Drug Repurposing for COVID-19: Current
Status of Potential Therapeutics

ABSTRACT

The maneuver clinical investigation of an effective drug for coronavirus disease 2019
(COVID-19) is still ongoing and the milieu of a successful investigational drug with proven
efficacy is still obscure. Drug repurposing is a method to identify new therapeutic uses for
existing drugs, which include approved, delayed, withdrawn, and investigational drugs and
drug candidates. Indeed, the cost of the standard drug discovery and development process
amounts to more than a billion dollars, and the investigations are expected to last 10-15
years. Notably, repurposing existing approved drugs is a potential, effective, and profitable
approach as it significantly reduces the cost and time of developing a new drug. Owing to
the established safety, pharmacokinetic, and pharmacodynamic profiles of potential drug
candidates, drug repurposing may allow scientists to skip or shorten some critical steps of
the traditional drug discovery and development process. Prospectively, advanced
approaches could be harnessed to conduct proof-of-concept trials that would accelerate the
clinical evaluation of repurposed drugs. Drawing lessons from repurposing efforts for
COVID-19 therapeutics, the present review briefly summarizes the current status of various
potential drugs that have been clinically evaluated for repurposing platforms as well as that
could maximize safety, efficacy, and possible therapeutic benefits, bothalone or in
combination, and clinical outcomes in patients with COVID-19.
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1. INTRODUCTION

Drug repurposing is the method to identify the new uses for existing medicines and is
considered an effective and profitable approach, which comprises approved, delayed,
withdrawn, and investigational medicines.Repurposing is also known as re-profiling, re-
tasking, repositioning, and deliverance of drugs [1,2].Repurposing of drugs serves as a
valuable strategy to reuse the drugs that have been tested formerly in humans with favorable
safety and therapeutic effects. Rapid repurposing of several other drugs including antivirals
is initiated all over the world to combat severe complications caused by coronavirus
[3].Presently, potentially effectiveagents from preclinical trials are undergoing clinical
investigation,and preventive or therapeutic agents are yet to be developed for coronavirus
disease 2019 (COVID-19) patients[4,5].At the beginning of the recent pandemic, there was
no reliable cure or suitable therapies for COVID-19, only the emergency use authorization
(EUA) by the US Food and Drug Administration (FDA) has been in practice with the approval
of several drugs, including old antiviral medicines[5]. Moreover, the cost of the new drug and
vaccine development process amounts to more than a million dollars,and investigations are
extended for a duration of 10-15years with a success rate of only 2.01% [6-8]. Therefore, in
the absence of effective agents, the scientific community has rationally considered the drug
repurposing approach for the development of anti-COVID-19 drugs.

Given the urgent need for effective treatments for COVID-19, many researchers have been
exploring the possibility of repurposing existing drugs to combat the disease. This approach




has several advantages over developing new drugs, including lower costs and shorter
development timelines. By drawing on experience gained from the previous successful
repurposing approaches and existing knowledge and data, researchers can make more
robustly and quickly identify drugs that may be effective against acute respiratory pattern
coronavirus 2 (SARS-CoV-2) with less risk [2,9]. However, repurposing drugs is not without
its challenges. Existing drugs may have unintended side effects or interactions when used to
treat a new disease, and determining the appropriate dose and treatment regimen can be
difficult. Nonetheless, many researchers are exploring this approach as a potential avenue
for addressing the current pandemic [10]. When repurposing medicine, researchers typically
rely on two principles. The first is that a single drug can interact with multiple targets, which
allows scientists to search for new sites of action for the compound[2,11,12]. The second
principle is that the therapeutic targets associated with a particular disease often play a role
in multiple biological processes involved in pathogenesis. This can lead to the identification
of new indications for drugs that target these common pathways[2,9,13]. Drugs that act
through these principles not only have the potential to be useful for the pharmacological
management of disease that was originally intended but also for various diseases of different
etiologies.The drug repurposing approach has gained a lot of advantages because one out
of three drug approvals were related to existing approved therapeutic indications that
generate a profit for the pharmaceutical industry. Prior knowledge of the repurposed
candidates, such as safety, tolerability, manufacturing,pharmacodynamic, and
pharmacokinetic data, helps to shorten the long drug development timeline and limit the cost
of development [11-14]. Existing detailed information on human pharmacology and
toxicology details of approved drugs helps to enable rapid clinical trials and regulatory review
for repurposing [15].

2. CORONAVIRUS and COVID-19

Coronaviruses (CoVs) are pleomorphic, enveloped, and positive single-stranded sensewith a
genome of nearly 30,000 nucleotides and26 — 32 kb large RNA viruses with typical crown-
shape glycoprotein spikes(peplomers) that cause respiratory and enteric diseases in
humans and other creatures[16].They're enveloped and have a non-segmented, single-
stranded, positive-sense ribonucleic acid(ssRNA) as their nuclearmaterial. The CoVs belong
to the family Coronaviridae, subfamily Coronaviridae, and the order Nidovirales.They are
genetically distributed into four important genera the alpha coronavirus, beta
coronavirus,gammacoronavirus, and delta coronavirus. The former two genera generally
infect bats,rodents, and mammals whereas the latter two mostly infect avian species.SARS-
CoV- 2 was also found to be nearly related to the genus Betacoronavirus and was noted to
be a distinct clade in lineage B of the subgenus Sarbecovirus[17-19].The genome sequence
of SARS-CoV2 showed 79.5 similarity with SARS-CoV and interestingly,96.2 similarity with
bat coronavirus RaTG13, suggesting its origin from a bat virus [20].Afterbat-nCov,strains of
SARS-CoV-2 have shown high similarity to pangolin-nCoV.Thus, the pangolin is suspected
asan intermediate host[20,21].The coronavirus genome contains four important structural
proteins: the spike glycoprotein (S), membrane (M), envelope (E), and nucleocapsid (N)
protein, which covers RNA and are encoded within the 3' end of the genome[22].This virus
entry is caused by attachment and membrane fusion of viral spike (S) protein with the host
cell receptor, which is the key step in viral infection and pathogenesis. The N protein is a
structural protein that binds to the RNA genome and is also involved in virus transcription,
assembly, and budding. The membrane protein is the most abundant protein and defines the
viral envelope shape. The E protein is the smallest protein and involve in viral assembly and
budding [22,23].The entry of all coronaviruses into host cells is intermediated by spike
glycoprotein that gives coronaviruses a crown-like appearance by forming spikes on their
surface. S- proteins consist of S1 and S2 domains that belong to class 1 fusion
proteins[24].Spike glycoprotein consists of a large ectodomain amino acid sequence, a short



¢ terminal intracellular tail, and a single-pass transmembrane anchor. The ectodomain
contains a receptor-binding unit S1 and a membrane-fusionunit S2, virus enters the host cell,
via its receptor-binding domain (RBD) of S1 binds to angiotensin-converting enzyme 2
(ACE2)cell surface receptor, and S2 fuses the host cell and viral membranes, enabling the
entry of viral genomes into host cells[25,26].The outbreak of COVID-19, caused by the new
and largely contagious SARS-CoV- 2, represents a great pandemic to global health.

COVID-19 presents a wide variety of clinical manifestations ranging from asymptomatic
cases to multi-organ dysfunction and septic shock [27].COVID-19 is classified into mild,
moderate, severe, and critical based on the severity of the symptoms. Patients present with
common symptoms that include fever, muscle soreness, fatigue, dry cough, and diarrhea.
Mild disease patients present with symptoms of an upper respiratory tract viral infection,
such asdry cough, nasal congestion, sore throat, headache, and malaise. Moderate disease
patients have respiratory symptoms of cough, shortness of breath, and tachypnea.
Moreover, COVID-19patients are complicated with severe pneumonia,acute respiratory
distress syndrome (ARDS), septic shock, or sepsis[27-29]. Clinical symptoms presentation
comprises the presence of respiratory distress, severe dyspnea, tachypnea (respiratory
rate> 30/ minute),Sp02 < 93, Pa02 / FiO2< 300, and/ or more than 50 lung infiltrates within
24 to 48 hours. Indeed, in severe forms of the disease, fever can be absent or moderate.
The risk of death from COVID-19 is increased among geriatric patients and among those
with chronic medical conditions, such as cardiovascular disease, cancer, diabetes, lung
disease, and obesity [28-29].Some patients may have only mild fever, fatigue, or even no
symptoms[30].In addition,amultisystem inflammatory syndrome in children (MIS-C), also
known as pediatric inflammatory multisystem syndrome reportedly temporally associated
with SARS-CoV-2. Though MIS-C is relatively uncommon, with an estimated incidence of 2
per 100,000 individuals less than 21 years old, it is a serious complication of SARS-CoV-2
infection in children and adolescents that generally occurs 2—6 weeks after SARS-CoV-2
infection [31].it is hypothesized that the pathogenesis of MIS-C involves a dysregulated
immune response to a recent SARS-CoV-2 infection, and host genetics might alter
susceptibility to developing MIS-C.The majority of these children presented skin rash,
abdominal pain, diarrhea, vomiting, conjunctivalinjection, and hypotension. In addition, MISC
evolved as apost-infectious severe inflammatory condition associated with abnormal immune
function and had evidence of shock, coronary artery aneurysms, atrioventricular block, left
ventricular cardiac dysfunction,acute kidney injury, and clinicaldeterioration of multiorgan
function[31,32].

The World Health Organization (WHO)has classified variants into three orders variants of
concern (VOCs), variants of interest (VOIs), and variants under monitoring (VUMSs).The
former four VOCs include nascence (B.1.1.7), Beta(B.1.351), Gamma(P. 1), and
Delta(B.1.617.2). They all resulted in a new wave of epidemic and thousands of deaths in
more than one country and area, and indeed across the whole world. The WHO named the
fifth VOC as Omicron (B.1.1.529), which right away raised global concerns in the year 2021
on November26 [33].Notably, four common coronavirus types(alpha, beta, gamma, and
delta) have been well distinguished, among them alpha and beta types are known to cause
respiratory tract infections in humans. Indeed, SARS-CoV-2 belongs to the beta
coronaviruses cause COVID-19and affect respiratory, gastrointestinal, and neurological
diseases.On 26 November 2021, the WHO classified this mutant as a variant of concern and
named it Omicron (B.1.1.529). This new variant had endured significant mutations when
compared to its former variants. The Delta variant (B.1.617.2) has 8 mutations whereas
Omicron (B.1.1.529) had endured 32 mutations of the spike protein.In 2020,the Delta variant
created havoc in India and other countries with eight mutations[34].These mutations,
substantially on the spike protein of the virus, lead to slightly modified copies of the virus
called “variants”, resulting in the strain of the virus having unique properties such as altered



transmission and severity of disease, thereby leading to increased rates of transmission,
morbidity, and mortality[35,36].Globally, as of 2November 2023, a total of
771,679,618 confirmed cases of COVID-19, including 6,977,023 deaths,were reported to the
WHO. Further, as of 23 October 2023, a total of 13,534,457,273 vaccine doses have been
administered [37].

3.DRUG REPURPOSING FOR COVID-19: POTENTIAL THERAPEUTICS AND
PROMISING DRUG CANDIDATES

Till today there are no drugs or therapeutic vaccines that treat coronavirus. Numerous
COVID-19 vaccines have been developed and approved for global vaccination for preventive
measures [7,8]. However, approaches to manage the infection with monoclonal antibodies,
oligonucleotide, interferon-based therapies, peptides, and small molecule drugs have been
explored. To prevent the disease,the discovery of drugs and therapeutic vaccines may take
several years. Crystallography data has been featured to control or overt rising SARS-CoV-2
infection. Moreover, protein structural data indicate that medicine-binding pockets in viral
enzymes are conserved across SARS-CoV-2, SARS, and Middle East Respiratory
Syndrome (MERS)[38]. Therefore, several investigators have been attempting to investigate
the repurposing of the existing drugs for MERS and SARS[39].

