the spike protein to recognize human cells and induce the fusion of the viral and human host cell membranes through
binding to receptors. These high-affinity interactions are essential for viral entry and are therefore important targets in the treatment of
COVID-19. After priming by TMPRSS2, the virus enters the cytoplasm through CD147- or ACE2-mediated endocytosis, releases the viral
genetic material, and then replicates (via RdRp, 3CLpro, and PLpro). This is accompanied by protein synthesis, viral particle assembly and
release and infection of adjacent cells. Repurposed approved/clinical drugs interfere with different viral targets and demonstrate effectiveness
against coronaviruses. These are shown as indicated.

3.1 | Repurposed drugs targeting the high-affinity interactions are essential for viral entry and

viral proteins associated with the
SARS-CoV-2 viral life cycle

SARS-CoV-2 uses the spike protein to recognize human
cells and induce the fusion of the viral and human
cell membranes through receptor binding.?***-*** These

are therefore key targets in the treatment of COVID-19.
After priming by TMPRSS2 or Furin,’®%* the virus enters
the cytoplasm through ACE2-, AXL-, or CD147-mediated
endocytosis.'**” The virus then releases the viral genetic
material and replicates (via RdRp, 3CLpro, and PLpro).”
Accompanying stages of viral infection involve protein
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FIGURE 3 Repurposed approved/clinical drugs for potential pathogenic targets associated with host protein kinases and pathways

essential for viral life or virus-host cell response. Host cell protein kinases and pathways play crucial roles in various stages of the virus’s life

cycle, and repurposed drugs may be developed into antiviral agents. Ruxolitinib and baricitinib, inhibitors of the JAK-STAT pathway,

potentially inhibit both viral-mediated endocytosis and cytokine storm. Approved drugs targeting NAK or ABL, including sunitinib,

baricitinib and saracatinib, are potential therapies for COVID-19 through prevention of membrane trafficking. Repurposed inhibitors of SFKs,
CDKs, P38 MAPK and GSK-3, such as saracatinib, silmitasertib, SB203580 and lithium, are under investigation for COVID-19 based on their
ability to regulate the viral life cycle. Gefitinib, pictilisib and CIGB-325, inhibitors of EGFR, PI3K/Akt/mTOR, and CK2, may provide clinical
benefit through reduction of the inflammatory response. JQ1 and ABBV-744, two inhibitors of BRD2 that block viral entry by inhibiting
ACE-2 transcription, are currently being evaluated in clinical trials for SARS-CoV-2 infection.

synthesis, assembly, viral particle release and infection of
adjacent host cells. Repurposed approved/clinical drugs
interfere with different viral targets and directly block
virus infection through inhibiting specific steps of the viral
infection cycle.”®8:225:233

3.1.1 | Repurposed drugs targeting the Spike
glycoprotein or affecting S-host cell receptor
binding

Viral replication and spread mainly relies on the inter-
action between the Spike protein and host cell surface
receptors, thereby mediating membrane fusion and caus-
ing viral invasion. Some studies report that development of
drugs, including antibodies or small molecular inhibitors
that target the S protein or affect the binding of the S pro-
tein to the host cell receptor is beneficial for constraining
coronavirus infection. Researchers repurposed the neu-
tralizing antibodies from convalescent SARS patients and
tested their ability to block SARS-CoV-2-S-driven entry;
these antibodies efficiently offered at least partial pro-

tection against SARS-CoV-2.> Through high-throughput
screening of a human scFv phage library from Geneservice
using an S-RBD protein as the target, researchers iden-
tified a specific antibody against the S-RBD and blocked
Sp-ACE2 interaction effectively.””! Via a drug repur-
posing strategy based on screening of approved antivi-
ral/antiparasitic/antiprotozoal drugs, mefloquine and its
derivatives were identified; their mechanisms of action
were revealed to be targeting the viral Spike protein
or preventing Sp-ACE2 binding, and in effect acting
prophylactically as an entry inhibitor.?”” Through repur-
posing of clinically approved drugs and Chinese herbal
medicines, the previously anti-inflammation/viral/cancer
compounds, andrographolide and Quercetin, were discov-
ered to bind well to both the Spike protein and ACE2.%%*
Traditional Chinese medicine has shown promise for
COVID-19. In a network pharmacology study that iden-
tified 112 active compounds in Ephedra-Glycyrrhiza, the
agents Kanzonol F, Gancaonin G, and Supraene were
shown to exhibit a high binding affinity to the spike
protein.?®> This suggests potential efficacy against SARS-
CoV-2. Another study reported identification of two new



MedComm
—
Sargramostim
Risankizumab Molgramostim
Siltuximab ) ) Guselk b tilimab
Tociizumab ~ Canakinumab  Secukinumab  THSS SES Infliximab Gimsilumab
SariIJu-mab Anainfa Lxe"jfmab T —— Adaliiumab Emapjl-umab TJ00323 Thymosilalpha1 Immunoglobulin
IL-6 IL-1B IL-17A IL-12/23 TNFa IFN-y GM-CSF Thymosin
o ® &
| ([ (] 7] 1] |
I |
| ‘ | it |
PI3K/Akt/
mTOR NF-kB p38 MAPK JAK/STAT GSK-3
Idelalisib . -I;I . il r T
) ydroxychloroquine ’ Baricitinib LY2090314
Ebastine M lid hioti Losmapimod
i acrolide antibiotics ; Ruxolitinib AZD-1080
Triciribine Deraroinacons Hydroxychloroquine : O
i : i Tofacitinib -
g::f)"znfgss N-acetylcysteine Silymarin ofacitini
Everaians Phillyrin (KD-1)
Tormairoied Pyrazole derivative
Tacrolimus

FIGURE 4 Repurposed approved/clinical drugs for potential pathogenic targets associated with the immunoregulators associated with
virus-host response. Repurposed approved/clinical drugs have been investigated as treatments for COVID-19 based on their ability to target
inflammatory cytokines, immune-based factors, and related signal pathways. Drugs targeting immunoregulators, such as anakinra and
tocilizumab, have shown high efficacy in preclinical and clinical studies for SARS-CoV-2. Anakinra is an IL-1 receptor antagonist, and
tocilizumab is an IL6R antibody. There are currently over 30 clinical trials underway for evaluating the efficacy of these compounds in mono-

or combination treatments, according to the Clinical Trials.gov. Anti-inflammatory treatments, including intravenous immunoglobulin,

thymosin, may have potential as treatments for COVID-19.

agents with different binding modes of action having
higher antiviral potential, through screening of a panel of
approved drugs in a cell model of SARS-CoV-2. The agents
were the anti-inflammatory drug cepharanthine (which
inhibited SARS-CoV-2 entry through the blocking of viral
binding to target cells), and the HIV protease inhibitor,
nelfinavir (which suppressed viral replication partly by
protease inhibition). Combined use of these drugs led to a
synergistic effect that limited SARS-CoV-2 proliferation.??*
In addition to this study, using a AlphaScreen-based high-
throughput system, researchers from a different group
found that ceftazidime inhibited SARS-CoV-2 infection in
vitro by blocking Sp-ACE2 interaction, through 3581 small
compounds with known functions and structure from dif-
ferent databases. This demonstrates the advantages and
reliability of drug repurposing (Figure 2).

312 |
receptors

Repurposed drugs targeting viral entry

The host receptors (ACE2, AXL, and CD147) contribute to
cell entry of SARS-CoV-2 through binding with different

domains of Spike protein.’®** Therefore, repurposed
antibodies or small compounds targeting host receptors or
blocking the interaction with S protein should be effective
therapeutic strategies that may be used to treat COVID-19.
Recently, to achieve fast and reliable results, the in silico
drug repurposing strategy combined with molecular dock-
ing was used in screening compatible inhibitors for novel
COVID-19 drug development. A high-throughput virtual
screening following with followed by molecular dynamics
simulation studies identified ledipasvir, vancomycin from
an US FDA-approved drug library; drugs were screened
for their ability to, through interfering block the binding
of S protein to ACE2 or CD147, which are potential
candidates for further investigation as possible treatments
of COVID-19 and novel drug development.””® In this
study, estradiol benzoate showed the most favorable free
binding energy with CD147, implicating suggesting that
this drug may be a potentially candidates for further inves-
tigation as a treatment for s of COVID-19.%° Using the
similar approach, four previously approved compounds,
ketazolam, methylnaltrexone, ethynodiol diacetate, and
naloxone, were found to displayed better activity than
the currently investigated drugs, HCQ, lopinavir, and
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remdesivir, for treatment of COVID-19. Although they are
multitargeted, these drugs could prevent viral entry into
host cells by targeting ACE2.”” Through repurposing of
clinically approved drugs and Chinese herbal medicines,
other studies revealed that quercetin, andrographolide,
glycyrrhizic acid, and luteolin are potential ACE2
inhibitors that may be efficacious against COVID-19.%%*
Through network pharmacology and molecular docking
methods, Howxiang Zhengqi Powder, Jinhua Qinggan
Granules, Xuebijing injection’*® were found to exhibit
strong binding activity and potential to inhibit viral entry.

Bemcentinib was reported to be a highly selective and
potent AXL inhibitor with antiviral activity and was specif-
ically show to block entry of SARS-CoV-2 into pulmonary
and bronchial epithelial cells.>*® This drug was fast-tracked
as the first potential treatment for COVID-19 and was
entered into a randomized phase II trial as part of the
Accelerating COVID-19 Research & Development multi-
center of United Kingdom.”" This assessment shields light
on patients with thoracic cancers that were reported to
have elevated expression of AXL and that were afflicted
with COVID-19.7° Combining the KINOMEscan-LINCS
biochemical kinase profiling database with the ChEMBL
database of targets associated with SARS-CoV, our col-
leagues identified gilteritinib,”> an approved drug for
treatment of relapsed/refractory acute myeloid leukemia
(AML); as an AXL inhibitor, the agent shows robust activ-
ity against different subvariants of concern in SARS-CoV-2
infection models. These findings are supported by another
group’s report that gilteritnib was successful in causing
remission in a FLT3-mutant-positive AML patient with
severe COVID-19.°Y These findings support further clin-
ical investigation of gilteritinib as an antiviral agent and
potential therapy for the symptoms of COVID-19. Two
other repurposed drugs, nintedanib and imatinib, which
target AXL or AXL-related kinases, have also shown poten-
tial therapeutic activity against COVID-19 disease and now
are in clinical trials.'?

3.1.3 | Repurposed drugs targeting proteases
for priming

SARS-CoV-2 was reported to enter cells via binding to
host cell receptors, followed by priming by TMPRSS2,
Furin and CatL. N-0385, a peptidomimetic tetrapeptide
compound identified in a small library of drugs screened
against influenza A virus, was reported to be a TMPRSS2
inhibitor, which impairs the proteolytic activation of Spike
protein of different SARS-CoV-2 subvariant viruses of con-
cern and blocks viral-cell membrane fusion and entry.>®
Camostat mesylate, a clinically proven serine protease
inhibitor that was reported to be active against TMPRSS2 in

SARS-CoV, shows robust blocking of SARS-Cov-2-S entry
into host cells. Combination of camostat mesylate with E-
64d, an inhibitor of CatB/L, led to full inhibition of virus
entry, suggesting a treatment option for SARS-CoV-2.%525
Other inhibitors, including nafamostat and aerosolized
aprotinin, have been shown to attenuate TMPRSS2 pro-
tease activity; however, only camostat has been a candidate
for investigation in a phase 2 clinical trial.>>® Further stud-
ies are needed for investigation of the therapeutic potential
of these agents as therapeutics for COVID-19.

The subtilisin-like proprotein convertase, Furin, is
another attractive target and its inhibitors have shown
activity against multiple furin-dependent pathogens by
twofold, including Ebola virus and bird flu virus (A H5N1),
via restraining viral entry and enhancing the immune
response for viral clearance.®> Furin has recently been
shown to cleave the SARS-CoV-2 S protein, and thus
Furin inhibitors could potentially be repurposed as novel
drugs for COVID-19.7°7-*%¢ Through structure-based virtual
screening and post-screening biochemical assays, it was
found that diminazene can effectively inhibit the activity
of Furin.””” However, there are currently no ongoing clin-
ical trials investigating direct small molecule inhibitors of
Furin for COVID-19.%

3.1.4 | Repurposed drugs targeting RARp

The in silico drug repurposing strategy has also been used
for screening of RdRp inhibitors screening. Vancomycin
were recently identified as drugs targeting RdRp and block-
ing virus replication recently.’’° Remdesivir showed favor-
able binding energy with RdRp and other targets important
for virus,””’ and favipiravir causes lethal mutagenesis
upon incorporation into the virus RNA without caus-
ing cytotoxicity in mammalian cells; this agent has been
reported to effectively inhibit SARS-CoV-2 infection in
clinical trials.??®=?*! Molnupiravir (MK-4482, EIDD-2801)
is another antiviral drug repurposed as a therapeutic agent
for the management of COVID-19; both molnupiravir
and favipiravir were approved by the US FDA.?>> Other
compounds that bind the SARS-CoV-2 RdRp, including
galidesivir, ketazolam, was identified through compu-
tational studies and high-throughput screening of US
FDA-approved drugs.?”’?*” Galidesivir binds at the non-
catalytic location and induces a conformational change
in RNA polymerase, and the other compounds show low
binding energy to RdRp. Moreover, a molecular docking
study confirmed the binding of remdesivir and galidesivir
to RdRp, and identified novel drugs, including ribavirin,
sofosbuvir, and tenofovir, as candidates for newly emerged
coronaviruses.”*> To understand whether the individual
agents or combinational therapies are efficacious against
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SARS-CoV-2 infection, further investigations are recom-
mended through preclinical and clinical studies.??’->°%232

Screening studies involving traditional Chinese
medicine compounds identified theaflavin as a potential
SARS-CoV-2 RdRp inhibitor. Similar compound structures
were identified through a molecular docking study as able
to target RARp of SARS-CoV-2, SARS-CoV, and MERS-
CoV.>" With a broad spectrum of antiviral properties,
andrographolide, the main active component isolated from
the extract of the herb Andrographis paniculate, inhib-
ited infection by various viruses including HIV**! and
influenza A virus.**> Andrographolide was demonstrated
to bind well to RdRp, which suggests that it may be active
against SARS-CoV-2.*® In addition, the binding effect of
patchouli alcohol to RARp was demonstrated.?*® Patchouli
alcohol, a tricyclic sesquiterpene compound extracted
from the traditional Chinese medicine patchouli, has
biological effects including antiviral, immunomodulatory,
and antitumor.>**

3.1.5 | Repurposed drugs targeting viral
proteases

Previous research has demonstrated that two SARS-CoV-2
proteases, Mpro and PLpro, are relatively stable compared
with the Spike protein.”** Therefore, they are attractive
targets for antiviral drug development and for developing
anti-SARS-CoV-2 therapies.>** Mpro inhibitors exert their
inhibitory effect by covalently or noncovalently modify-
ing the catalytic Cys145 of Mpro.>** Through fluorescence
resonance energy transfer (FRET)-based enzymatic assays
for SARS-CoV-2 Mpro, and applying this technique toward
screening a specific library of protease inhibitors, bocepre-
vir, GC-376, and calpain inhibitors II and XII were identi-
fied to have potent activity against anti-SARS-CoV-2.395:306
Using a similar method, baicalin and baicalein were shown
to be noncovalent inhibitors of SARS-CoV-2 Mpro, with
high ligand binding efficiency due to their unique bind-
ing mode.?®> In another study, the crystal structures and
NMR analysis revealed the parent compound of GC-376,
GC-373, to covalently bind to SARS-CoV-2 Mpro.?*® The
X-ray crystal structure of Mpro in complex with carmofur
showed that carmofur can be bound to catalytic Cys145 of
SARS-CoV-2 Mpro. Thus, this is a promising compound
and further studies are warranted.”’” Through a com-
bination of structure-based virtual and high-throughput
screening, Ebselen (an antioxidant drug) was identified
from more than 10,000 compounds as showing antiviral
activity in cell-based assays.”** Using combined com-
putational screening coupled with molecular docking
studies, another group discovered that luteolin and CQ
bind to SARS-CoV-2 Mpro, suggesting potential antivi-

ral molecules. However, molecular dynamics simulations
were not carried out.>*® Noticeably, seven isolated tanshi-
nones derived from Salvia miltiorrhiza (Danshen), includ-
ing tanshinone IIA, tanshinone IIB, methyl tanshinonate,
cryptotanshinone, tanshinone I, dihydrotanshinone I, and
rosmariquinone, strongly inhibited PLpro.*’’” In addi-
tion, hirsutenone,*’® xanthoangelol E,**® isobavachalcone,
4'-O-methylbavachalcone, psoralidin,>’’ and tomentin A-
E*!0 target PLpro.

A novel in-cell protease assay (ICP) combined with
docking studies were used with a library of 64 repurposed
drugs and led to identification of several SARS-CoV-2
Mpro inhibitors, including MG-101, lycorine HCI, nel-
finavir mesylate, lomibuvir, and BMS-707035.*° Using
molecular modeling and quantum chemical methods,
another group interrogated the activity of lopinavir and
ritonavir on SARS-CoV-2 Mpro. Moreover, lopinavir has
been investigated in a Phase IV clinical trial.?*0-%#?
Ensitrelvir is a novel oral SARS-CoV-2 M pro inhibitor that
is being investigated in Phase IT and III clinical trials.?*>**
PF-07321332 (PAXLOVID™) has been approved by US
FDA to treat SARS-CoV-2 as novel COVID-19 oral antivi-
ral regent. Recently, ensitrelvir was demonstrated to show
antiviral activity against the Omicron variant in an ani-
mal study, although clinical studies have not yet been
carried out.’*® In a library screening of 1900 clinically
safe drugs for antiviral activity against SARS-CoV-2,
Masitinib was identified as exhibiting the highest potency
against 3CLpro, and X-ray crystallography and biochem-
istry showed it is a competitive inhibitor of 3CLpro.>*?
Masitinib has been under investigation in a Phase II clin-
ical trial.** The ethanol extract of S. baicalensis and its
ingredients, baicalein, were found to inhibit the replication
of SARS-CoV-2 via targeting 3CLpro.*!! In addition, EGCG
and theaflavin, the main active ingredients of green tea
and black tea, exhibited inhibitory activity against 3CLpro
in a dose-dependent manner.*'? Similar studies, combined
with molecular dynamics simulations, led to identifica-
tion of diosmin (NCT04452799), selinexor (NCT04349098),
ivermectin (NCT04668469), and elbasvir as showing a high
affinity for Mpro; diosmin mixture with hesperidin and
selinexor is under clinical investigation against SARS-CoV-
2% In addition, nelfinavir was identified as interacting
with SARS-CoV-2 Mpro, and the combination of cepharan-
thine with nelfinavir showed synergistic potential against
symptoms of COVID-19.7%*