4.REPURPOSING OF ANTIBIOTICS

It is one of the most important therapeutic strategies employed for COVID-19 treatment.
Antibiotics were used as a prophylactic therapy for infections co-existing with COVID-19 and
some of the antibioticsexploit their antiviral properties [40].

4.1. Macrolides (Azithromycin and Clarithromycin)

Macrolides are broad-spectrum antibiotics used to treat systemic and local infections.
Indeed, azithromycin, clarithromycin, and erythromycin havebeen shown to possess antiviral
activities. Azithromycin is the most used antibiotic against COVID-19 and has also shown
antiviral activity against Zika virus and Ebola Virus[41].lt has great tissue penetration.
Azithromycin is used alone and as anadd-in therapy with hydroxychloroquine at the early
stage before the onset of complications[41,42]. Furthermore, immunomodulation by
azithromycin has improved clinical outcomes in severe COVID-19 owing to its ability to
reduce cytokine production, maintain epithelial integrity, and prevent lung fibrosis which are
characteristics of the hyperinflammatory stage of COVID-19[43,44].1t has been proposed
that azithromycin may inhibit the acidification of endosomes during viral replication and
infection that were required for the multiplication of viruses and causing viral infection.
Another possible target for azithromycin is inhibiting the removal of virus capsid and release
of the viral genomic nucleic acid[45]. The second macrolide antibiotic proposed for the
treatment of COVID-19 patients is clarithromycin.lt has anti-inflammatory, antiviral, and
immunomodulatory effectsand was repurposed for COVID-19 to use as a single agent or in
combination with hydroxychloroquine [46,47].

4.2.Glycopeptide (Teicoplanin)

Teicoplanin, a glycopeptide antibiotic, potentially blocks the virus entry of SARS-CoV-2 by
inhibiting the enzymatic activity of cathepsin L, which is involved in the proteolysis of S
protein. Priming of S protein is doneby cathepsin L, furin, trypsin, and transmembrane serine
proteases 2 (TMPRSS2) [48,49]. Teicoplanin is used to treat bacterial infections and was
found to be active in vitro against SARS-CoV[50].However, its efficacy in humans has yet to
be established.



4.3. Cephalosporins (Cefuroxime)

Cefuroxime, a second-generation cephalosporin antibiotic treats a variety of bacterial
infections with broad-spectrum activity. It was observed that cefuroxime acts against SARS-
CoV-2 proteins, including the main protease, ACE2-Spike complex, RNA-dependent RNA
polymerase (RdRp). However, no evidence is there to support the data as no human clinical
trial was conducted[40,51].

4.4. Aminoglycosides (Amikacin)

Aminoglycosides exert bactericidal activity against Gram-positive, and Gram-negative
bacteria and exert antiviral properties. Aminoglycosides havea role against SARS-CoV-2 by
the production of retrocyclin peptides, which inhibits cellular fusion and aggregation of
SARS-CoV-2 [52].1t is reported that the main protease (Mpro) of SARS-CoV-2 is significant
for cleaving nascent polypeptide chains. This led us to evaluate aminoglycosides
(paramomycin, gentamycin, neomycin, streptomycin, amikacin, and tobramycin) against
Mpro. Overall, amikacin was found to be the most potent inhibitor of Mpro among all these
aminoglycosides that interacted with crucial residues by binding to the substrate-binding site
of Mpro[53]. Besides, amikacin and non-antibiotic aminoglycosides are under investigation
for potential clinical efficacy against coronavirus.

4.5.Fluoroquinolones (Ciprofloxacin, Levofloxacin, Moxifloxacin)

Fluoroquinolones are broad-spectrum synthetic antibiotics that act against Gram-negative
and Gram-positive bacteria, mycobacteria, and anaerobes bacteria.Notably, respiratory
fluoroquinolones, such as levofloxacin and moxifloxacin, constitute first-line therapeutic
agents for the management of severe community-acquired pneumonia. Of particular interest,
fluoroquinolones have shown various immunomodulatory actions and attenuated
inflammatory responses by inhibiting the release of pro-inflammatory cytokines. In addition,
favorable pharmacokinetic properties, achievable higher concentrations in the lungs, and an
excellent safety profile are advantages over macrolides and b-lactams [54].Moxifloxacin and
ciprofloxacin are involved in the inhibition of SARS-CoV-2 replication by inhibiting SARS-
CoV-2 3CLpro [55].Indeed, antiviral activity was seen with fluoroquinolones in the treatment
of SARS-CoV-2 infection [54,55].In particular,levofloxacin,moxifloxacin, and ciprofloxacin are
indicated for the treatment of SARS-CoV-2-associated pneumonia and community-acquired
pneumonia in COVID-19patients[56-58].

4.6. Tetracyclines (Doxycycline, Minocycline, Eravacycline)

Tetracyclines, both the first and second generations, have bacteriostatic activity against both
Gram-positive and Gram-negative bacteria, however, their lipophilic nature and high tissue
penetration allow them to inhibit viral replication in the lungs[57-59]. These are used to treat
the hyper-inflammation and cytokine storm caused by the complication of SARS-CoV-2-
inducedpneumonia. The computational model revealed that doxycycline is a potential drug
candidate for SARS-CoV-2 owing to its inhibitory effect on the SARS-CoV-2 main proteinase
(Mpro), also known as 3-chymotrypsin like protease (3CLpro)[40, 60].Moreover, several
clinical studies reported their potential in COVID-19 patients but showed no additional
benefit in patients with mild symptoms[61,62].Definitely, tetracyclines provide an effective
and safe repurposing strategy for severe COVID-19 owing to their scientific support, and
their uniqgue combination of pharmacological activities in preventing fibrotic sequelae.

5. REPURPOSING OF ANTIVIRAL DRUGS



5.1. Drugs that inhibit viral entry by membrane fusion and endocytosis

SARS-CoV-2 enters the host cells by membrane fusion and endocytosis.Aloxistatin is a
potential cysteine protease inhibitor for cathepsins and calpains and has an important
regulatory role in neurodegenerative diseases and muscular dystrophy. Cathepsin B and L
areconsidered potential biomarkers for cancer. The catalytic activity of these two proteases
leads them to serve as cell regulatory enzymes [4,63].Indeed,aloxistatin reduced cellular
entry of the virus by binding to Cathepsin L, which is a necessary factorfor SARS-CoV-2 cell
entry[63,64].Another structural analysis indicatedthat aloxistatininteracts with membrane-
permeable nonstructural protein (NSP) and with the active site of the SARS-CoV-2 main
protease (Mpro). Interestingly, it also binds to papain-like proteases with lower specificity
[65,66].

5.2. Drug that attacks SARS-CoV-2 viral entry by membrane fusion

Nelfinavir mesylate was initially developedto treat human immunodeficiency virus (HIV)
infection and has beenreported as a small-molecule fusion inhibitor to inhibit SARS
replication and cytopathic effects in cell culture [67].Owing to its pleiotropic effects on cellular
processes, including the induction of apoptosis and necrosis, the induction of cytoprotective
mechanisms, including cell cycle retardation, and the unfolded protein response resulted in
additional beneficial effects [68]. Nelfinavir mesylate also inhibits the function of TMPRSS2,
which is involved in the activation of the S protein and prevents syncytia formation in Vero
E6 cells[69, 70].Moreover, it has shown antiviral efficacy and therapeutic benefits in the
rhesus macaque model and in COVID-19 patients[71]. Altogether, nelfinavir is a highly
promising antiviral agent for the treatment of COVID-19 owing to its well-established safety
profile in all patients, including during pregnancy.

5.3. Drugs thatblock viral RNA replication and translation

Viral RNA is released into the cytoplasm, and translation of Genomic RNA yields a very
large polypeptide by translation upon release into the cytoplasm of a host cell, which
undergoes proteolysis to generate RdRp. Importantly, structural proteins of the coronavirus,
such as S, M, E, and N proteins are made through the action of RNA polymerase[66,70].

5.3.1. B-D-N4-hydroxycytidine (NHC, EIDD-1931) — Molnupiravir, prodrug of NHC

NHC is an orally bioavailable ribonucleoside analog shown to inhibit multiple viruses,
including chikungunya virus, norovirus, hepatitis C virus, influenza A&B, Ebola virus, and
respiratory syncytial virus (RSV)[72]. NHCis promiscuously incorporated by viral RdRp,
thereby it shows broad antiviral activity against all coronaviruses tested, including SARS-
CoV-2. Molnupiravir is a prodrug form of NHC and is active in lung humanized mouse model
of SARS-COV2 by reducing disease infection by lethal mutagenesis[73].Previous studies
suggest that characteristics, such as the increased introduction of transition mutations in
viral genomes and genetic barriers to resistance are helpful for the treatment of
coronavirus.NHC inhibits viral replication by mutagenesis-D-N4-hydroxycytidine (NHC), is a
broad spectrum ribonucleoside that has potential activity by acting against divergent-
CoVslike MHV and MERS-CoV, SARS-CoV, and HCoV-NL. Through novel interaction
between a nucleoside analog inhibitor and the enzyme SARS-CoV-2 replicase, the viral
proofreading activity does not improve sensitivity to NHC inhibition[72,73].In the presence of
further passage,it generates only a low level of resistance due to the accumulation of
multiple potentially deleterious transition mutations. Indeed, NHC inhibits virion release and
interferes with RNA secondary structure[73,74].Evidence from in vitro,in vivo studies, and



clinical trials revealedtheefficacy of molnupiravir against SARS-CoV-2 by inducing viral RNA
mutagenesis, which promotes mutated complementary RNA strands that generate non-
functional viruses[74-76].Together, the data suggest promising antiviral activity and
favorable prophylactic efficacy of molnupiravir that might be attributed to its mutagenic
property of disrupting viral replication.

5.3.2. Remdesivir

Remdesivir is a nucleotide analog or nucleoside prodrug and acts against multiple viruses
including pneumoviruses, filovirus, paramyxoviruses,and CoVs. It targets RdRpenzyme and
has shown good efficacy against coronavirus, SARS, MERS, and CoVs by inhibition of viral
replication[39,77]. It evades proofreading as coronaviruses have an exoribonuclease, a
proofreading enzyme, that corrects errors in the RNA sequence.Remdesivir acquires
resistance through viral mutation but mutant viruses are less infective[78]. In May 2020, the
US FDA gave EUA to remdesivir for patients hospitalized with severe COVID-
19[79].Accumulating data indicates that remdesivir has little or no effect in individuals with
moderate to severe COVID-19, however, it lowered the necessity for oxygen support among
all patient subgroups[80]. It is reported that the use of remdesivir improved the risk of
mortality, recovery, and need for oxygen support in AnyO2 and LFO2 among hospitalized
patients with COVID-19 requiring supplemental oxygen at baseline[80,81]. Adding to this,
several structural analogs of remdesivir are chemically reactive, highly interactive, non-
carcinogenic, and stable with the target proteins[81]. It is highly essential to conduct
additional studies to collect data on the safety and efficacy of remdesivir, particularly for
different population subgroups of COVID-19 patients.