PLpro inhibiters are able to block viral replication by
shutting down the active site of PLpro, and they are
believed to decrease the activity of PLpro by binding at
an allosteric site.”*> Noncovalent PLpro inhibitors with
favorable pharmacokinetic properties and the first-in-class
covalent PLpro inhibitors have been designed.** GRL0617,
developed by Ratia et al., was originally used as an
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inhibitor of SARS-CoV-1 PLpro and recently was inves-
tigated as an inhibitor of SARS-CoV-2 PLpro.*'* A drug-
repurposing screening, carried out using a MedChem-
Express bioactive compound library, identified tropifexor
as a novel and promising PLpro inhibitor against SARS-
CoV-2.35 Recently, through virtual screening of the US
FDA-approved drug library, nine compounds were identi-
fied and in vitro biochemical and cell culture-based studies
revealed anti-SARS-CoV-2 PLpro activity of mefloquine
and lopinavir.”*° The cocrystal structure of SARS-CoV-
2 PLpro and GRLO0617 was also reported, and GRL0617
was found to be a noncovalent inhibitor binding to
the ubiquitin-specific proteases domain of PLpro with
antiviral effects in vitro.”" The use of ICP and dock-
ing studies, combined with screening of a library of
64 repurposed drugs, led to identification of sitagliptin
and daclatasvir HCI as binding to PLpro and blocking
the entrance to the catalytic site.”> Computer docking
screening and molecular dynamics simulation studies sug-
gested interaction between flavonoids, such as quercetin,
or their derivatives, and the binding pocket of SARS-CoV-
2 PLpro and Mpro.?! In another study, molecular docking
results showed that andrographolide and baicalin bound
well to PLpro and Mpro, suggesting that these agents
have potential anti-SARS-CoV-2 activity.”*® Use of a new
chemical approach, called HyCoSuL (Hybrid Combinato-
rial Substrate Library), led to development of two irre-
versible inhibitors targeting SARS-CoV-2-PLpro, VIR250
and VIR251, both exhibiting potent and selective inhibitory
activity against SARS-CoV-2 PLpro.”>”> Plaque reduction
assays revealed naphthalene-based derivatives and PLpro
inhibitors designed for SARS-CoV are able to inhibit SARS-
CoV-2 PLpro®? (Figure 2). However, up to now, no drugs
targeting PLpro have been recruited in clinical trials, and
further preclinical and clinical studies are necessary.

3.2 | Repurposed drugs targeting the host
protein kinases

Host kinases are essential for all stages of the virus
life cycle and are linked to the transmission of SARS-
CoV-2 and symptoms related to SARS-CoV-2 infection,
including cytokine synthesis, inflammation, and fibro-
sis. These potential effects of kinases make them
attractive targets in the battle against infection or
pandemic.xs®-8493-94.112,129-130.133 Many kinases can be tar-
geted by inhibitors, and these promising kinase inhibitors
may be beneficial in severe COVID-19 cases through
preventing infection by directly targeting the virus and
reducing clinical symptoms. Moreover, kinase inhibitors
can reduce cytokine production via affecting related
pathways and boosting the efficacy of other antiviral

treatments for SARS-CoV-2. Numerous kinase inhibitors
are being evaluated in clinical studies involving patients
with coronavirus infections.*7+131,177-178,182,188,202 Here e
discuss a panel of repurposed kinase inhibitors that reduce
symptoms and enhance patient outcomes (Figure 3).

321 |
NAK

Repurposed drugs targeting SRC and

SRC family kinases have been reported to be crucial for the
viral life cycle in MERS-CoV and West Nile virus and may
be potential targets for SARS-CoV-2.5%* An inhibitor of
SRC/ABL kinases, saracatinib, is able to restrain the life
cycle of MERS-CoV using concentrations in the micromo-
lar range.83 Moreover, in combination with gemcitabine,
a thymidylate synthase inhibitor, the anti-MER-CoV effi-
cacy of saracatinib was further strengthened.’®! In addition
to saracatinib, dasatinib is also able to suppress the assem-
bly of dengue virus by targeting SRC family kinases, par-
ticularly c-Src and Fyn.?*? Although saracatinib, dasatinib
and gemcitabine exhibit inhibitory effects on viral prolifer-
ation, more investigation into their antiviral efficacy with
respect to SARS-CoV-2 is needed.

As the NAK family is regarded as an essential media-
tor of viral infection, assembly and egress for SARS-CoV-2,
NAK could be an appropriate candidate for antiviral strate-
gies against SARS-CoV-2 infection. Therefore, numerous
drugs that have been authorized by the US FDA?° for
treatments of other diseases are repurposed and investi-
gated in research against SARS-CoV-2 by targeting NAK.
Sunitinib, a multitargeted kinase inhibitor with targets
including AAK1 and GAK, and erlotinib, an EGFR tyrosine
kinase inhibitor, both show activity against dengue, Ebola
and HCV viruses by blocking their entry, assembly, and
traffic.%%204-2%6 One study showed that baricitinib, a JAK
inhibitor licensed by the US FDA for its anti-inflammatory
activity, is a prospective alternative to treat COVID-19.%%
It was reported that the US FDA-approved baricitinib
to treat patients in combination with remdesivir. More-
over, baricitinib mitigated ARDS effectively in critically ill
patients with COVID-19.%%® Therefore, the migration and
intracellular assembly of SARS-CoV-2 were inhibited by
treatment with baricitinib in patents. However, the clinical
effectiveness of baricitinib resulting from NAK-targeting is
controversial.®® Therefore, further clinical studies on the
targeted effects of baricitinib in patients are warranted.

3.2.2 | Repurposed drugs targeting EGFR

EGFR overexpression not only influences cell proliferation
but also affects inflammation, immune thrombosis, and
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fibrosis, which eventually leads to serious and potentially
deadly disease in patients diagnosed with COVID-19. Gefi-
tinib and erlotinib, the EGFR-targeting inhibitors, have
been verified to be active against HCMV and HCV both
in vitro and in vivo.?7?%° These agents are currently
repurposed for COVID-19 treatment according to their
potential effectiveness against SARS-CoV-2. Osimertinib,
a potent inhibitor of EGFR, authorized for non-small cell
lung carcinoma treatment, has demonstrated anti-SARS-
CoV-2 activity in in vitro studies through suppressing
S protein.'”? However, cytotoxicity may be a limiting
factor for this agent. Nimotuzumab, an anti-EGFR anti-
body, reduced inflammation and fibrosis in COVID-19
patients with moderate and severe disease.”® Due to the
small sample size in this study, however, further stud-
ies will need to be carried out in a larger cohort of
patients.

3.2.3 | Repurposed drugs targeting
PI3K/Akt/mTOR

Inhibitors of the PI3K/Akt/mTOR pathway can exert
antiviral effects. For example, the mTOR inhibitors,
everolimus and rapamycin, have been shown to suppress
HIV or MERS infection in preclinical settings.'>*'” Recent
reports suggest a role for the PI3K/Akt/mTOR pathway
in anti-SARS-CoV-2. Repurposing of targeted inhibitors of
this pathway could help downregulate excessive inflam-
matory responses and exhibit antiviral effects. There are
numerous inhibitors targeting PI3K/Akt/mTOR that could
potentially exert potent effects.'7%107:179

Pictilisib, an effective anti-PI3K inhibitor, was shown to
reduce viral replication in cells with an IC50 of 2.58 uM.?%?
Further, VPS34-IN1, an inhibitor of the class III PI3K
Vps34, significantly suppressed SARS-CoV-2 replication
in vitro.?”! The Akt inhibitor, MK-2206, exhibited signif-
icant antiviral effects against SARS-CoV-2 in vitro, likely
via induction of enhanced autophagy, secondary to the
stabilization of Beclin-1.19° In cells infected with MERS,
the mTOR inhibitor, rapamycin, was shown to block
MERS infection.!”> One case report showing the positive
effect of rapamycin in COVID-19 patients has attracted
attention.!”” There are also other inhibitors of mTOR,
including metformin, tacrolimus.?’>?”* Tacrolimus can
be potentially effective owing to its modulation of
cytokines associated with T cells.””? Omipalisib and
SF2523, two dual mTOR and PI3K inhibitors, effi-
ciently blocked SARS-CoV-2 replication.?”>?’® In addition,
the dual RAF and MEK inhibitors, sorafenib inhibited
viral infection and replication.® The RAS inhibitor,
lonafarnib, blocked SARS-CoV-2 replication with IC50
4.99 uM.

324 |
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Repurposed drugs targeting CDKs and

CDKs are involved in cell proliferation and play a role in
viral infectivity. Up to now, numerous inhibitors target-
ing CDKs have been developed or approved for cancer
treatment. Moreover, many have been proposed to be
repurposed for combating SARS-CoV-2. Silmitasertib, a
CDK inhibitor in clinical trials for treatment of COVID-
19, displayed significant antiviral activity with an IC50
of 1.28 M.?° Further, it has been reported that abemaci-
clib, an inhibitor targeting CDK4/6, and dinaciclib, an
anti-CDK1/2/5/9 inhibitor, were able to suppress the activ-
ity of SARS-CoV-2 infection.'”? As a drug approved for
breast cancer therapy, abemaciclib was able to decrease
the cytopathic effect (CPE) of SARS-CoV-2 by 40%.*°
Other inhibitors of CDKs, such as flavopiridol, roscovi-
tine, palbociclib, and ribociclib, exhibited activity against
HIV, HCMV, HSV.?”7-2%0 The repurposing of these diverse
inhibitors may represent a novel effective therapeutic
strategy to fight SARS-CoV-2 infection.

In a recent study, CIGB-325 was investigated for its role
in coronavirus infection based on targeting CK2.?*! Half of
randomly selected patients afflicted with COVID-19 were
given CIGB-325 (2.5 mg/kg for 5 days) along with standard
care, the other half were given standard care only.”®' Chest
computed tomography was improved in patients receiv-
ing the CK2 inhibitor.?®! Through computational analysis,
the mechanism whereby CIGB-325 alleviates COVID-19
symptoms was elucidated.”®> However, due to the small
scale of the study, more investigation is warranted. Silmi-
tasertib, an inhibitor of CK2 under clinical investigation for
cholangiocarcinoma, showed potent activity in antiviral
assays and thus has entered clinical studies for COVID-19.
Other CK2 inhibitors, including quercetin and enzymat-
ically modified isoquercitrin (EMIQ), are also promising
candidates for COVID-19 treatment.!>>3043

3.2.5 | Repurposed drugs targeting p38 MAPK
Signaling via p38 has recently been proven as one of
the key pathways for the replication of SARS-CoV-2. p38
MAPK regulates not only viral infection, but also inflam-
matory responses. Hence, numerous drugs that have been
approved are considered appropriate options for the treat-
ment of COVID-19. Following treatment with SB203580, a
p38 inhibitor, the replication of SARS-CoV-2 was reduced
to a large extent without obvious cellular cytotoxicity.'"”
This was further verified by an anti-SARS-CoV-2 N pro-
tein antibody-based assay.!'> Moreover, the mRNA of
cytokines that are increased during infection, such as IL-
6, TNF, and CCL20, were also decreased by SB203580.'"”
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Recently, a group reported that pamapimod, a selective
inhibitor of p38 MAPKa, evaluated clinically for the treat-
ment of rheumatoid arthritis (RA), effectively suppressed
replication of SARS-CoV-2 in vitro. The similar antiviral
potency against different emerging variants of concern,
including alpha, beta, gamma, delta, and omicron, is
remarkable.2%* Other inhibitors of MAPK, such as ralime-
tinib, MARKI13-IN-1, ARRY797, and 20(S)Ginsenoside,
have shown antiviral activity or anti-inflammatory effi-
cacy on other viruses.!”” The potential of these agents as
treatments for SARS-CoV-2 warrants investigation.

3.2.6 | Repurposed drugs targeting
JAK-STAT

Currently, repurposing of inhibitors of JAK/STAT as a
treatment for cytokine storm associated with COVID-19 is
under investigation. Ruxolitinib, an orally available JAK
inhibitor, has shown significant reduction in the levels
of increased cytokine production linked to hyperimmune
syndrome.”® The efficacy and function of ruxolitinib was
evaluated in COVID-19 patients, and ruxolitinib was found
to have potential in mitigating ARD.?**?%7 A recent study
demonstrated the JAK1/2 inhibitor, baricitinib, as being an
effective agent for COVID-19 with minimal side effects.?®®
Another report suggested the release of cytokines and
endocytosis associated with SARS-CoV-2 infection could
be suppressed by baricitinib.?®” Tofacitinib, a treatment
for RA, is an orally available JAK inhibitor with demon-
strated activity against COVID-19.2°°-! The targeted JAK2
inhibitor, fedratinib, was found to be beneficial to COVID-
19 patients suffering from cytokine storm due to its
inhibition of TH17-related cytokines.””> A broad-spectrum
drug, ivermectin, was found to inhibit SARS-CoV-2 with
an IC50 2.0 uM through blocking the Stat3 signaling
pathway and has been proposed to be a potential candi-
date for the management of COVID-19.>* However, side
effects of JAK/STAT inhibitors, such as ruxolitinib, remain
controversial and further investigations are required.

3.2.7 | Repurposed drugs targeting GSK-3

Given the remarkable impact of GSK-3 on physiological
processes and vital roles in the onset of clinical symp-
toms related to viral infections, GSK-3 is considered a
promising target of SARS-CoV-2. Indeed, a large num-
ber of inhibitors have been repurposed and are under
investigation, including lithium, lithium chloride (LiCl),
kenpaullone, tideglusib, and thiadiazolidinone. Lithium is
a GSK-3-targeting inhibitor that was approved for patients
diagnosed with bipolar disorder.'*® Treatment with LiCl

and kenpaullone led to reduction of titer in SARS-CoV-
1.13% According to a recent report, tideglusib, designed to
treat Alzheimer’s disease, showed activity against SARS-
CoV-2 Mpro with IC50 of 1.5 uM.”** Another study
demonstrated potent antiviral activity of thiadiazolidinone
against COVID-19%** (Figure 3).

3.3 | Repurposed drugs targeting
immunoregulators

The SARS-CoV-2 virus can cause clinical symptoms rang-
ing from mild, such as fever and cough, to moderate, such
as pneumonia and localized inflammation that require
hospitalization, to severe symptoms, such as ARDS,
cytokine storm, multiorgan failure, and fatality.>*?%%*
There is considerable evidence that severe medical com-
plications, such as immunopathological damage, with
highly elevated levels of proinflammatory cytokines,
may be responsible for the poor outcomes associated
with COVID-19.* Currently, there are no specific treat-
ments for severe complications, such as cytokine storm
induced by SARSCoV2. However, several small molecule
drugs and repurposed therapies are currently under
investigation®>!3%13% (Figure 4).

3.3.1 | Repurposed antibodies or drugs
targeting proinflammatory cytokines or
receptors

Excessive secretion of IL-6 leads to tissue damage and
impairs NK cell antiviral activity.**'*° Therefore, targeting
of IL-6 or IL-6R could be beneficial for SARSCoV2 infected
patients. A number of preclinical and clinical studies have
confirmed the safety and efficacy of the IL6 antibody,
siltuximab, and the IL6R antibodies, tocilizumab and sar-
ilumab, showed promise in decreasing cytokine levels,
ameliorating symptoms of systemic toxicity, and reduc-
ing the requirements for adjuvant and other therapies,
including vasoactive drugs, glucocorticoids and respira-
tory support.'*°~1#? There are presently more than 30 trials
investigating tocilizumab for treatment of SARS-CoV-2.
Tocilizumab has been used for treatment of cytokine
storms.'** Tocilizumab is able to attenuate the levels of
IFN-y, IL10, and 112, and treat refractory hemophagocytic
lymphohistiocytosis (HLH) with expansion of cytotoxic T
and NK cells.!**

Monoclonal antibodies blocking IL-183, IFN-y, TNF-«,
1L-12/23, IL-17A, and GM-CSF have been repurposed for
SARS-CoV-2-induced cytokine storm immune disruption.
Several drugs targeting IL-13 signaling have been repur-
posed for clinical treatment of COVID-19, including the
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IL-18 antagonist, canakinumab (Novartis, developed for
suppression of inflammation in patients with disorders
of autoimmune origin), and the IL-1 receptor antagonist
anakinra (Kineret, approved for the treatment of RA in
2001).147148 There are currently over 30 clinical trials,
investigating single agent or combination treatment, regis-
tered in ClinicalTrials.gov.'*®'*° Emapalumab (Gamifant),
an IFN-y monoclonal antibody approved for primary HLH,
has been repurposed as a potential therapeutic for COVID-
induced cytokine storm, considering the contribution of
IFN-y to cytokine storm as mentioned above.>>! A ran-
domized clinical trial (Italy (NCT04324021) was carried out
to investigate the efficacy of emapalumab on alleviating
hyperinflammation and improving respiratory conditions,
in combination with anakinra. However, this investigation
was eventually terminated, suggesting additional studies
are needed to explore the potential of blocking IFN-y in
COVID-19.

Blocking of TNF« is supported by numerous studies
as a potential treatment strategy for excessive cytokine
release and hyperinflammation associated with COVID-19.
The approved TNFa antibodies, infliximab and adali-
mumab, were originally indicated for chronic inflam-
matory diseases and are now considered for COVID-19
treatment.”>">* Currently, there are four clinical tri-
als investigating infliximab (NCT04425538, NCT04734678,
NCT04593940, NCT04344249), and two clinical trials
(ChiCTR2000030089, NCT04705844) evaluating the thera-
peutic potential of adalimumab against COVID-19 accord-
ing to ClinicalTrials.gov. In addition, through high-
throughput screening technology, researchers evaluated
the effects of a library of 900 herbs/traditional Chinese
medicine for effects on cytokine storm. Several herbs were
found to target IL-6 or the TNF-a pathway, and some
drugs were observed to inhibit both pathways.'> 1L-12/23
inhibitors, including risankizumab, guselkumab, tildrak-
izumab, and ustekinumab, were originally indicated for
chronic inflammatory and autoimmune diseases, such
as psoriasis and inflammatory bowel disease,”**° and
are now under investigation as COVID-19 therapies. The
clinical efficacy of these inhibitors in clinical patients
has been observed according to numerous reports. 60162
Currently, a randomized clinical trial is underway to
evaluate the efficacy of risankizumab alone or in com-
bination with remdesivir in COVID-19 (NCT04583956).
Blockade of IL-17A is another potential option for coro-
navirus cytokine storm treatment. Several case reports
have shown that the IL-17A antagonists, secukinumab
and ixekizumab, relieve the symptoms of COVID-19 in
patients with psoriasis, suggesting blocking of IL17A as a
potential strategy for treatment of COVID-19.!6%!%* More-
over, results of a clinical trial carried out in northern
Italy on COVID-19 patients with psoriasis and treated

with IL-17A inhibitors showed a relatively low hospital-
ization rate (four out of 5206), suggesting a protective
role of IL-17A inhibitors against COVID-induced cytokine
storm. However, the reliability of this trial was compro-
mised by a lack of a control population.'®> Other clinical
trials investigating ixekizumab (NCT04724629) and secuk-
inumab (NCT04403243) as therapeutics for COVID-19 are
currently underway. In addition, the combination IL-
17A with IL-6/IL-6R inhibitors has been shown to have
potential therapeutic effects in the context of COVID-19
disease.'%°

It is predicted that the active ingredients of Maxing
Ganshi decoction, kaempferol and quercetin, may inhibit
the coagulation pathway triggered by IL-6, as well as
reduce the level of TNF-a and IL-18.2"° Glycyrrhizic acid
can significantly reduce IL-6 release from macrophages
through the TLR pathway.’?® Lutein, licoisoflavone
B, fisetin, quercetin, glyasperin F, isolicoflavonol, and
semilicoisoflavone-B reduce NF-xB, leukocyte migra-
tion, and inflammation.*”! In addition to inhibiting
viral replication, Lianhua Qingwen capsule and Liu Shen
capsule'?” were found to reduce proinflammatory cytokine
production, including TNF-a, IL-6, and MCP-1.