5.3.3. Favipiravir

Favipiravir was originally developed to treat Ebola, Yellow fever, chikungunya,
norovirus,enterovirus, influenza virus,and avian virus[82]. Further, it may inhibitthe
replication of several other RNA viruses, including arenaviruses, phleboviruses, flaviviruses,
and hantavirus[83].It isa nucleotide analog that effectively inhibits RdARp by converting to T-
705- ribofuranosyl 5'-triphosphate by host enzymesthereby preventing replication and
transcription of the viral genome or causing lethal mutagenesisupon incorporation without
affecting mammalian cells[83,84].1t also inhibits the SARSCoV-2 infection in Vero E6 cells
(ATCC-1586) within a safe therapeutic dose and has been tried to treat mild to moderate
COVID-19[85].Conversely, there are no primary or secondary outcome measures that did
not differ between favipiravir, hydroxychloroquine, and standard therapy for mild to moderate
COVID-19 disease[86]. Despite this, favipiravir treatment appeared safeand increased viral
clearance, but there was no superior therapeutic utility[87].

5.3.4. Ribavarin

Ribavirin (RBV) is a guanosine analog and a broad-spectrum antiviral drug approved for the
treatment of several viral infectious diseases like chronic hepatitis C and RSV infection in
children. It interferes with the replication of RNA and DNA viruses and has shown activity
against hepatitis B virus (HBV), Influenza A and B, Lassa fever, MERS-CoV,and SARS CoV-
1[88].It inhibits the RARp enzyme and causes exhaustion of the intracellular GTP pool by
inhibiting the host inosine monophosphate dehydrogenase (IMPDH) enzyme that controls
intracellular guanosine triphosphate (GTP) pools. Particularly, RBV triphosphate binds to the
nucleotide-binding pocket of the enzyme and inhibits the synthesis of viral mMRNA
polymerase, which leads to a decrease in the viral load. In addition, it inhibits mRNA capping
that causes a mutation in the viral replication[88,89].In clinical trials, it was well tolerated and



did not show significant adverse effects [89,90]. Owing to these beneficial activities, RBV is a
potential drug candidate in the management of COVID-19.

5.3.5. Umifenovir

Umifenovir is a broad spectrum and multitarget antiviral drug used to treat a wide range of
enveloped and non-enveloped viral infections like influenza virus, parainfluenza virus, and
coxsackie virus and has shown activity by preventing endosome membrane fusion to virus
particles[91].1t interfered with SARS-CoV-2 binding and intracellular vesicle trafficking in
Vero E6 cells and is considered for COVID-19 therapy in combination with protease
inhibitors[92,93].In addition, it is a highly selective haemagglutinin inhibitor thereby
suppresses SARS-CoV,is able to target HA fusion machinery, and prevents the COVs virus
from absorbing cell surface and entering the cells. Recent studies showed that it
improvedCoVs infection without effect on the hospitalization rate[94].Umfenovir treatment
coupled with lopinavir/ritonavir is reckoned to retard the development of pulmonary lesions
concurrently reducing the respiratory and gastrointestinal COVID-19 viral load thus lowering
the transmission[1,93].

5.3.6. Oseltamavir

Oseltamivir, a neuraminidase inhibitor,was originally approved for prophylaxis of infection
due to influenza viruses A and Band has no documented in vitro activity against SARS-CoV-
2[95]. Recently, it was administered in COVID-19-suspected outpatients without hypoxia. It
was found that early administration of oseltamivirprevented the development ofolfactory and
taste disordersin COVID-19 patients. Intriguingly, it is one of the most widely used drugs for
the management of MERS-CoV and SARSCoV-2 in Japan, Korea, and China during the
early phase of the COVID-19 pandemic [95,96].Accumulating data indicates that ithad no
effect on survival time, however, markedly reduced the duration of hospitalization in COVID-
19 patients. Despite not having favorable effects on the laboratory,virological, and
radiological findings, it has shown an improved effect on the electrocardiographic safety
parameters in COVID-19 patients [95-97]. However, more randomized clinical trials (RCT)
are required to establish evidence on the safety and efficacy as well as effectiveness of
oseltamivir use for treating COVID-19 in hospitalized patients.

6. REPURPOSING OF IMMUNOMODULATORS AND IMMUNOSUPPRESSANTS

SARS-CoV-2 infects alveolar epithelial cells, macrophages, and vascular endothelial cells.
Cytokine storm is a complication in COVID-19 patients as a result it leads to aggressive
inflammation with increased secretion of several interleukins (IL) and interferons (INF).
Recently, several drugs that act by inhibiting various inflammatory responses have been
evaluated for clinical and therapeutic benefit in COVID-19 patients[19,26].

6.1.Fingolimod and siponimod

Following the invasion of coronavirus, a series of events, including recruitment of immune
cells, cytokine storm, and hyperinflammation,induces uncontrollable endothelial cell damage
in patients with COVID-19.Indeed, endothelial integrity is maintained by sphingosine 1-
phosphate (S1P) signaling and reduction in serum S1P level is a predictor of clinical severity
in COVID-19. Fingolimod and siponimodbind to S1P receptors expressed on lymphocytes
and reduce the progress of autoreactive T-lymphocytes and their naive progenitors from
secondary lymphoid organs into the circulation[98].It isan approved drug for multiple
sclerosis (MS) and acts as anS1P modulatorthat binds to the endothelium, and improves the
integrity of the endothelial barrier. Though it had no effect on intubation and/or mortality rate



in patients with moderate COVID-19, evidence exists that fingolimod increased hemoglobin
levels and reduced re-admission rate in COVID-19 patients after
hospitalization[99].Intriguingly, itinhibits lymphocytes entry to the inflamed organs and
alveolar space and stabilizes pulmonary endothelial integrity by decreasing cytokine storm in
COVID-19 patients [99,100].It is reported that the use of fingolimod or siponimod showed no
additional benefit in mild to moderate COVID-19 patients and MS patients with COVID-19
[79]. Recent studies revealed that siponimod did not affect humoral immune responses in
COVID-19-vaccinated MS patients [101].

6.2. Colchicine

Colchicine,a lipid-soluble drug used for thetreatment of gout, pericarditis,and cancer and
now it was repurposed to treat coronavirus[102]. It acts by interfering with the chemotaxis of
neutrophils and monocytes, inflammatory cells that have been observed in the lungs of
people with severe COVID-19 by disrupting the nod-like receptor protein 3 (NLRP3)
inflammasome activation,the most characteristic process trigged by viroporin E, a
SARS-CoV-2 component. The colchicine-cytoskeletal proteins (tubulin) complex may block
viral entry and replication [103].Particularly, it acts by suppressing the release of IL-15 and
IL-18, cytokines associated with COVID-19 severity [103,104]. However, it had no effect on
the reduction of mortality and length of hospital stay[105,106]. Moreover, results from the
clinical trials are not supporting its prophylactic use and have no effect on reducing the risk
of contracting COVID-19 and such evidence is insufficient to recommend its use in patients
with COVID-19.

6.3. Anakinra

IL-1Band cytokinerelease syndrome (CRS) play a vital role in the progression of SARS-CoV-
2-induced ARDS and multiple organ failure [19,26].Anakinra is used for the treatment of
rheumatoid arthritis and was repurposed in the management of COVID-19. It was the first
recombinant IL-1B receptor antagonistused as an off-label indication for COVID-19 for
patients with elevated soluble urokinase plasminogen activator receptor (SUPAR)[107].In the
early stages of the recent pandemic, anakinra was used in combination with corticosteroids
to get maximum effect[108].In clinical trials, comparison to standard care, anakinra did not
show any additional benefit in adult hospitalized COVID-19 patients in reducing mortality,
safety, clinical improvement, and not worsening severity [109,110].Several approved anti-
inflammatory interleukin modulating monoclonal antibodies, such as canakinumab,
siltuximab, sarilumab, risankizumab, ustekinumab, secukinumab, and ixekizumab as well as
TNF-amudulators, such as Infliximab and adalimumab have shown activity against SARS-
CoV2 and efficacy in COVID-19 patients and clinical evaluation is still undergoing [111].

6.4. Tocilizumab and Sarilumab

IL-6, a key inflammatory cytokine, is highly elevated in severely illCOVID-19 patients and the
IL6/IL-6 receptor (IL-6R) signaling pathway is a promising therapeutic target for alleviating
inflammatory symptoms.Tocilizumab, a recombinant humanized anti-IL-6 receptor
monoclonal antibody used to treat rheumatological disorders blocks the assembling of the
activated complex with the transmembrane protein (gp130-IL-6-slILr) in suppressing the JAK-
STAT signaling pathway and downregulating the downstream inflammatory molecules[111-
113].Preliminary data suggested that tocilizumab controlled the hyper-inflammatory stateof
cytokine release syndrome induced by chimeric antigen receptor T cellsand markedly
lowered the risk of mortality and requirement of mechanical ventilation in COVID-19
patients[113,114].Prospectively, it may be effective in reducing mortality, particularly among
critical COVID-19 patients, and could be a potential target for COVID-19. Though its use



showed a reduction of 45% in the hazard of death, notably, its use is frequently associated
with superinfections. Moreover, the fatality rate was not remarkable between tocilizumab
patients with or without superinfections [115].Sarilumab is a fully human monoclonal
antibody used to treat rheumatoid arthritis by inhibiting the binding of IL-6 to its a receptor. It
was repurposed to treat respiratory failure caused by cytokine stormin COVID-19and had
shown beneficial effects by inhibiting both soluble and membrane-bound forms potentially by
suppressing the pulmonary epithelial and immune cells[116,117].However, sarilumab
treatment did not produce survival benefitsin patients with severe COVID-19at 28 days
[118].In addition, a clinical trial assessing the efficacy and survival benefit was terminated
owing to no beneficial effect on clinical outcomes [119].

6.5. Methylprednisolone andDexamethasone

Corticosteroids, such as dexamethasone, prednisone, methylprednisolone, and
hydrocortisone haveanti-inflammatoryand anti-fibrotic effects and were repurposed in
COVID-19 as theyregulate immune-mediated lung injury, reduce the severity of cytokine
release syndrome, and decrease the development to respiratory failure and death[120].It has
been reported that appropriate application of corticosteroids could avoid the need for
invasive mechanical ventilation and improve the outcomes of critical patients with COVID-
19[121].Methylprednisolone exerts multiple phenotypic expressions and suppresses cell-
mediated immunologic responses, of lymphocytes and its safety features make this drug as
an ideal choice for children with acute respiratory conditions [121,122].Notably, its use
reduced the mortality rate and extended the survival period [123].It is the first drug that
showed maximum efficacy, recovery, and improved survival in COVID-19 patients. Of
particular note, dexamethasone reduces the production of pro-inflammatory cytokines, such
as vascular endothelial growth factor (VEGF), tumor necrosis factor—alpha (TNF-a), IFN—y,
interleukin 1L-1B, IL-2, IL-6, and IL-8. Of these, five of these cytokines are linked to SARS-
CoV-2 severity[123,124].Indeed, these two drugs have beenshown to reduce the duration of
mechanical ventilation and improvealveolar-capillary membrane permeability, decrease
inflammation, and tissue repair.lt is reported that methylprednisolone appeared to have
lower mortality and benefitted from corticosteroid use in patients above the age of 60 [123-
125].Few preliminary trials showed promising results with the use of dexamethasone and
methylprednisolone in the severe form of COVID-19[123-126].A growing body of evidence
indicates that early on administration of dexamethasone markedly reduced mortality and
discharge to hospice in those requiring supplemental oxygen[121,125,127]. These data
strongly support the use of systemic dexamethasone in hospitalized COVID-19patients.