GM-CSF has been shown to activate innate and adap-
tive immune responses, and it improves the ability of
the body to fight against viruses. Human recombinant
GM-CSF, including sargramostim and molgramostim,
are under consideration for the treatment of COVID-19.
SARS-CoV-2 infects epithelial cells and destroys the pul-
monary physiological barriers; this leads to imbalanced
GM-CSF regulation and thus elevated G-CSF levels in the
peripheral blood of patients with COVID-19. The block-
ade of GMCSF could be a viable treatment strategy for
COVID19 to achieve clinical benefit. Notably, at least 10
clinical trials have been initiated using this strategy. GM-
CSF antibodies, such as mavrilimumab and lenzilumab,
are indicated for autoimmune diseases and inflamma-
tory diseases, such as RA or giant cell arteritis; these
are now under investigation as potential therapies for
COVID-19. There are several clinical studies underway
evaluating the effectiveness of mavrilimumab for severe
COVID-19 (NCT04447469, NCT04397497, NCT04492514,
NCT04399980, NCT04463004). Similarly, clinical investi-
gation of lenzilumab for severe COVID-19 showed signifi-
cant and rapid clinical improvement, reduction of inflam-
mation, and reduced progression to ARDS (NCT04583969,
NCT04351152, NCT04534725). In addition, several GM-CSF
inhibitors, including otilimab, gimsilumab, and TJ003234,
are under evaluation in clinical trials for COVID-19
(NCT04351243, NCT04376684, NCT04341116).

Other options include blockade of the transcriptional
regulator BRD2, a host protein that controls transcrip-
tion of IFN response in virus infection. A recent study
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showed that blocking BRD2 may restrain the cytokine
storm response associated with COVID-19."7 JQ1, a
BET inhibitor, has been shown to reactivate latent HIV,
which helps to eradicate the virus.'®® Recently, with the
treatment of JQ1 or ABBV-744, levels of ACE2 mRNA
decreased roughly twofold without toxicity to primary
human bronchial epithelial cells.'®” This suggests that JQ1
or ABBV-744 may be a potential therapy for COVID-19.

Blockade of thymosin is reported as an immune
enhancer and widely used in the adjuvant treatment
of chronic inflammation and autoimmune diseases.'®>”
Currently, thymosin was proposed to be useful in con-
tributing to the reconstruction of effective T-cell immunity
in patients with COVID19, thereby potentially inhibiting
cytokine storms.'”! With an emergency use of thymosin,
the symptoms and lung imaging improved significantly in
a COVID-19 patient.'”? It has been reported that thymosin
alpha 1 (Tal) effectively reduces mortality associated with
severe COVID-19, however the effect of Ta inn restoring T
Lymphocyte counts is controversial.'”*!'” The safety of Tal
in the treatment of COVID-19 was also investigated in clin-
ical trials (NCT04487444, NCT04428008). Another option
is immunoglobulin, which regulates cytokine responses
and immune cell functions and has been reported to show
clinical benefit in severe sepsis patients.!”> Notably, a case
report of three patients revealed that a high-dose of intra-
venous immunoglobulin in the early stages of clinical
deterioration is able to prevent ARDS progression and
improve the prognosis of COVID-19.'7

3.3.2 | Repurposed drugs targeting related
signal pathways

The PI3K/Akt/mTOR pathway is involved in initiating
the inflammatory response and producing cytokines, thus
triggering cytokine storms, and is also involved in viral
replication.'”” Inhibitors of the PI3K/Akt/mTOR path-
way can diminish excessive inflammatory reactions, and
thus could ameliorate the course of COVID-19.'7'7% Stud-
ies have shown that the PI3KJ inhibitor idelalisib, alone
or together with the antihistaminic ebastine, suppress
the release of proinflammatory cytokines, such as IL-16,
IL-6, and TNF-a. Accordingly, a clinical trial investigat-
ing the use of ebastine in association with an antiviral
agent in the treatment of COVID-19-positive patients is
underway (ChiCTR2000030535)."”® AKT inhibitors, tri-
ciribine and MK-2206, were reported to increase Tregs
number and function, favoring lung injury recovery in
endotoxin-induced experimental lung injury mouse mod-
els. Therefore, blocking of Akt is proposed to increase
patients Tregs in the lungs of patients with SARS-CoV-
2 infection, thus diminishing the cytokines production

and inflammation and promoting injury resolution.'®’

However, further experimental validation is needed in a
suitable preclinical COVID-19 model before clinical trials
are able to commence for COVID-19 patients. The critical
role of mTOR in immune responses, cytokine storm, and
Treg growth and activity suggests that mTOR inhibitors
might exert beneficial effects against hyper-reactivity
during the critical phase of COVID-19."”” Repurposed
mTOR inhibitor (sirolimus, everolimus, temsirolimus, and
tacrolimus) have been under preclinical and clinical inves-
tigation recently for severe influenza A/HIN1 pneumonia
and acute respiratory failure. Further studies on mTOR
inhibitors for therapeutic effects on COVID-19 are well
merited.'®!

The deregulation of inflammatory responses linked to
NF-xB and p38 MAPK was demonstrated for SARS-CoV-1,
which leads to serious disease.''? Subsequently, the synthe-
sis of cytokines, including IL-6, TNF-«, and f3, is boosted
after the activation of the NF-xB and MAPK signaling
pathway.'?® Therefore, repurposing of inhibitors targeting
NF-xB and MAPK signaling is proposed as a COVID-19
therapy. Several reported anti-inflammatory or antiviral
drugs for COVID-19, such as HCQ, macrolide antibiotics,
dexamethasone, and N-acetylcysteine, are related to NF-xB
inhibition.'®>-1%¢ There are other reported inhibitors tar-
geting the NF-xB pathway, such as the anti-inflammatory
agents, phillyrin (KD-1) and pyrazole derivative, which
significantly reduced replication of SARS-CoV-2 and
expression of proinflammatory factors.*?>*** Therapeu-
tic inhibition of p38 has also been shown to attenuate
COVID-19 infection and inflammation. A preclinical study
showed that inhibition of p38 with SB203580, a highly
specific inhibitor of p38 MAPK, impaired SARS-CoV infec-
tion in a mouse model.'®>'¥” There are p38 inhibitors,
such as losmapimod (NCT04511819), HCQ (NCT04340544,
NCT04342221), and silymarin (NCT04394208), which are
in the clinical stages of development and were considered
for treatment of severe COVID-19 cases. However, most
of these trials were eventually terminated, suggesting fur-
ther efforts are needed to investigate the efficacy of highly
selective and potent MAPK inhibitors for COVID-19.

The JAK/STAT pathway is the downstream of IL-6
and other cytokines involved in cytokine storm during
viral infection.’®> Therefore, JAK/STAT inhibitors are
potentially valuable therapeutic options for COVID-
induced cytokine storm. Several JAK inhibitors, including
tofacitinib, which targets JAK1 and JAK3, and baric-
itinib and ruxolitinib, both which target JAK1 and
JAK2, have been under clinical investigation for treat-
ment of SARS-CoV-2.130:188189 Tofacitinib was reported
to show mortality and pneumonia benefit in patients
with COVID-19, according to clinicaltrials.gov. There
are several clinical trials underway for evaluating
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the therapeutic effects of tofacitinib in COVID-19
patients (NCT04390061, NCT04332042, NCT04412252,
NCT04415151, NCT04469114, NCT04750317). Treatment
with baricitinib significantly improved the inflamma-
tory condition associated with SARS-CoV-2-infection
and also limited lung pathology. There are a series of
clinical trials evaluating baricitinib as a therapeutic for
COVID-19. One observation was robust reduction of serum
IL-6, IL-13, and TNF-a and an increase in T and B cell
counts, and increased production of antibodies against
SARS-CoV-2 (NCT04438629). Another observation was
that baricitinib protected lung function in patients with
moderate-to-severe COVID-19.' There are numerous
clinical trials investigating baricitinib as a therapeutic for
severe COVID-19. Despite these promising clinical data,
the side effects of JAK inhibitors, such as increased risk of
secondary infection and elevated risk of thrombosis, need
to be addressed before further trials can be carried out (US
FDA Drug Safety Communication).

GSK-3 also incites systemic inflammation, which wors-
ens disease through synthesizing the proinflammatory
factors like IL-6, IL-1B,IL-18, IFN-y, and TNF-a."*® GSK-3
inhibitors were reported to be effective in treating type 2
diabetes or neurodegenerative and psychiatric disorders;
they are now being considered as novel therapeutic agents
for COVID-19.°"1%* Three GSK-3 inhibitors, LY2090314,
and AZD-1080 and COB-187, were observed to atten-
uate Spike protein-induced chemokine CXCLI10 expres-
sion in SARS-CoV-2-infected human macrophage cells,'*>
providing justification for further exploration of GSK-3
inhibitors as potential therapeutics for severe COVID-19
(Figure 4).

3.3.3 | Repurposed potential therapies
Mesenchymal stem cells (MSCs) are an effective
immunotherapy for the treatment of several disor-
ders, including graft-versus-host disease, inflammatory
bowel disease, osteoarthritis, RA, and multiple sclerosis.
Recently, much attention has been paid to the use of
MSCs for reducing pathological changes in the lungs.***
MSC-based therapy is an option for SARS-CoV-2 infection,
because of the immunomodulatory, anti-inflammatory,
and regenerative properties. Moreover, MSC therapy was
found to be safe in preclinical and clinical studies.’?’
There are presently over 80 clinical trials registered at
ClinicalTrials.gov for the treatment of COVID-19.%°
Another option for severe COVID-19, for control of
inflammatory cytokines and coagulopathy, is blood purifi-
cation therapy, which was previously used for various
severe refractory disorders, such as fulminant liver fail-
ure, transplant rejection and collagen diseases.?"” Clinical

studies have revealed beneficial clinical effects associated
with therapeutic plasmapheresis. There are four blood
purification technologies: (1) therapeutic plasma exchange
(TPE), (2) AN69 (Oxiris) surface-treated membranes, (3)
Cytosorb, and (4) polymyxin b hemoperfusion.*?

TPE effectively separates plasma from blood cells and
replaces it with fresh frozen plasma. Case reports have
been published showing successful TPE treatment for
patients with severe COVID-19.320-3% Numerous clinical
studies have been carried out to evaluate the therapeu-
tic effect of TPE on severe COVID-19 cases, supporting
the efficacy of TPE.*?°%! Oxiris is a newly developed
CKRT hemofilter with an AN69 surface treatment mem-
brane that offers high endotoxin absorption and excellent
antithrombotic properties based on negatively—positively
charged attraction. The effectiveness of this approach
has been reported, namely in reducing cytokine levels
in patients with severe COVID-19 disease.**>*** Cytosorb
is a hemadsorption device that lowers cytokine levels
associated with various critical diseases, such as sep-
tic shock and cardiac surgery; Cytosorb was approved
in the European Union in 2011°*>*% and is currently
being repurposed for treatment of pneumonia associated
with severe COVID-19.%37338 Cotreatment with Cytosorb
and venous-venous extracorporeal membrane oxygena-
tion (ECMO) has been investigated in several clinical
studies and has shown therapeutic benefit by decreas-
ing cytokines and symptoms of ARDS (NCT04518969,
DRKS00021447, NCT04344080). Polymyxin b hemoper-
fusion (PMX-DHP) is a widely used blood purification
therapy, now considered for treatment of severe COVID-19,
which decreases circulating endotoxins through adsorp-
tion to polymyxin b-immobilized columns for septic shock
patients.”*® PMX-DHP has been shown to decrease lev-
els of IL-6 and other inflammatory chemokines, however
efficacy has been questionable.>*0-342

4 | REPURPOSED DRUGS IN CLINICAL
TRIALS

Pharmaceutical companies globally are focusing on devel-
oping medicines against SARS-CoV-2. However, the initial
investment in new medical research and development
has been expensive, the process is lengthy, and clinical
trial outcomes are uncertain. Therefore, it is attractive
to repurpose currently available drugs that target key
proteins important for COVID-19. Currently, many types
of drugs, including antiviral agents, antibiotics, kinase
inhibitors, and immunoregulators, are being investigated
in clinical trials as monotherapy or as part of combina-
tion therapy for the treatment or prevention of COVID-19
(Table 3).263:249.343.344
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TABLE 3 Summary of repurposed drugs that are approved or in clinical trials.

Drugs
Chloroquine (CQ)
and hydroxy-

chloroquine

(HCQ)

Azithromycin

Lopinavir

Cepharanthine

Bemcentinib

Remdesivir
(Veklury)

Azvudin (Jie Beian,
Henan Zhenzhen
Biotechnology)

Favipiravir (Avigan,
Zhejiang Hisun
Pharmaceutical)

Pathogenic Targets

Interference in endocytic
pathway, blockade of
sialic acid receptors,
restrict spike protein
cleavage, and prevent
cytokine storm

Interference ligand/CD147
receptor interactions
and anti-inflammatory
properties

The viral proteases,
3CLpro and ACE2

Prevent Sp-ACE2 binding,
act as an entry inhibitor
in a prophylactic role

A highly selective and
potent AXL inhibitor
with antiviral activity

RdRp

RdRp inhibitor,
nucleoside-based
antiviral agents:
nucleoside analogs
mimic natural
nucleosides

RdRp

XUE ET AL.
Original indications Clinical trails References
Malaria and Phase I1, III, or IV 343,345-349
rheumatoid arthritis NCT04328493,
NCT04481633,
NCT04333225,

Treatment of bacterial
infections

HIV

Agranulocytosis
caused by tumor
chemotherapy and
radiotherapy and
leukopenia caused
by other causes

Advanced lung
adenocarcinoma

Ebola

HIV, HBV, and HCV

Treatment of influenza
virus infection

NCT04466540, and so
on

Single dose or different
combinations (the
effects were
unsatisfactory)

Phase II or III

NCT04332107,
NCT04622891,

NCT04622891, and so on

Single dose or different
combinations (the
effects were
unsatisfactory)

Phase IV

NCT04307693,
NCTO04738045, and so
on

Different combinations
with ritonavir for
pneumonia associated
with COVID-19 (the
effects were
unsatisfactory)

Phase 11
NCT05398705

Phase II trial in UK
NCT04890509

US FDA approved in May

2020
NCT04431453,

NCT04365725, and so on

NDA approved in July
2022
NCT04668235,

NCT05033145, and so on

US FDA approved in 2020

Phase II or III
NCT04464408,
NCT04358549,

NCT04351295, and so on

350-355

242,344,356-358

359,360

361-363

364-366,367

369-371

(Continues)
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TABLE 3 (Continued)
Drugs Pathogenic Targets Original indications Clinical trails References
Molnupiravir RdRp Treatment of influenza UK approved in Nov. 2021, 372374
(Lagevrio, virus infection FDA (EUA) and PMDA
Merck) (Japan) approved, NDA
(submitted)
NCT04575597,
NCT05595824, and so on
VV116 (JTOO1, RdRp COVIDI9 US FDA approved in Dec. S22
Junshi 2021
Biosciences) NCT05227768,
NCT05201690,
NCTO05221138
PF-07321332, Mpro COVIDI9 US FDA approved in Dec. 376
(Paxlovid, Pfizer) 2021
NCT04756531,
NCT04909853,
NCT05011513, and so on
Ensitrelvir (Xocova, 3CLpro COVIDI9 Phase II or III S
Shionogi) NCT05041907
JRCT2031210350
Approved (ERAS) in
Japan in November 2022
Masitinib (Masivet, 3CLpro Gastrointestinal Phase II 379-381,382
AB Science) stromal tumor NCT05047783,
NCT04622865
Sabizabulin Microtubule disruptor that COVID19 FDA approved (EUA) in SEpR
has dual antiviral and May 2022 NCT04842747
anti-inflammatory (the effects were
activities (cytokine dubious)
Storm)
Baricitinib Immune modulator, an Rheumatoid arthritis, FDA approved (EUA) in 263,385,386
(Olumiant, Eli inhibitor of JAK alopecia areata November 2020, in July
Lilly Nederland) 2021 broadens existing

emergency use, PMDA
(Japan), approved in

2021 NCT05082714,
NCT04970719, and so on
Anakinra (Kineret, Recombinant human IL-1 Autoinflammatory Phase II or I1I RESLEPEY
Swedish Orphan receptor antagonist, diseases NCT04680949,
Biovitrum) management of NCT04443881,
cytokine Storm, severe NCT04643678, and so
respiratory failure and on
virus infection
Tocilizumab Recombinant humanized Castleman’s disease, NDA approved in March 140,142-144,388
(RoActemra, monoclonal antibody rheumatoid arthritis, 2020, and new clinical
Roche targeting the giant cell arteritis, trials in Phase II, ITI, or
Regestration) interleukin-6 receptor systemic juvenile IV NCT04445272,
(IL-6R) idiopathic arthritis, NCT04730323,

Data sources: https://clinicaltrials.gov.

cytokine release
syndrome induced
by CAR-T therapy,
polyarticular
juvenile idiopathic
arthritis

NCT04331795, and so on
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41 | CQand HCQ

CQ is a Toll receptor and autophagy inhibitor.>*-3%
It is widely used to treat malaria and RA. In vitro,
CQ was found to be effective in inhibiting COVID-19
infection.?*® Mechanistic studies have shown that CQ
can target multiple key proteins of the SARS-CoV-2
virus,>®3% such as the ACE2 and Mpro.??’?* Cur-
rently, CQ is being investigated in numerous clinical
trials for COVID-19, including for medical staff as a pre-
ventative agent for COVID-19, and measurement of its
therapeutic effect across different stages of SARS-CoV-
2 infection. Furthermore, various combinations of CQ
and other drugs are being investigated in clinical trials,
with both encouraging as well as controversial effects in
patients.*!3%

4.2 | Azithromycin

Azithromycin is an antibiotic that is widely used in
the study and treatment of bacterial infections.*?3> It
was discovered to be able to target many key COVID-
19 proteins.®>* Current clinical trials are investigating the
combination of azithromycin with other drugs against
COVID-19, including clarithromycin (NCT04622891), CQ
(NCT04358068), and zinc preparations (NCT04370782).
Azithromycin may cause aberrant alterations in the elec-
trical activity of the heart, as well as potentially fatal
irregular heartbeats.®* This risk is particularly severe
in people with specific medical conditions, including
patients with low potassium levels and those with aller-
gies to antibiotics, as well as in those patients using
drugs to treat irregular cardiac rhythms. In some COVID-
19 trials, azithromycin failed to accomplish the specified
end point.>>

4.3 | Lopinavir

Lopinavir is an AIDS therapeutic drug that selectively
inhibits HIV-1 protease, inhibits HIV-1 maturation, and
prevents HIV infectivity.®®*>’ It was discovered that
lopinavir inhibits the activity of 3CLpro and PLpro in
SARS-CoV-2.24%34* Lopinavir in combination with dif-
ferent antiviral drugs has been investigated in clinical
trials for the prevention and treatment of COVID-19.
Although lopinavir did not improve outcomes for peo-
ple with mild COVID-19 compared with standard care,
lopinavir-ritonavir may be associated with a significant
reduction in total mortality.?>3604

4.4 | Cepharanthine

Cepharanthine is an extract of Stephania chinensis, a tra-
ditional Chinese medicine, which was traditionally used
to increase the amount of white blood cells and boost the
body’s immunity to tumors; it can also be used to treat
silicosis and hair loss.>***% Through inhibiting NF-xB
activation, NO production, lipid peroxidation, cyclooxyge-
nase expression, and cytokine production, cepharanthine
exhibits activity against viral replication and inflamma-
tory responses.>*® Cepharanthine was recently discovered
in preclinical models to be the most potent coronavirus
inhibitor out of 2406 clinically licensed drug repurposed
candidates (NCT05398705). Cepharanthine has entered
clinical trials and subsequent market use, providing a
new and promising option for COVID-19 prevention and
control.