7. REPURPOSING OF ANTIPARASITIC AGENTS
7.1. Emetine

Emetine is an antiprotozoal drug and a protein inhibitor once used to treat amoebiasis,
dengue, cytomegalovirus, and herpes simplex virus was now repurposed for SARS-CoV and
MERS as an antiviral showing its activity against RNA and DNA virus[39,128].Emetine
blocks viral invasion and inhibits viral replication so the drug can be enriched in vero cells of
lung tissue. Owing to its mechanism of action, antiviral and anti-inflammatory activities, as
well as safety profile, several alkaloids, such as emetine, cephaeline, and papaverine have
been evaluated for their use in the treatment of COVID-19. It is reported that emetine has a
high potential to inhibit the SARS-CoV-2[129-131]. Additionally, emetine was found to have
synergistic activity against other antivirals like remdesivir[39].Prospectively, Acer
Therapeutics has partnered with the National Center for Advancing Translational Sciences to
evaluate emetine for the potential treatment of COVID-19 patients[132].



7.2. Nitazoxanide

Nitazoxanide (NTZ) shows antiparasitic activity against Giardia lamblia and Cryptosporidium
parvum.lt is a broad-spectrum antiviral drug used to treat coronavirus, such as SARS-CoV-
1,SARS-CoV-2, MERS-CoV, and murine coronavirus through modulation of host innate
immune responses[133].It maybe used alone or in combination with remdesivir, umifenovir,
and amodiaquine exhibiting synergistic activity[134,135].It targets endosomal and fusion into
the host cellsby intensification of IFN pathway, depleting of ATP-sensitive ca®
store,augmentation of cytoplasmic RNA sensing, impairment of viral replications,
phosphorylation of protein kinase, and inhibition of cellular translation thus causing reduction
in COVID 19[136]. An interim analysis of the currently undergoing clinical trial of emetine
showed a greater reduction in viral load compared to the placebo and the final results
awaiting [137].AnRCT has been undergoing to evaluate the safety and efficacy of favipiravir
and/or nitazoxanide as early therapy in COVID-19[138].

8. REPURPOSING OF ANTICANCER DRUGS

Owing to similarities of clinical characteristics between the pathogenesis of cancer and
SARS-CoV-2 infection, such as inflammation, immune dysfunction, and coagulopathy,
repurposing provides a biological rationale for evaluating of immunosuppressive anticancer
agents to reduce the course and/or alleviate symptoms of COVID-19. Several anticancer
drugs, such as interferon, bicalutamide, and pembrolizumab have already been clinically
tested for repurposing, alone or in combination [139-142].Valrubicin has an antiangiogenic
function that can bind and inhibit SARS-CoV-2 Mpro and proteases which are required for
replication[139]. Therefore, it is a good candidate drug for COVID-19.Clinical studies
reported that early administration of interferon (-la as well as a combination of
pembrolizumab and tocilizumab effectively reduced the duration of hospital stay and early
discharges without any complications compared to the standard care in COVID-19 patients
[142,143].A recent molecular docking study demonstrated that tucatinib, irinotecan,
selinexor, dacomitinib, olaparib, lapatinib, ibrutinib, and pazopanib act most effectively as
potential inhibitors against Mpro, the main protease of COVID-19, which regulates the
spread of this infectious disease [144]. Based on the results from in silico approach, further,
in vitro, in vivo studies, and human trials will evaluate the efficacy of these drugs against
COVID-19.

9. REPURPOSING OF BRADYKININ 2 RECEPTOR ANTAGONISTS
9.1. Icatibant

Icatibant, a bradykinin type 2-receptor antagonist,showed safety and effectiveness against
hereditary angioedema attacks and pulmonary edema in COVID-19 patients. It is due to
activation of B1 and B2 receptors in the lungs may be beneficial for COVID-19 patients by
inhibiting bradykinin’s action on endothelial cells and by inhibiting the SARS-CoV-2 M
protease[145].ACE2 catalyzes the inactivation of angiotensin Il (Ang Il), and its putative
inhibition by SARSCoV-2 could result in increased systemic levels of Ang Il.The risk of renal,
circulatory, and electrolytic abnormalities was noticed in hypertensive and diabetes patients
because of abnormality in the renin-angiotensin-aldosterone system, which further
complicates the severity of COVID-19[146].Pulmonary edema in COVID-19 is inhibited by
icatibant whichblocks the increase in vascular permeability mediated by bradykinin [147].A
recent proof-of-concept study reported that the addition of icatibant to the standard care of
COVID-19 was safe and improved both COVID-19 pneumonia and mortality[148].Further,
RCTs are necessary to establish the clinical value and therapeutic benefit of this treatment.



10. REPURPOSING OF MONOCLONAL ANTIBODIES

Evidence established that COVID-19-related hospitalization and death canbe prevented
prophylactically by giving immediate passive humoral immunotherapy with neutralizing
monoclonal antibodies like bamlanivimab and etesevimab which were isolated from2
separate patients who recovered from COVID-19 in North America and China. These
antibodies inhibit viral entry into host cells by targeting the surface spike glycoprotein of
SARS-CoV-2 [149,150].The FDA granted EUA to neutralizing antibody bamlanivimab as a
treatment for mild-to-moderate COVID-19 in adults and youths ages 12 years and
older[150].Further, the administration of bamlanivimab lowered nasopharyngeal viral levels
and faster reductions in inflammatory markers and viral decay in hospitalized COVID-19
patients whereas it did not reduce the symptom duration in non-hospitalized adults with early
variants of SARS-CoV-2[151].Blocking viral attachment and cell entry with SARS-CoV-2
neutralizing antibodies (BLAZE-1) clinical trial showed that bamlanivimab monotherapy and
combination therapy bamlanivimab with etesevimab were efficacious in reducing the risk of
COVID-19-related hospitalization and progression to severe disease[152,153].Though the
FDA revoked the EUA due to poor efficacy, it is still available as a combination therapy
[150].0n the other hand, the development of resistance to monoclonal antibodies stopped
the progression of the clinical trial. This combination may be repurposed as a cocktail
regimen formanaging COVID variants.

11. REPURPOSING OF JAK-STAT INHIBITORS

11.1. Baricitinib

Baricitinib, a small molecule JAK1 and JAK2 inhibitor used in the treatment of rheumatoid
arthritis, effectively reduced SARS-CoV-2 viral infectionby inhibiting clathrin-mediated
endocytosis[154,155]. One of SARS-CoV-2's key virulence factors is its ability to
downregulate ACE2 expression after cell entry, thereby thwarting ACE2 lung-protective
effects[155]. Interruption of AP2-associated protein kinase 1 (AAK1) an important regulator
in endocytosis might inhibit the passage of virus into cells and the intracellular assembly of
virus particles[154].Accumulating clinical data suggests that baricitinib when used as an add-
on to standard therapy, either alone or in combination with other drugs, had shown clinical
benefit and improved COVID-19 pneumonia in hospitalized patients with moderate to severe
COVID-19. Recently, the US FDA approved baricitinib, and is the first immunomodulatory
treatment for COVID-19 [156].Ruxolitinib is another selective JAK-1 and JAK-2 Inhibitor
approved for the treatment of myelofibrosis, polycythemia vera, graft-versus-host disease,
and hemophagocytic lymphohistiocytosis. Ruxolitinib shows anti-inflammatory effect in
COVID-19 by decreasing the production of inflammatory cytokines such as transforming
growth factor-beta (TGF-B), IL-10, IL-12, and IL-23[157].One clinical trial was prematurely
terminated for generating external evidence and therefore it is difficult to correlate favorable
effects of baricitinib in severeCOVID-19[158].Adding to this, a combination of ruxolitinibwith
simvastatin had no impact on the clinical outcome and survival benefits of COVID-19[159].

11.2. Camostat mesylate

Camostat mesylateis a promising repurposed drug against COVID-19 by inhibiting many of
the serine proteases that SARS-CoV and SARS-CoV-2 use for virus-to-host cell membrane
fusion, viral particle entry, and possibly inflammation [160]. Angiotensin-converting enzyme I
(ACEZ2) is the target for SARS-CoV-2 as its cell entry receptor to infect human cells. This
mechanism utilizes the human epithelial cell (respiratory, gastrointestinal tracts) surface-
expressed Transmembrane Serine Protease 2 (TMPRSS2). Camostat and nafamostat
potently inhibit SARS-CoV-2 and MERS-CoV infection in cultured human airway epithelia;



nafamostat was a more attractive candidate to prevent COVID-19 lung disease as it
exhibited greater potency than camostat in reducing SARSCoV-2 infection. Nafamostat
inhibited SARS-CoV-2 infection and improved disease outcomes. These serine protease
inhibitors (camostat and nafamostat)markedly reduce SARS-CoV-2 and MERS-CoV
infections in primary cultures of airway epithelia by inhibiting the activity of cell surface serine
proteases (TMPRSS2) [161,162].Together, the safety of camostat was established in the
management of COVID-19, however,this study did not revealtherapeuticbenefits in mild to
moderate COVID-19[163].In several clinical trials, camostatmesylatedid not reduce the time
to viral clearance and had not shown efficacy as an antiviral drug against SARS-CoV-
2[163,164].

4. CONCLUSION

The coronavirus disease 2019 was one of the global and historic pandemics that affected
millions of lives. Healthcareprofessionals have been in a struggle to findthe right drug and
rapid cure for the disease.Among various available approaches, drugrepurposing is the most
beneficial approach considering both the time and cost of clinical evaluation and
development. Various therapeutic classes, such as antibiotics, antivirals, antiparasitics,
immunomodulatoryandimmunosuppressants as well as biological monoclonal antibodies
were repurposed. In this process, few drugs have been found to be effective in decreasing
the severity of symptoms while others were withdrawn fromuse because of unfavorable and
unintended effects. The favorable therapeutic benefits and clinical outcomes of evaluated
drugs resulted in the emergency use authorization of a few successful drugs in view of the
effective management of COVID-19 in hospitalized patients during the unprecedented time.
A deep understanding of the virus, experience gained from previous epidemics, genomic
database of variants of the virus as well as novel approaches and robust technologies have
made it possible to modulate viral replication, and inflammatory cascades, and identify
numerous therapeutic targets in the attempt to drug repurposing. These continuous efforts of
drug repurposing and application of novel therapeutic modalities in the management of this
infectious disease would accelerate and strengthen the global preparedness for the next
crisis.

REFERENCES

1. Singh TU, Parida S, Lingaraju MC, Kesavan M, Kumar D, Singh RK. Drug repurposing
approach to fight COVID-19. Pharmacol Rep. 2020;72(6):1479-1508. doi:
10.1007/s43440-020-00155-6.

2. D'Acquarica |, Agranat |. The quest for secondary pharmaceuticals: drug
repurposing/chiral-switches combination strategy. ACS PharmacolTransl Sci.
2023;6(2):201-219. doi: 10.1021/acsptsci.2c00151.

3. Andrew M, Jayaraman G. Marine sulfated polysaccharides as potential antiviral drug
candidates to treat Coronavirus disease (COVID-19). Carbohydr Res.
2021;505:108326. doi: 10.1016/j.carres.2021.108326.

4, Yousefi H, Mashouri L, Okpechi SC, Alahari N, Alahari SK. Repurposing existing
drugs for the treatment of COVID-19/SARS-CoV-2 infection: A review describing drug
mechanisms of action. BiochemPharmacol. 2021;183:114296. doi:
10.1016/j.bcp.2020.114296.

5. Sertkaya A, Wong HH, Jessup A, Beleche T. Key cost drivers of pharmaceutical
clinical trials in the United States. Clin Trials. 2016;13(2):117-26. doi:
10.1177/1740774515625964.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Kane PB, Bittlinger M, Kimmelman J. Individualized therapy trials: navigating patient
care, research goals and ethics. Nat Med. 2021 Oct;27(10):1679-1686. doi:
10.1038/s41591-021-01519-y.

Gaddam S, Pasupulati H, Padi SSV. Vaccines versus COVID-19 vaccines: Maneuver
timeline of development and trial designs. World J Curr Med Pharmaceut Res. 2023;
5(3): 51-61. doi: 10.37022/wjcmpr.v5i3.265.

Pabbathi N, Pasupulati H, Gaddam S, Padi SSV. The world of vaccines: Phases of
clinical trials and current status of COVID-19 vaccines. Asian J Pharmaceut Res
Develop. 2023;11(3):151-167. doi: 10.22270/ajprd.v11i3.1273.

Yeu Y, Yoon Y, Park S. Protein localization vector propagation: a method for
improving the accuracy of drug repositioning. Mol Biosyst. 2015;11(7):2096-102. doi:
10.1039/c5mb00306g.

Martinez MA. Efficacy of repurposed antiviral drugs: lessons from COVID-19. Drug
Discov Today. 2022;27(7):1954-1960. doi: 10.1016/j.drudis.2022.02.012.

Paananen J, Fortino V. An omics perspective on drug target discovery platforms. Brief
Bioinform. 2020;21(6):1937-1953. doi: 10.1093/bib/bbz122.

Insel PA, Amara SG, Blaschke TF, Meyer UA. Introduction to the theme "new
therapeutic targets". Annu Rev PharmacolToxicol. 2019;59:15-20. doi:
10.1146/annurev-pharmtox-101018-112717.

Emmerich CH, Gamboa LM, Hofmann MCJ, Bonin-Andresen M, Arbach O, Schendel
P, et allmproving target assessment in biomedical research: the GOT-IT
recommendations. Nat Rev Drug Discov. 2021;20(1):64-81. doi: 10.1038/s41573-020-
0087-3.

Bellera CL, Llanos M, Gantner ME, Rodriguez S, Gavernet L, Comini M, Talevi A. Can
drug repurposing strategies be the solution to the COVID-19 crisis? Expert Opin Drug
Discov. 2021;16(6):605-612. doi: 10.1080/17460441.2021.1863943.

Guy RK, DiPaola RS, Romanelli F, Dutch RE. Rapid repurposing of drugs for COVID-
19. Science. 2020;368(6493):829-830. doi: 10.1126/science.abb9332.

Chan JF, Kok KH, Zhu Z, Chu H, To KK, et al. Genomic characterization of the 2019
novel human-pathogenic coronavirus isolated from a patient with atypical pneumonia
after visiting Wuhan. Emerg Microbes Infect. 2020;9(1):221-236. doi:
10.1080/22221751.2020.1719902.

Alexandersen S, Chamings A, Bhatta TR. SARS-CoV-2 genomic and subgenomic
RNAs in diagnostic samples are not an indicator of active replication. Nat Commun.
2020;11(1):6059. doi: 10.1038/s41467-020-19883-7.

V'kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. Coronavirus biology and
replication: implications for SARS-CoV-2. Nat Rev Microbiol. 2021;19(3):155-170. doi:
10.1038/s41579-020-00468-6.

Pal M, Berhanu G, Desalegn C, Kandi V. Severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2): An update. Cureus. 2020;12(3):e7423. doi:
10.7759/cureus.7423.

Srivastava K, Singh MK. Drug repurposing in COVID-19: A review with past, present
and future. Metabol Open. 2021;12:100121. doi: 10.1016/j.metop.2021.100121.

Zhao J, Cui W, Tian BP. The potential intermediate hosts for SARS-CoV-2. Front
Microbiol. 2020 Sep 30;11:580137. doi: 10.3389/fmicb.2020.580137.

Malik YA. Properties of coronavirus and SARS-CoV-2. Malays J Pathol. 2020;42(1):3-
11.

Benvenuto D, Giovanetti M, Ciccozzi A, Spoto S, Angeletti S, Ciccozzi M. The 2019-
new coronavirus epidemic: Evidence for virus evolution. J Med Virol. 2020;92(4):455-
459. doi: 10.1002/jmv.25688.

Noman A, Aqgeel M, Khalid N, Hashem M, Alamari S, Zafar S,et al. Spike
glycoproteins: Their significance for coronaviruses and receptor binding activities for



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

pathogenesis and viral survival. MicrobPathog. 2021;150:104719. doi:
10.1016/j.micpath.2020.104719.

Huang Y, Yang C, Xu XF, Xu W, Liu SW. Structural and functional properties of
SARS-CoV-2 spike protein: potential antivirus drug development for COVID-19. Acta
Pharmacol Sin. 2020;41(9):1141-1149. doi: 10.1038/s41401-020-0485-4.

Chen Y, Liu Q, Guo D. Emerging coronaviruses: Genome structure, replication, and
pathogenesis. J Med Virol. 2020 Apr;92(4):418-423. doi: 10.1002/jmv.25681. Epub
2020 Feb 7.

Hassan SA, Sheikh FN, Jamal S, Ezeh JK, Akhtar A. Coronavirus (COVID-19): A
review of clinical features, diagnosis, and treatment. Cureus. 2020;12(3):e7355. doi:
10.7759/cureus.7355.

Tsai PH, Lai WY, Lin YY, Luo YH, Lin YT, Chen HK, et al. Clinical manifestation and
disease progression in COVID-19 infection. J Chin Med Assoc. 2021;84(1):3-8. doi:
10.1097/3CMA.0000000000000463.

da Rosa Mesquita R, Francelino Silva Junior LC, Santos Santana FM, Farias de
Oliveira T, Campos Alcantara R, Monteiro Arnozo G, et al. Clinical manifestations of
COVID-19 in the general population: systematic review. Wien Klin Wochenschr.
2021;133(7-8):377-382. doi: 10.1007/s00508-020-01760-4.

Hernandez Acosta RA, Esquer Garrigos Z, Marcelin JR, Vijayvargiya P. COVID-19
Pathogenesis and clinical manifestations. Infect Dis Clin North Am. 2022;36(2):231-
249. doi: 10.1016/j.idc.2022.01.003.

Yousaf AR, Cortese MM, Taylor AW, Broder KR, Oster ME, Wong JM, et al. MIS-C
investigation authorship group. reported cases of multisystem inflammatory syndrome
in children aged 12-20 years in the USA who received a COVID-19 vaccine,
December, 2020, through August, 2021: a surveillance investigation. Lancet Child
Adolesc Health. 2022;6(5):303-312. doi: 10.1016/S2352-4642(22)00028-1.
KhuntdarBK,Naik S, RoyAK,Mohanta MP, MondalS. Clinical profile of multisystem
inflammatory syndrome in children associated with COVID-19 in a rural medical
college.Int J ContempPediatr2022;9:897-901.

Salehi-Vaziri M, Fazlalipour M, Seyed Khorrami SM, Azadmanesh K, Pouriayevali
MH, Jalali T, et al. The ins and outs of SARS-CoV-2 variants of concern (VOCSs). Arch
Virol. 2022;167(2):327-344. doi: 10.1007/s00705-022-05365-2.

Kumar R, Srivastava Y, Muthuramalingam P, Singh SK, Verma G, Tiwari S, et al.
Understanding mutations in human SARS-CoV-2 spike glycoprotein: a systematic
review & meta-analysis. Viruses. 2023;15(4):856. doi: 10.3390/v15040856.

Li X, Zhang L, Chen S, Ji W, Li C, Ren L. Recent progress on the mutations of SARS-
CoV-2 spike protein and suggestions for prevention and controlling of the pandemic.
Infect Genet Evol. 2021 Sep;93:104971. doi: 10.1016/j.meegid.2021.104971.
Magazine N, Zhang T, Wu Y, McGee MC, Veggiani G, Huang W. Mutations and
evolution of the SARS-CoV-2 spike protein. Viruses. 2022;14(3):640. doi:
10.3390/v14030640.

WHO Coronavirus (COVID-19) Dashboard. Accessed 5 Nov, 2023. Available:
https://covid19.who.int/

Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature. 2020;581(7807):215-
220. doi: 10.1038/s41586-020-2180-5.

Choy KT, Wong AY, Kaewpreedee P, Sia SF, Chen D, Hui KPY, et al. Remdesivir,
lopinavir, emetine, and homoharringtonine inhibit SARS-CoV-2 replication in vitro.
Antiviral Res. 2020;178:104786. doi: 10.1016/j.antiviral.2020.104786.

Yacouba A, Olowo-Okere A, Yunusa |. Repurposing of antibiotics for clinical
management of COVID-19: a narrative review. Ann Clin MicrobiolAntimicrob.
2021;20(1):37. doi: 10.1186/s12941-021-00444-9.



41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

Schwartz RA, Suskind RM. Azithromycin and COVID-19: Prompt early use at first
signs of this infection in adults and children, an approach worthy of consideration.
Dermatol Ther. 2020;33(4):e13785. doi: 10.1111/dth.13785.

Million M, Lagier JC, Gautret P, Colson P, Fournier PE, Amrane S,et al. Early
treatment of COVID-19 patients with hydroxychloroquine and azithromycin: A
retrospective analysis of 1061 cases in Marseille, France. Travel Med Infect Dis.
2020;35:101738. doi: 10.1016/j.tmaid.2020.101738.

Echeverria-Esnal D, Martin-Ontiyuelo C, Navarrete-Rouco ME, De-Antonio Cusco M,
Ferrdndez O, et al. Azithromycin in the treatment of COVID-19: a review. Expert Rev
Anti Infect Ther. 2021;19(2):147-163. doi: 10.1080/14787210.2020.1813024.
Yousafzai ADK, Bangash AH, Asghar SY, Abbas SMM, Khawaja HF, Zehra S, et al.
Clinical efficacy of azithromycin for COVID-19 management: A systematic meta-
analysis of meta-analyses. Heart Lung. 2023;60:127-132. doi:
10.1016/j.hrtlng.2023.03.004.

Pani A, Lauriola M, Romandini A, Scaglione F. Macrolides and viral infections: focus
on azithromycin in COVID-19 pathology. Int J Antimicrob Agents. 2020;56(2):106053.
doi: 10.1016/j.ijantimicag.2020.106053.

Mansilla, Eduardo; Martinez, Ricardo Rangel; Marin, Gustavo Horacio; et al.;
Macrolide-clarithromycin task-force for the treatment and prophylaxis of covid-19 as a
single agent. SciResPharmacolPharm. 2020;11(6):85-104.

Yamamoto K, Hosogaya N, Sakamoto N, Yoshida H, Ishii H, Yatera K, et al. Efficacy
of clarithromycin in patients with mild COVID-19 pneumonia not receiving oxygen
administration: protocol for an exploratory, multicentre, open-label, randomised
controlled trial (CAME COVID-19 study). BMJ Open. 2021;11(9):e053325. doi:
10.1136/bmjopen-2021-053325.

Yu F, Pan T, Huang F, Ying R, Liu J, Fan H, et al. Glycopeptide antibiotic teicoplanin
inhibits cell entry of sars-cov-2 by suppressing the proteolytic activity of cathepsin L.
Front Microbiol. 2022;13:884034. doi: 10.3389/fmicbh.2022.884034.

Demsie DG, Gebre AK, Yimer EM, Alema NM, Araya EM, Bantie AT, et al.
Glycopeptides as potential interventions for COVID-19. Biologics. 2020;14:107-114.
doi: 10.2147/BTT.S5262705..