4.5 | Bemcentinib

Bemcentinib is an efficient and selective AXL inhibitor.>¢!
The US FDA-approved bemcentinib and the PD-1 anti-
body, pembrolizumab, as fast-track designation for the
treatment of advanced patients with STK11 mutations and
patients with metastatic non-small cell lung cancer. The
antiviral potential of bemcentinib against the Ebola and
Zika viruses has been confirmed and validated.****% Bem-
centinib is now being studied in a clinical trial for the
treatment of COVID-19. The major goal of the study is
to assess the efficacy of bemcentinib as an add-on to
standard of care treatments in hospitalized patients with
COVID-19 (NCT04890509). The off-target effect of kinase
inhibitors remains a concern in patients not diagnosed
with cancer, and bypass activation can also cause patients
to develop drug resistance to kinase therapies. However,
the anti-SARS-CoV-2 activity of kinase inhibitors con-
tinues to be worth researching considering the host of
potential therapeutic benefits associated with these agents.

4.6 | Favipiravir (Avigan)

Favipiravir is an analog of guanine and an effective and
selective inhibitor of RNA polymerase; it is approved in
Japan for the alternative treatment of influenza.’***° In
vitro, nucleoside analogs have various antiviral mecha-
nisms of action, including lethal mutation, strand ter-
mination, and inhibition of nucleotide biosynthesis.>”!
There are currently over 30 clinical trials investigating the
efficacy of favipiravir as a single agent or as part of combi-
nation therapy. Favipiravir was approved as a repurposed
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agent for the management of COVID-19 in 2020. How-
ever, because nspl4-ExoN was discovered to have an RNA
proofreading activity, SARS-CoV-2 gained nucleoside ana-
log resistance.*"*? Ribavirin has relatively little antiviral
impact on coronaviruses in vitro, and similarly, favipiravir
has a limited effect on coronaviruses.

4.7 | Molnupiravir (Lagevrio)

Molnupiravir is an oral prodrug for the ribonucleoside
analog EIDD-1931. Molnupiravir has exhibited substantial
activity against influenza viruses and coronaviruses, and
therefore it has been investigated in several clinical trials
due to its therapeutic potential as a therapy for COVID-
19 and seasonal treatment.’’>~>"* A phase III clinical trial
examined the efficacy of molnupiravir in nonhospitalized
high-risk adult patients with mild-to-moderate COVID-19.
The findings of this trial imply that starting molnupiravir
early in high-risk adult patients without COVID-19 immu-
nization reduced the risk of hospitalization or death signif-
icantly (NCT04575584). On December 23, 2021, the US FDA
approved an Emergency Use Authorization (EUA) for mol-
nupiravir for the treatment of COVID-19 in adult patients
with mild to moderate coronavirus disease.

4.8 | VV116 (JT001)

VV116 (JT001), an oral nucleoside analog antiviral drug,
that is one of the most focused China-developed COVID-
19 treatment candidates.’® Metabolized from VV116, the
parent nucleoside (116-N1) is intracellularly converted to
the nucleoside triphosphate active form, which would
interfere with the function of RdRp of SARS-CoV-2, thus
exerting antiviral effects.*”> There are many clinical tri-
als (NCT05227768, NCT05201690, NCT05221138) that have
been accomplished at the Phase I Clinical Research Cen-
ter of Shanghai Xuhui Central Hospital, which showed
satisfactory effects on safety, tolerance, and pharmacoki-
netics characteristics. On December 31, 2021, the EUA of
VV116 has been approved for the treatment of COVID-
19 in Uzbekistan. And on January 29, 2023, VVI116 was
approved for listing with conditions in the State Food and
Drug Administration of China (BioSpace news).

4.9 | Remdesivir (Veklury)

Remdesivir, a nucleoside analog with antiviral activity,
was originally created as an Ebola treatment by inhibiting
RdRp activity, however clinical results were negative,04-36>
The first case of a COVID-19 patient successfully treated
with remdesivir in the United States prompted research

into remdesivir for COVID19. Further research has indi-
cated that remdesivir potentially inhibits COVID-19 activ-
ity through acting on the RdRp of COVID-19.°®° Remde-
sivir was approved by the US FDA for COVID-19, and there
are currently 60 ongoing clinical trials investigating its effi-
cacy. Antiviral nucleic acid analogs, such as ribavirin, are
used to treat coronavirus infections and will be cut out by
the coronavirus exoribonuclease ExoN when incorporated
into the viral RNA. However, because remdesivir is resis-
tant to ExoN, it is more successful in treating coronavirus
than other nucleic acid agents.**!-3704

4.10 | Azvudine (Jie Beian)

Azfudine is the world’s first dual-targeting inhibitor that
targets HIV reverse transcriptase with the accessory pro-
tein Vif. This agent has exhibited antiviral activity against
HIV, HBV, and HCV and inhibits NRTI-resistant viral
strains, as well as HIV-1and HIV-2.3% On July 20, 2021, the
CDE conditionally approved the combination of this prod-
uct with other reverse transcriptase inhibitors for adult
HIV-l-infected patients with high viral load. Given its
excellent antiviral effects, azfudine is under clinical inves-
tigation for the treatment of COVID-19 as a single agent.
On July 25, 2022, an application was filed for azfudine as
a treatment for SARS-CoV-2-associated pneumonia by the
State of Food and Drug Administration of China.

4.11 | PF-07321332, PAXLOVID™
(PF-07321332 and Ritonavir)

PF-07321332 is a highly effective, orally active 3CLPRO
inhibitor for SARS-CoV-2. It is a trypsin-like protease
inhibitor that inhibits sodium channel function in airway
epithelial cells.*’® On December 22, 2021, the US FDA
approved the first oral drug, Paxlovid, to be used as an
emergency treatment for SARS-CoV-2 infection. Paxlovid
was investigated as a treatment for children and adults
with SARS-CoV-2 (mild to moderate COVID-19 in adults
and those aged 12 years old, with 40 kg body mass, and
in a patient population with a higher risk of severe ill-
ness). Preliminary results of clinical trials showed an 89%
lower risk of hospitalization and death from any cause in
patients treated within 3 days of developing symptoms, as
compared with placebo.

4.12 | Ensitrelvir (Xocova)

Ensitrelvir is the first orally active, noncovalent, non-
peptide 3CL protease inhibitor developed for SARS-CoV-
2377378 phase II clinical data showed that SARS-CoV-2
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viral load decreased by approximately 63-80% in asymp-
tomatic and mildly symptomatic patients after four days,
compared with placebo, and was also effective against the
Omicron strain. In addition, there are more than a dozen
clinical studies being conducted around ensitrelvir accord-
ing to ClinicalTrials.gov. On November 22, 2022, ensitrelvir
was approved in Japan for the treatment of COVID-19
under the Emergency Regulatory Approval System (New
Atlas). Although efficacy was demonstrated, ensitrelvir is
slightly inferior to Pfizer’s Paxlovid. Ensitrelvir has a half-
life of 10—30 h and has been demonstrated to work in the
absence of ritonavir in vitro, improving its performance in
safety and patient compliance.

4.13 | Masitinib (Masivet)

Masitinib is a potent, orally available, and selective c-Kit
inhibitor that also inhibits PDGFRa/g, Lyn, Lck, FGFR3,
and FAK.*”” Masitinib exhibits potential antiproliferative
and proapoptotic activity, with low toxicity.*** It plays an
important role in the mast cell activation process, such as
the immune response, lymphatic infiltration in the brain,
and the inflammatory response associated with multiple
sclerosis.*®! Masitinib is mainly used in the treatment of
gastrointestinal stromal tumors caused by the c-KIT muta-
tion (gain of function) (NCT00812240). Studies have shown
that masitinib can competitively inhibit the activity of
the main protease, 3CLpro, thus inhibiting the replica-
tion of SARS-CoV-2. Currently, there are two clinical trials
that are underway for evaluating the efficacy in mono- or
combination treatments, according to ClinicalTrials.gov.

4.14 | Sabizabulin

Sabizabulin is a highly efficient and orally available
a/f tubulin (tubulin) inhibitor, which can destroy the
intracellular transport of the virus along microtubules.
With strong antiviral activity and a demonstrated anti-
inflammatory effect, this agent was believed to have the
potential to alleviate cytokine storm caused by the novel
coronavirus.***3%* Despite these promising early findings,
sabizabulin subsequently failed the expert advisory com-
mittee’s examination, and clinical trials were terminated
due to efficacy.