Zhang J, Ma X, Yu F, Liu J, Zou F, Pan T, Zhang H. Teicoplanin potently blocks the
cell entry of 2019-nCoV. biorxiv. 2020;2020:2-05.

Durojaiye AB, Clarke JD, Stamatiades GA, Wang C. Repurposing cefuroxime for
treatment of COVID-19: a scoping review of in silico studies. J Biomol Struct Dyn.
2021;39(12):4547-4554. doi: 10.1080/07391102.2020.1777904.

Chalichem NSS, Bethapudi B, Mundkinajeddu D. Aminoglycosides can be a better
choice over macrolides in COVID-19 regimen: plausible mechanism for repurposing
strategy. Med Hypotheses. 2020;144:109984. doi: 10.1016/j.mehy.2020.109984.
Ahmed Mz, Zia Q, Haque A, Algahtani AS, Almarfadi OM, Banawas S, et al.
Aminoglycosides as potential inhibitors of SARS-CoV-2 main protease: an in silico
drug repurposing study on FDA-approved antiviral and anti-infection agents. J Infect
Public Health. 2021;14(5):611-619. doi: 10.1016/}.jiph.2021.01.016.

Karampela |, Dalamaga M. Could respiratory fluoroquinolones, levofloxacin and
moxifloxacin, prove to be beneficial as an adjunct treatment in COVID-19? Arch Med
Res. 2020;51(7):741-742. doi: 10.1016/j.arcmed.2020.06.004.

Marciniec K, Beberok A, Pecak P, Boryczka S, Wrzesniok D. Ciprofloxacin and
moxifloxacin could interact with SARS-CoV-2 protease: preliminary in silico analysis.
Pharmacol Rep. 2020;72(6):1553-1561. doi: 10.1007/s43440-020-00169-0.

Metlay JP, Waterer GW. Treatment of community-acquired pneumonia during the
coronavirus disease 2019 (COVID-19) pandemic. Ann Intern Med. 2020;173(4):304-
305. doi: 10.7326/M20-2189.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Zyoud SH. The state of current research on COVID-19 and antibiotic use: global
implications for antimicrobial resistance. J Health PopulNutr. 2023;42(1):42. doi:
10.1186/s41043-023-00386-2.

Prats-Uribe A, Sena AG, Lai LYH, Ahmed WU, Alghoul H, Alser O, et al. Use of
repurposed and adjuvant drugs in hospital patients with covid-19: multinational
network cohort study. BMJ. 2021;373:n1038. doi: 10.1136/bm;j.n1038.

Jetty P, Gaddam$S, Padi SSV. Emergence of third generation tetracyclines: new magic
bullets to tackle antibiotic resistance in the post-antibiotic era. Asian J Res Infect
Dis.2023;13(4):1-14. https://doi.org/10.9734/ajrid/2023/v13i4271

Wu C, Liu Y, Yang Y, Zhang P, Zhong W, Wang Y, et al. Analysis of therapeutic
targets for SARS-CoV-2 and discovery of potential drugs by computational methods.
Acta Pharm Sin B. 2020;10(5):766-788. doi: 10.1016/j.apsb.2020.02.008.

Sodhi M, Etminan M. Therapeutic potential for tetracyclines in the treatment of
COVID-19. Pharmacotherapy. 2020;40(5):487-488. doi: 10.1002/phar.2395.
Garrido-Mesa J, Adams K, Galvez J, Garrido-Mesa N. Repurposing tetracyclines for
acute respiratory distress syndrome (ARDS) and severe COVID-19: a critical
discussion of recent publications. Expert Opininvestig Drugs. 2022;31(5):475-482. doi:
10.1080/13543784.2022.2054325.

Siklos M., BenAissa M., Thatcher G.R. Cysteine proteases as therapeutic targets:
does selectivity matter? A systematic review of calpain and cathepsin inhibitors. J
Acta Pharm Sin. 2015;5(6):506-519

Heiser K, McLean PF, Davis CT, Fogelson B, Gordon HB, Jacobson P, et al.
Identification of potential treatments for COVID-19 through artificial intelligence-
enabled phenomic analysis of human cells infected with SARS-CoV-2. BioRxiv.
2020:2020-04.

Akbayrak 1Y, Caglayan Sl, Kurgan L, Uversky VN, Coskuner-Weber O. Insights into
the structural properties of SARS-CoV-2 main protease. Curr Res Struct Biol.
2022;4:349-355. doi: 10.1016/j.crstbi.2022.11.001.

Huang Y, Yang C, Xu XF, Xu W, Liu SW. Structural and functional properties of
SARS-CoV-2 spike protein: potential antivirus drug development for COVID-19. Acta
Pharmacol Sin. 2020;41(9):1141-1149. doi: 10.1038/s41401-020-0485-4.

Gupta AK, Li B, Cerniglia GJ, Ahmed MS, Hahn SM, Maity A. The HIV protease
inhibitor nelfinavir downregulates Akt phosphorylation by inhibiting proteasomal
activity and inducing the unfolded protein response. Neoplasia. 2007;9(4):271-278.
Musarrat F, Chouljenko V, Dahal A, Nabi R, Chouljenko T, Jois SD, et al. The anti-HIV
drug Nelfinavir Mesylate (Viracept) is a potent inhibitor of cell fusion caused by the
SARS-CoV-2 Spike (S) glycoprotein warranting further evaluation as an antiviral
against COVID-19 infections. J Med Virol. 2020;10.1002/jmv.25985.

Narayanan A, Narwal M, Majowicz SA, Varricchio C, Toner SA, Ballatore C, et al.
Identification of SARS-CoV-2 inhibitors targeting Mpro and PLpro using in-cell-
protease assay. Commun Biol. 2022;5(1):169. doi: 10.1038/s42003-022-03090-9.
Jackson CB, Farzan M, Chen B, Choe H. Mechanisms of SARS-CoV-2 entry into
cells. Nat Rev Mol Cell Biol. 2022 Jan;23(1):3-20. doi: 10.1038/s41580-021-00418-x.
Xu Z, Shi D, Han JB, Ling Y, Jiang X, Lu X, et al. Preventive and therapeutic benefits
of nelfinavir in rhesus macaques and human beings infected with SARS-CoV-2. Signal
Transduct Target Ther. 2023;8(1):169. doi: 10.1038/s41392-023-01429-0.

Reynard O, Nguyen XN, Alazard-Dany N, Barateau V, Cimarelli A, Volchkov VE.
Identification of a new ribonucleoside inhibitor of ebola virus replication. Viruses.
2015;7(12):6233-40. doi: 10.3390/v7122934.

Yip AJW, Low ZY, Chow VTK, Lal SK. Repurposing molnupiravir for COVID-19: The
mechanisms of antiviral activity. Viruses. 2022;14(6):1345. doi: 10.3390/v14061345.
Agostini ML, Pruijssers AJ, Chappell JD, Gribble J, Lu X, Andres EL, et al. Small-
molecule antiviral B-d-N*-hydroxycytidine inhibits a proofreading-intact coronavirus



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

with a high genetic barrier to resistance. J Virol. 2019;93(24):e01348-19. doi:
10.1128/JV1.01348-19.

Sheahan TP, Sims AC, Zhou S, Graham RL, Pruijssers AJ, Agostini ML, et al. An
orally bioavailable broad-spectrum antiviral inhibits SARS-CoV-2 in human airway
epithelial cell cultures and multiple coronaviruses in mice. Sci Transl Med.
2020;12(541):eabb5883. doi: 10.1126/scitransImed.abb5883.

Zhou S, Hill CS, Sarkar S, Tse LV, Woodburn BMD, Schinazi RF, et al. $-d-N4-
hydroxycytidine inhibits SARS-CoV-2 through lethal mutagenesis but is also
mutagenic to mammalian cells. J Infect Dis. 2021;224(3):415-419. doi:
10.1093/infdis/jiab247.

Ferner RE, Aronson JK. Remdesivir in COVID-19. BMJ. 2020;369:m1610. doi:
10.1136/bmj.m1610.

McCreary EK, Angus DC. Efficacy of remdesivir in COVID-19. JAMA.
2020;324(11):1041-1042. doi: 10.1001/jama.2020.16337.

Grundeis F, Ansems K, Dahms K, Thieme V, Metzendorf MI, Skoetz N, et al.
Remdesivir for the treatment of COVID-19. Cochrane Database Syst Rev.
2023;1(1):CD014962. doi: 10.1002/14651858.CD014962.pub2.

Beckerman R, Gori A, Jeyakumar S, Malin JJ, Paredes R, PGvoa P, et al. Remdesivir
for the treatment of patients hospitalized with COVID-19 receiving supplemental
oxygen: a targeted literature review and meta-analysis. Sci Rep. 2022;12(1):9622. doi:
10.1038/s41598-022-13680-6.

Shikder M, Ahmed KA, Moin AT, et al. Repurposing remdesivir for COVID-19:
computational drug design targeting SARS-COV-2 RNA polymerase and main
protease using molecular dynamics approach. bioRxiv; 2023. doi:
10.1101/2023.06.15.545129.

AlQahtani M, Kumar N, Aljawder D, Abdulrahman A, Mohamed MW, Alnashaba F, et
al. Randomized controlled trial of favipiravir, hydroxychloroquine, and standard care in
patients with mild/moderate COVID-19 disease. Sci Rep. 2022 Mar 23;12(1):4925.
doi: 10.1038/s41598-022-08794-w. Erratum in: Sci Rep. 2022;12(1):16052.

Furuta Y, Gowen BB, Takahashi K, Shiraki K, Smee DF, Barnard DL. Favipiravir (T-
705), a novel viral RNA polymerase inhibitor. Antiviral Res. 2013;100(2):446-54. doi:
10.1016/j.antiviral.2013.09.015.

Hassanipour S, Arab-Zozani M, Amani B, Heidarzad F, Fathalipour M, Martinez-de-
Hoyo R. The efficacy and safety of favipiravir in treatment of COVID-19: a systematic
review and meta-analysis of clinical trials. Sci Rep. 2021;11(1):11022. doi:
10.1038/s41598-021-90551-6. Erratum in: Sci Rep. 2022 Feb 1;12(1):1996.
Ghasemnejad-Berenji M, Pashapour S. Favipiravir and COVID-19: A simplified
summary. Drug Res (Stuttg). 2021;71(3):166-170. doi: 10.1055/a-1296-7935.

Cai Q, Yang M, Liu D, Chen J, Shu D, Xia J, et al. Experimental treatment with
favipiravir for COVID-19: an open-label control study. Engineering (Beijing).
2020;6(10):1192-1198. doi: 10.1016/j.eng.2020.03.007.

Shah PL, Orton CM, Grinsztejn B, Donaldson GC, Crabtree Ramirez B, Tonkin J, et
al. Favipiravir in patients hospitalised with COVID-19 (PIONEER trial): a multicentre,
open-label, phase 3, randomised controlled trial of early intervention versus standard
care. Lancet Respir Med. 2023;11(5):415-424. doi: 10.1016/S2213-2600(22)00412-X.
Khalili JS, Zhu H, Mak NSA, Yan Y, Zhu Y. Novel coronavirus treatment with ribavirin:
Groundwork for an evaluation concerning COVID-19. J Med Virol. 2020;92(7):740-
746. doi: 10.1002/jmv.25798.

Venter F. 2021. Study of oral administration of ribavirin and nitazoxamide versus
placebo in COVID-19 (DuACT). Accessed 21 July 2023. Available:
https://classic.clinicaltrials.gov/ct2/show/NCT04563208

Elalfy H, Besheer T, El-Mesery A, El-Gilany AH, Soliman MA, Alhawarey A, et al.
Effect of a combination of nitazoxanide, ribavirin, and ivermectin plus zinc supplement



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

(MANS.NRIZ study) on the clearance of mild COVID-19. J Med Virol.
2021;93(5):3176-3183. doi: 10.1002/jmv.26880.

Wang X, Cao R, Zhang H, Liu J, Xu M, Hu H, et al. The anti-influenza virus drug,
arbidol is an efficient inhibitor of SARS-CoV-2 in vitro. Cell Discov. 2020;6:28. doi:
10.1038/s41421-020-0169-8.

Guo YZ, Xu KJ, Li YT, Fu JD, Xu M, Yu L, et al. Safety of protease inhibitors and
Arbidol for SARS-CoV-2 pneumonia in Zhejiang Province, China. J Zhejiang Univ Sci
B. 2020;21(12):948-954. doi: 10.1631/jzus.B2000204.

Alavi Darazam |, Shokouhi S, Mardani M, Pourhoseingholi MA, Rabiei MM, Hatami F
et al. Umifenovir in hospitalized moderate to severe COVID-19 patients: A randomized
clinical trial. Int Immunopharmacaol. 2021;99:107969. doi:
10.1016/}.intimp.2021.107969. Epub 2021 Jul 10.

Lian N, Xie H, Lin S, Huang J, Zhao J, Lin Q. Umifenovir treatment is not associated
with improved outcomes in patients with coronavirus disease 2019: a retrospective
study. Clin Microbiol Infect. 2020;26(7):917-921. doi: 10.1016/j.cmi.2020.04.026.
Chiba S. Effect of early oseltamivir on outpatients without hypoxia with suspected
COVID-19. Wien Klin Wochenschr. 2021;133(7-8):292-297. doi: 10.1007/s00508-020-
01780-0.

Zendehdel A, Bidkhori M, Ansari M, Jamalimoghaddamsiyahkali S, Asoodeh A.
Efficacy of oseltamivir in the treatment of patients infected with COVID-19. Ann Med
Surg (Lond). 2022;77:103679. doi: 10.1016/j.amsu.2022.103679.

Aliyu B, Raji YE, Chee HY, Wong MY, Sekawi ZB. Systematic review and meta-
analysis of the efficacy and safety of oseltamivir (Tamiflu) in the treatment of
coronavirus disease 2019 (COVID-19). PLoS One. 2022;17(12):e0277206. doi:
10.1371/journal.pone.0277206.

Sullivan R, Kilaru A, Hemmer B, Campbell Cree BA, Greenberg BM, Kundu U, et al.
COVID-19 infection in fingolimod- or siponimod-treated patients: case series. Neurol
NeuroimmunolNeuroinflamm. 2021;9(1):€1092. doi: 10.1212/NX1.0000000000001092.
Teymouri S, PourbayramKaleybar S, Hejazian SS, Hejazian SM, Ansarin K, Ardalan
M, et al. The effect of Fingolimod on patients with moderate to severe COVID-19.
Pharmacol Res Perspect. 2023 Feb;11(1):e01039. doi: 10.1002/prp2.1039.

Vahed Sz, Ghiyasvand S, Khatibi SM, Patel B, Shoja MM, Tolouian R, Ardalan M.
Sphingosine 1 phosphate agonists (SPI): A potential agent to prevent acute lung injury
in COVID-19.Immunopathol Persa. 2021;7(1):e03. doi:10.34172/ ipp.2021.03.

Siddiqui G, Maloni H, Nava VE. Adequate antibody response to BioNTech COVID
vaccine in a multiple sclerosis patient treated with siponimod. Egypt J Neurol
PsychiatrNeurosurg. 2021;57(1):171. doi: 10.1186/s41983-021-00428-8. Epub 2021
Dec 14.

Schlesinger N, Firestein BL, Brunetti L. Colchicine in COVID-19: an old drug, new use.
CurrPharmacol Rep. 2020;6(4):137-145. doi: 10.1007/s40495-020-00225-6.
Mikolajewska A, Fischer AL, Piechotta V, Mueller A, Metzendorf MI, Becker M, et al.
Colchicine for the treatment of COVID-19. Cochrane Database Syst Rev.
2021;10(10):CD015045. doi: 10.1002/14651858.CD015045.

Chiu L, Lo CH, Shen M, Chiu N, Aggarwal R, Lee J, et al. Colchicine use in patients
with  COVID-19: A systematic review and meta-analysis. PLoS One.
2021;16(12):e0261358. doi: 10.1371/journal.pone.0261358.

Toro-Huamanchumo CJ, Benites-Meza JK, Mamani-Garcia CS, Bustamante-Paytan
D, Gracia-Ramos AE, Diaz-Vélez C, et al. Efficacy of colchicine in the treatment of
COVID-19 Patients: A systematic review and meta-analysis. J Clin Med.
2022;11(9):2615. doi: 10.3390/jcm11092615.

Séaenz-Aldea M, Salgado-Barreira A, Taracido Trunk M, Pifieiro-Lamas M, Herdeiro
MT, Portela-Romero M, et al. Colchicine and risk of hospitalization due to COVID-19:
A population-based study. J Med Virol. 2023;95(2):28496. doi: 10.1002/jmv.28496.



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Khani E, Shahrabi M, Rezaei H, Pourkarim F, Afsharirad H, Solduzian M. Current
evidence on the use of anakinra in COVID-19. Int Immunopharmacol.
2022;111:109075. doi: 10.1016/j.intimp.2022.109075.

Peng J, Fu M, Mei H, Zheng H, Liang G, She X, et al.. Efficacy and secondary
infection risk of tocilizumab, sarilumab and anakinra in COVID-19 patients: A
systematic review and meta-analysis. Rev Med Virol. 2022;32(3):e2295. doi:
10.1002/rmv.2295.

Dahms K, Mikolajewska A, Ansems K, Metzendorf MI, Benstoem C, Stegemann M.
Anakinra for the treatment of COVID-19 patients: a systematic review and meta-
analysis. Eur J Med Res. 2023;28(1):100. doi: 10.1186/s40001-023-01072-z.

Fanlo P, Gracia-Tello BDC, Fonseca Aizpuru E, Alvarez-Troncoso J, Gonzalez A,
Prieto-Gonzélez S, et al. Efficacy and safety of anakinra plus standard of care for
patients with severe COVID-19: A randomized phase 2/3 clinical trial. JAMA Network
Open. 2023;6(4):e237243. doi: 10.1001/jamanetworkopen.2023.7243.

Ng WH, Tang PCH, Mahalingam S, Liu X. Repurposing of drugs targeting the cytokine
storm induced by SARS-CoV-2. Br J Pharmacol. 2023;180(2):133-143. doi:
10.1111/bph.15987.

Wei Q, Lin H, Wei RG, Chen N, He F, Zou DH, et al. Tocilizumab treatment for
COVID-19 patients: a systematic review and meta-analysis. Infect Dis Poverty.
2021;10(1):71. doi: 10.1186/s40249-021-00857-w.

Cortegiani A, Ippolito M, Greco M, Granone V, Protti A, Gregoretti C, Giarratano A,
Einav S, Cecconi M. Rationale and evidence on the use of tocilizumab in COVID-19: a
systematic review. Pulmonology. 2021;27(1):52-66. doi:
10.1016/j.pulmoe.2020.07.003.

Richier Q, Plagais L, Lacombe K, Hermine O. COVID-19: encore une place pour le
tocilizumab ? [COVID-19: Still a place for tocilizumab?]. Rev Med Interne.
2021;42(2):73-78. French. doi: 10.1016/j.revmed.2020.11.016.

Somers EC, Eschenauer GA, Troost JP, Golob JL, Gandhi TN, Wang L, et al
Tocilizumab for treatment of mechanically ventilated patients with COVID-19. Clin
Infect Dis. 2020.

Lescure FX, Honda H, Fowler RA, Lazar JS, Shi G, Wung P, et al. Sarilumab in
patients admitted to hospital with severe or critical COVID-19: a randomised, double-
blind, placebo-controlled, phase 3 trial. Lancet Respir Med. 2021;9(5):522-532. doi:
10.1016/S2213-2600(21)00099-0.

Khiali S, Rezagholizadeh A, Entezari-Maleki T. A comprehensive review on sarilumab
in COVID-19. Expert Opin Biol Ther. 2021;21(5):615-626. doi:
10.1080/14712598.2021.1847269.

Della-Torre, E., Campochiaro, C., Cavalli, G., De Luca, G., et al.Interleukin-6 blockade
with sarilumab in severe COVID-19 pneumonia with systemic hyperinflammation: an
open-label  cohort study. Ann. Rheum. Dis. 79 (10), 1277-1285.
doi:10.1136/annrheumdis-2020-218122

Sanofi (2020). Sanofi provides update on Kevzara® (sarilumab) Phase 3 trial in
severe and critically il COVID-19 patients outside the U.S. Available at:
https://www.sanofi.com/en/media-room/press-releases/2020/2020-09-01-07-00-
00(n.d.)

Porta L, Huang SS, Wei C, Su CH, Hsu WT, Sheng WH, Lee CC. Effect of
methylprednisolone treatment on COVID-19: An inverse probability of treatment
weighting analysis. PLoS One. 2022;17(6):e0266901. doi:
10.1371/journal.pone.0266901.

Liu J, Zheng X, Huang Y, Shan H, Huang J. Successful use of methylprednisolone for
treating severe COVID-19. J Allergy Clin Immunol. 2020;146(2):325-327. doi:
10.1016/j.jaci.2020.05.021.



122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.

136.

137.

138.

Fernandes RM, Wingert A, Vandermeer B, Featherstone R, Ali S, Plint AC, et al.
Safety of corticosteroids in young children with acute respiratory conditions: a
systematic review and meta-analysis. BMJ Open. 2019;9(8):e028511. doi:
10.1136/bmjopen-2018-028511.

Mehta J, Rolta R, Mehta BB, Kaushik N, Choi EH, Kaushik NK. role of
dexamethasone and methylprednisolone corticosteroids in coronavirus disease 2019
hospitalized patients: A review. Front Microbiol. 2022;13:813358. doi:
10.3389/fmich.2022.813358.

Ahmed MH, Hassan A. Dexamethasone for the treatment of coronavirus disease
(COVID-19): a Review. SN Compr Clin Med. 2020;2(12):2637-2646. doi:
10.1007/s42399-020-00610-8.

Jeronimo CMP, Farias MEL, Val FFA, Sampaio VS, Alexandre MAA, Melo GC, et al.
Methylprednisolone as adjunctive therapy for patients hospitalized with coronavirus
disease 2019 (COVID-19; Metcovid): A randomized, double-blind, phase iib, placebo-
controlled trial. Clin Infect Dis. 2021;72(9):e373-e381. doi: 10.1093/cid/ciaall77.

Raju R, V P, Biatris PS, J SJUC. Therapeutic role of corticosteroids in COVID-19: a
systematic review of registered clinical trials. Futur J Pharm Sci. 2021;7(1):67. doi:
10.1186/s43094-021-00217-3.

Mourad A, Thibault D, Holland TL, Yang S, Young AR, Arnold Egloff SA,Thomas LE.
Dexamethasone for inpatients with COVID-19 in a national cohort. JAMA Netw Open.
2023;6(4):€238516. doi: 10.1001/jamanetworkopen.2023.8516.