4.15 | Baricitinib (Olumiant)

Baricitinib (Olumiant) is a dual JAK1 and JAK2 inhibitor
that was first approved for therapy of adults with
severe alopecia areata.’”® Baricitinib is also a prescription

medicine used to treat adults with moderately to severely
active RA.*** Recently, baricitinib has been repurposed
for treatment of COVID-19.* Baricitinib showed high
efficacy against SARS-CoV-2 migration and intracellular
assembly and was effective in treating ARDS in patients
with COVID-19.2 A clinical trial investigating barici-
tinib plus remdesivir was associated with fewer serious
adverse events and superior to remdesivir alone in reduc-
ing the recovery time among patients with COVID-19.
This was notable among those patients requiring sup-
plemental oxygen, noninvasive, or invasive mechanical
ventilation (NCT04401579). On November 19, 2020, the
US FDA approved an EUA for baricitinib in combination
with remdesivir for the treatment of COVID-19 in hospi-
talized adults and pediatric patients receiving high-flow
oxygen or noninvasive ventilation or ECMO.*® As the first
approved COVID-19 immunomodulatory treatment agent,
baricitinib was authorized as a stand-alone treatment on
July 28, 2021.3%

4.16 | Anakinra (Kineret)

The IL-1 receptor antagonist, anakinra (Kineret), was first
approved for the treatment of RA in 2001 and is now
being used as a therapy for COVID-19."*714® Some clinical
studies suggest that anakinra may improve the progno-
sis of patients with moderate to severe COVID-19 through
reducing the mortality risk in patients with pneumo-
nia and hyperinflammation.*®” Therefore, anakinra may
be a safe, anti-inflammatory treatment option to com-
bat COVID-19. Currently, there are over 30 clinical trials
underway for evaluating the efficacy in mono- or combina-
tion treatments, according to the ClinicalTrials.gov.'#%!4’
On December 16, 2021, the European Medicines Agency
authorized extension of the use of anakinra across the EU
to treat COVID-19 in adult patients with pneumonia who
need oxygen supplementation and who are at a high risk
of developing severe respiratory failure.

4.17 | Tocilizumab (RoActemra)

The IL6R antibody, tocilizumab, previously approved for
RA and used in the treatment of cytokine storm caused
by chimeric antigen receptor T cell (CART) therapy,'** is
now under consideration as a COVID-19 therapy. Through
blocking cytokine production, ameliorating the symptoms
of systemic toxicity, and reducing the requirements for
adjuvant and other therapies, this antibody has shown
high efficacy and safety in a series of preclinical and
clinical studies involving SARS-CoV-2.140:142.144388 1y to
now, there have been more than 30 SARS-CoV-2 trials
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(NCT04445272, NCT04730323, NCT04331795, so on) inves-
tigating tocilizumab as a COVID-19 therapeutic. On June
24, 2021, tocilizumab was approved by the US FDA for
the treatment of hospitalized adults and pediatric patients
(over two years old) with severe symptoms of COVID-19
(FDA News Release).

5 | DISCUSSION AND FUTURE
PROSPECTS

The outbreak caused by SARS-CoV-2 threatened the world
with increasing infection and massive casualties."” Dur-
ing the pandemic, the SARS-CoV-2 subvariants evolved
rapidly with enhanced transmissibility and the alarmingly
rising rate of infection. The constantly mutated S protein
under high-pressure selection rendered vaccines and anti-
bodies somewhat less effective. An inhaled version of the
COVID-19 vaccine has been shown to elicit potent immune
responses against different subvariants of concern, includ-
ing the Omicron variant**>=°7; China has approved the
world’s first inhaled COVID-19 vaccine (September, 2022)
for use as a booster (Euronews, C&EN). Despite this,
reinfections are still common. It is anticipated that the
SARS-CoV-2 virus showing reduced mortality but will per-
sist for an extended length of time, and studies have shown
that immunosuppressed individuals are unable to mount
responses even after two vaccine doses.*’ Thus, other
options are needed to protect against SARS-CoV-2.

There is an urgent need to identify potential pathogenic
proteins or pathways that are highly conserved among
multiple virus, such as Ebola virus, MERS-CoV, and more
recently, coronaviruses.''* There are two main categories
of pathogenesis and druggable molecular targets that are
involved in SARS-CoV-2 infection and symptoms, includ-
ing (1) the viral targets associated with SARS-CoV-2 and
(2) the host cell protein targets that are essential for viral
life or virus-host cell response'*?°-%* (Figure 1). Key poten-
tial targets associated with coronaviruses, such as the
replication-related enzymes RdRp, protease Mpro/3Cpro
and PLpro, and the host-cell receptors ACE2, AXL, and
CDI147, are conserved among coronaviruses,''~13:30:4447
Host cell responses to SARS-CoV-2 are associated with the
development of symptoms of COVID-19. There are many
potential targets that play critical roles in this process and
that could be exploited therapeutically. For example, pro-
teins such as EGFR, ABL, SFKs, and CDKs are involved
in various pathologies associated with SARS-CoV-2 infec-
tion, including pneumonia, fibrosis, ARDS, and cytokine
storm.”7-7:8597.98.114-116 The complex immunopathological
manifestations of COVID-19 are associated with many
signaling pathways, including IL-6/IL-6R, JAK/STAT sig-
naling, NF-x¥B, and MAPK pathways, which induce the

expression of proinflammatory cytokines and hyperin-
flammation, and many therapies have been developed
accordingly'30-188:128.138,139.189 (Table 1). There are ongo-
ing efforts to repurpose drugs that can effectively inhibit
potential therapeutic targets and thus suppress the trans-
mission of SARSCoV2 or ameliorate the symptoms of
COVID19.

Cost-effective and timeline-reducing drug repurpos-
ing approaches could be a viable treatment alternative
for COVID-19 to the more traditional drug develop-
ment process.* Various strategies are employed to
find alternative uses of an approved or investigational
drug outside of its original indications, including com-
putational approaches that using algorithms to study
drug interactions and model disease, and experimen-
tal, laboratory-based assays and screening of drug
libraries,!11415:30.227.245.249 There are numerous success-
ful drug repurposing assays performed for reported or
repurposed pathological targets that lead to preclinical or
clinical evaluation of identified candidates for potential
therapeutic activity against COVID-19 (Table 2).

There are many promising alternative drugs that are
being investigated in clinical trials or that have been
approved for treating COVID-19 patients, either alone
or in combination with other treatments (Table 3).
Some repurposed drugs target the viral protein RARP,
such as remdesivir,>%43037  favipiravir,**>=’"  and
molnupiravir,”’>~’* and have been approved and pro-
vided benefit for moderate-to-severe cases of COVID-19.
In addition, numerous kinase inhibitors used to treat
conditions such as chronic inflammations or autoim-
mune diseases have been found to also exhibit antiviral
activity, anticytokine storm activity, and antifibrotic
activity due to selective targeting of important virus-
associated proteins. Examples include the mTOR
inhibitor rapamycin and tacrolimus,”*?®* the JAK2
inhibitor fedratinib,?°? the PI3KS inhibitor idelalisib and
ebastine,'”® and the JAK2-STAT inhibitors, baricitinib
and tofacitinib.?0338>36  Several alterative inhibitors
targeting kinases or cytokine receptors that have shown
promising therapeutic activity in various clinical trials
have recently been approved for patients. Examples
are the JAK inhibitor baricitinib (Olumiant),?03385386
recombinant human IL-1 receptor antagonist anakinra
(KINERET),*>" 148387 and tocilizumab,'0:1427144.388 which
is a recombinant humanized monoclonal antibody
targeting the IL-6R (Table 3).

When repurposing authorized drugs for new therapeu-
tic uses for COVID-19 patients, the specificity of inhibitors
on target proteins must be considered in order to avoid
adverse effects/unwanted toxicity, and short-term ther-
apy could be investigated for mitigation of unwanted
side effects as well. Combination therapy is a promising
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approach that could be employed for higher treatment
efficacy. Antiviral drugs are often combined with other
antiviral agents having different targets, such as ritonavir-
lopinavir,”***® and antiviral drugs are also combined
with kinase inhibitors, such as remdesivir-baricitinib.3%
In addition, kinase inhibitors are combined with com-
pounds/antibodies with anti-inflammatory or antifibrotic
activity, for example, baricitinib-tocilizumab,**® the com-
bination of which was found to be superior to monotherapy
in reducing recovery time and accelerating improvement
in clinical status. Successful outcomes for COVID-19
patients with access to these drug combination approaches
support the notion that the repurposing strategies can be
beneficial for controlling outbreaks like SARS-CoV-2.

Global collaborative efforts between researchers and
healthcare professionals toward drug discovery and devel-
opment is continuously needed to prevent future pan-
demics and to restrict the spread of current problematic
contagions. In addition to immunosuppressed individuals
who are unable to mount responses even after two vac-
cine doses,® there are the elderly and people afflicted with
underlying health conditions that make them more sus-
ceptible to COVID-19, such as cancer, diabetes, cardiovas-
cular disease, and other immune-related diseases.>*° So far,
vaccines remain the best option for protection from infec-
tion. Continuing the vaccination program that has been
launched globally and investing in development of novel
and more effective vaccines or prophylactics against infec-
tion are a top priority. Identification of potential therapeu-
tic drug targets using multidisciplinary approaches, such
as genomic studies, structural biology studies, proteomic
studies, chemoinformatic studies, and computational tools
could help facilitate the development of effective and spe-
cific antiviral medicines against SARS-CoV-2 infection.
In addition, combination of newly identified and repur-
posed therapeutics with the other agents or therapeutic
approaches will further help toward controlling the spread
of diseases like COVID-19.
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