Wang A, Sun Y, Liu Q, Wu H, Liu J, He J, et al. Low dose of emetine as potential anti-
SARS-CoV-2 virus therapy: preclinical in vitro inhibition and in vivo pharmacokinetic
evidence. Mol Biomed. 2020;1(1):14. doi: 10.1186/s43556-020-00018-9.

Kumar R, Afsar M, Khandelwal N, Chander Y, Riyesh T, Dedar RK, et al. Emetine
suppresses SARS-CoV-2 replication by inhibiting interaction of viral mMRNA with
elF4E. Antiviral Res. 2021;189:105056. doi: 10.1016/j.antiviral.2021.105056.

Valipour M. different aspects of emetine's capabilities as a highly potent sars-cov-2
inhibitor against COVID-19. ACS PharmacolTransl Sci. 2022;5(6):387-399. doi:
10.1021/acsptsci.2c00045.

Fan S,Zhen Q, Chen C, Wang W, Wu Q, Ma H, et al. Clinical efficacy of low-dose
emetine for patients with COVID-19: a real-world study. J BioX Res. 2021;4(2):53-59.
doi: 10.1097/JBR.0000000000000076.
https://www.acertx.com/rare-disease-research/emetine-for-covid-19/

Meneses Calderon J, Figueroa Flores MDR, Paniagua Coria L, Briones Gardufio JC,
Meneses Figueroa J, Vargas Contretas MJ, et al. Nitazoxanide against COVID-19 in
three explorative scenarios. J Infect Dev Ctries. 2020;14(9):982-986. doi:
10.3855/jidc.13274..

Stachulski AV, Taujanskas J, Pate SL, Rajoli RKR, Aljayyoussi G, Pennington SH, et
al. Therapeutic potential of nitazoxanide: an appropriate choice for repurposing versus
SARS-CoV-2? ACS Infect Dis. 2021;7(6):1317-1331. doi:
10.1021/acsinfecdis.0c00478.

Simsek-Yavuz S, KomsuogluCelikyurt FI. An update on anti-viral treatment of COVID-
19. Turk J Med Sci. 2021 Dec 17;51(SI-1):3372-3390. doi: 10.3906/sag-2106-250.
Al-Kuraishy HM, Al-Gareeb Al, Elekhnawy E, Batiha GE. Nitazoxanide and COVID-19:
A review. Mol Biol Rep. 2022;49(11):11169-11176. doi: 10.1007/s11033-022-07822-2.
Silva M, Espejo A, Pereyra ML, Lynch M, Thompson M, Laborde L, et al. Efficacy of
nitazoxanide in reducing the viral ad in COVID-19 patients. Randomized, placebo-
controlled, single-blinded, parallel-group, pilot study. MedResArch. 2023;11(2):1-15.
Smith T, Hoyo-Vadillo C, Adom AA, Favari-Perozzi L, Gastine S, Dehbi HM, et al.
Favipiravir and/or nitazoxanide: a randomized, double-blind, 2x2 design, placebo-
controlled trial of early therapy in COVID-19 in health workers, their household



139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

members, and patients treated at IMSS (FANTAZE). Trials. 2022;23(1):583. doi:
10.1186/s13063-022-06533-0.

Ciliberto G, Mancini R, Paggi MG. Drug repurposing against COVID-19:; focus on
anticancer agents. J Exp Clin Cancer Res. 2020;39(1):86. doi: 10.1186/s13046-020-
01590-2.

Saini KS, Lanza C, Romano M, de Azambuja E, Cortes J, de Las Heras B, et al.
Repurposing anticancer drugs for COVID-19-induced inflammation, immune
dysfunction, and coagulopathy. Br J Cancer. 2020;123(5):694-697. doi:
10.1038/s41416-020-0948-x.

Costa B, Vale N. A review of repurposed cancer drugs in clinical trials for potential
treatment of COVID-19. Pharmaceutics. 2021;13(6):815. doi:
10.3390/pharmaceutics13060815.

Davoudi-Monfared E, Rahmani H, Khalili H, Hajiabdolbaghi M, Salehi M, Abbasian
L,et al. A randomized clinical trial of the efficacy and safety of interferon B-1a in
treatment of severe COVID-19. Antimicrob Agents Chemother. 2020;64(9):e01061-20.
doi: 10.1128/AAC.01061-20.

Sanchez-Conde M, Vizcarra P, Pérez-Garcia JM, Gion M, Martialay MP, Taboada J,
et al. Pembrolizumab in combination with tocilizumab in high-risk hospitalized patients
with COVID-19 (COPERNICO): A randomized proof-of-concept phase Il study. Int J
Infect Dis. 2022;123:97-103. doi: 10.1016/].ijid.2022.08.007.

Leila O, Ali Ramazani. In silico screening of some anti-cancer drugs against the main
protease of covid-19 using molecular docking. Lett Org Chem. 2023;20(1):77-90.
https://dx.doi.org/10.2174/1570178619666220622091801

Malchair P, Otero A, Giol J, Solanich X, Carnaval T, Fernandez-Nistal A, et al. A
multicenter, open-label, randomized, proof-of-concept phase Il clinical trial to assess
the efficacy and safety of icatibant in patients infected with SARS-CoV-2 (COVID-19)
and admitted to hospital units without invasive mechanical ventilation: study protocol
(ICAT-COVID). Trials. 202212;23(1):303. doi: 10.1186/s13063-022-06219-7.

Mansour E, Bueno FF, de Lima-Junior JC, Palma A, Monfort-Pires M, Bombassaro B,
et al. Evaluation of the efficacy and safety of icatibant and C1 esterase/kallikrein
inhibitor in severe COVID-19: study protocol for a three-armed randomized controlled
trial. Trials. 2021;22(1):71. doi: 10.1186/s13063-021-05027-9.

Pecori D, Della Siega P, Sozio E, Barbano E, Mazzoran L, Zanichelli A, et al.lcatibant
in severe acute respiratory syndrome coronavirus 2 infection: A case report. J
InvestigAllergol Clin Immunol. 2021;31(5):451-452. doi: 10.18176/jiaci.0659.

Malchair P, Giol J, Garcia V, Rodriguez O, Ruibal JC, Zarauza A, et al. Three-day
icatibant on top of standard care in patients with coronavirus disease 2019
pneumonia: a randomized, open-label, phase 2, proof-of-concept trial. Clin Infect Dis.
2023;76(10):1784-1792. doi: 10.1093/cid/ciac984.

Dougan M, Nirula A, Azizad M, Mocherla B, Gottlieb RL, Chen P, et al. BLAZE-1
investigators. bamlanivimab plus etesevimab in mild or moderate COVID-19. N Engl J
Med. 2021;385(15):1382-1392. doi: 10.1056/NEJM0a2102685.

Tuccori M, Convertino |, Ferraro S, Valdiserra G, Cappello E, Fini E, et al. An
overview of the preclinical discovery and development of bamlanivimab for the
treatment of novel coronavirus infection (COVID-19): reasons for limited clinical use
and lessons for the future. Expert Opin Drug Discov. 2021;16(12):1403-1414. doi:
10.1080/17460441.2021.1960819.

Chew KW, Moser C, Daar ES, Wohl DA, Li JZ, Coombs RW, et al. Publisher
Correction: Antiviral and clinical activity of bamlanivimab in a randomized trial of non-
hospitalized adults with COVID-19. Nat Commun. 2023;14(1):333. doi:
10.1038/s41467-023-35835-3.

Gottlieb RL, Nirula A, Chen P, Boscia J, Heller B, Morris J, et al.Effect of
bamlanivimab as monotherapy or in combination with etesevimab on viral load in



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

patients with mild to moderate COVID-19: A Randomized Clinical Trial. JAMA.
2021;325(7):632-644. doi: 10.1001/jama.2021.0202.

Tai YL, Lee MD, Chi H, Chiu NC, Lei WT, Weng SL, et al. Effects of bamlanivimab
alone or in combination with etesevimab on subsequent hospitalization and mortality
in outpatients with COVID-19: a systematic review and meta-analysis. PeerJ.
2023;11:e15344. doi: 10.7717/peerj.15344.

Richardson P, Griffin I, Tucker C, Smith D, Oechsle O, Phelan A, Rawling M, et al.
Baricitinib as a potential treatment for 2019-nCoV acute respiratory disease. Lancet.
2020;395(10223):e30-e31. doi: 10.1016/S0140-6736(20)30304-4.

Jorgensen SCJ, Tse CLY, Burry L, Dresser LD. Baricitinib: A review of pharmacology,
safety, and emerging clinical experience in COVID-19. Pharmacotherapy.
2020;40(8):843-856. doi: 10.1002/phar.2438. Epub 2020 Jul 27.

Sampath A, Banerjee A, Atal S, Jhaj R. Use of baricitinib in treatment of COVID-19: a
systematic review. Med Res Rev. 2023;43(5):1322-1345. doi; 10.1002/med.21951.
Quiros JR, Ross-Comptis J, Hathaway D 3rd, Sarfraz A, Sarfraz Z, Grigoryan Z, et
al.Ruxolitinib and the mitigation of severe COVID-19: A systematic review and meta-
analysis. Infect Chemother. 2021;53(3):436-448. doi: 10.3947/ic.2020.0126.

Trgseid M, Arribas JR, Assoumou L, Holten AR, Poissy J, Terzi¢ V, et al. Efficacy and
safety of baricitinib in hospitalized adults with severe or critical COVID-19 (Bari-
SolidAct): a randomised, double-blind, placebo-controlled phase 3 trial. Crit Care.
2023;27(1):9. doi: 10.1186/s13054-022-04205-8.

Garcia-Donas J, Martinez-Urbistondo D, Velazquez Kennedy K, Villares P, Barquin A,
Dominguez A, et al. Randomized phase Il clinical trial of ruxolitinib plus simvastatin in
COVID19 clinical outcome and cytokine evolution. Front Immunol. 2023;14:1156603.
doi: 10.3389/fimmu.2023.1156603.

Breining P, Frglund AL, Hgjen JF, Gunst JD, Staerke NB, Saedder E, et al. Camostat
mesylate against SARS-CoV-2 and COVID-19-Rationale, dosing and safety. Basic
Clin PharmacolToxicol. 2021;128(2):204-212. doi: 10.1111/bcpt.13533.

Kim YS, Jeon SH, Kim J, Koh JH, Ra SW, Kim JW, et al. A double-blind, randomized,
placebo-controlled, phase ii clinical study to evaluate the efficacy and safety of
camostat mesylate (DWJ1248) in adult patients with mild to moderate COVID-19.
Antimicrob Agents Chemother. 2023;67(1):e0045222. doi: 10.1128/aac.00452-22.
Epub 2022 Dec 14.

Li K, Meyerholz DK, Bartlett JA, McCray PB Jr. The TMPRSS2 inhibitor nafamostat
reduces sars-cov-2 pulmonary infection in mouse models of COVID-19. mBio.
2021;12(4):e0097021. doi: 10.1128/mBi0.00970-21.

Kinoshita T, Shinoda M, Nishizaki Y, Shiraki K, Hirai Y, Kichikawa Y, et al. A
multicenter, double-blind, randomized, parallel-group, placebo-controlled study to
evaluate the efficacy and safety of camostatmesilate in patients with COVID-19
(CANDLE study). BMC Med. 2022;20(1):342. doi: 10.1186/s12916-022-02518-7.
Tobback E, Degroote S, Buysse S, Delesie L, Van Dooren L, Vanherrewege S, et
al.Efficacy and safety of camostat mesylate in early COVID-19 disease in an
ambulatory setting: a randomized placebo-controlled phase Il trial. Int J Infect Dis.
2022;122:628-635. doi: 10.1016/.ijid.2022.06.05.



